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CHAFTER 1

INTRODUCTION

by Lars Friberg

This review of the toxicity of mercury has been performed
under a contract between the US Environmental Protection
Agency and the Department of Environmental Hygiene of
the Karolinska Institute, Sweden. The Project Officer
has been Robert J.M. Horton, M.D., of the Air Pollution
Control Office of the US Environmental Protection Agen-
cy. The review has focused on information considered

of special importance for understanding the toxic action
of mercury and on guantitative information in regard to
the relation between dose (exposure to mercuryl and ef-
fects on human beings and animals. The intention has

not been to give a complete review of all available da-

ta on mercury toxicity.

The report was originally intended to serve as a back-
ground for a future air quality criteria document on
mercury. Particular attention has been given to information
relevant for the evaluation of risks due to long-term expo-
sure to low concentrations of mercury. Acute effects from
short-term exposure to high concentrations are dealt with

briefly.

The report is not limited to effects due to exposure via
inhalation. A considerable amount of information, particular-
ly from recent years, is available on mercury toxicitv from
exposure via the oral route. Such information should cer-
tainly be treated in a review to be used for future air
quality criteria documents. Examining exposure viz the

nral route can give valuable evidence atcut the mode of



action, distribution, and retention of mercury compounds

in the bodvy and about the relation between dose, measured
g.g. as blood levels, and the effects found. Furthermore,
mercury in the air can contaminate other vehicles such

as water and food.

Mercury is found in the environment in different chemical
or physical forms. The most toxic of the mercury compounds
is methyl mercury, which during the last decade has given
rise to a great number of severe poisonings, several of
them fatal, due to consumption of contaminated fish from
waters with a very low mercury content. Of importance

are the findings that nature can convert elemental mer-

cury and mercury compounds into methyl mercury.

The data presented are based on a literature survey as
well as on our own experience. Information has also been
made available by correspondence or personal visits with
scientists in several countries, including Japan, the
USA and the USSR. Of special value has been the report
by a Swedish expert group, Methyl Mercury in Fish - a

Toxicologic - Epidemiologic Evaluation of Risks, to

which is referred repeatedly when methyl mercury is dis-
cussed.

In the report the term "inorganic” refers to mercury in

the form of elemental vapor, mercurous and mercuric salts,
and those complexes in which mercuric ions can form re-
versible bonds to such tissue ligands as thiol groups

on proteins. Those compounds in which mercury is linked
directly to a carhbon atom by a covalent bond are classifiad

as organomercurial compounds and mercury in this state



1-3.

of combination will be described as "organic mzrcury.”

The final resoconsibility toward the US Envirpnmental Protec-
tion Agency for this report is held by Dr. Lars Friberg.

Or. Jaroslav Vostal was invited to act as co-editor and

in all other respects the two editors share the responsi-
bility. Although the different chapters have their own
authors, all the work has been done in close collaboration

with the editors, who are in accord with all conclusions
drawn.

We express our thanks to Miss Pamela Boston for assistance
in editing the English of the report.



CHAPTER 2

METHODS OF ANALYSIS

by Gdsta Lindstedt and Staffan Skerfving

An appraisal of experimental and epidemiological data
concerning mercury cannot be made without an evaluation
of the reliability of the analytical methods used. This
chapter is not a complete treatise but a brief descrip-
tion of some important analytical methods used in the
toxicological work referred to in subsequent chapters.
Only the analysis of mercury in air and in biological
material, the two matters of pertinence for the entire
review, has been considered.

Much of the data have been taken from a recently pub-

lished review on methyl mercury toxicity (Berglund

et al., 1971). When available, data on the reliability
of the methods have been given special consideration.

Detection limit or sensitivity is then defined as the

smallest total amount or concentration that the method
is able to determine. The precision (reproducibility)

of a method is the standard deviation (or coefficient

of variation) of a number of analyses made of the

same sample. Accuracy denotes the systematic deviation
from the true value.

2.1 MERCURY IN AIR

The determination of mercury vapor in air is of great
importance for evaluating the health hazards of indus-
trial atmospheres, e.g. in chloralkali plants. In cer-
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tain cases analyses of mercury particles or of organic
mercurials in the air may also be of interest. Two
different types of analytical methods can be named:
air sampling methods and direct-reading methods.

2.1.1 Air sampling methods
These methods require the collection of mercury from

the air before analysis.

Impinger flasks containing potassium permanganate-sul-
phuric acid solutions are generally preferred (IUPAC,
1869) but iodina-potassium iodide solution is also
recommended (AIHA, 19639). These two sampling methods
are excellent for the collection of elemental mer-
cury vapor, but not all organic mercury compounds are
absorbed quantitatively. Iodine monochloride solution
is a more effective absorbent for methyl and ethyl
mercury compounds (Linch, Stalzer and Lefferts, 1968).

Only permanganate can be used in connection with final
mercury determination by atomic absorption, since io-
dine interferes with this analysis.

Isopropanol has been used to collect di-butyl mercury
from air (Quino, 1962). Sodium carbonate phosphate
solution has been employed as a specific absorbent

for mono-methyl and mono-ethyl mercury in the presence
of metallic mercury (Kimura and Miller, 1960).

Solid adsorbents, such as impregnated charcoal, can
also be used to collect mercury from air (Sergeant,
Dixon and Lidzey, 1957, and Moffitt and Kupel, 1970).



The mercury is liberated again when the charcoal is
heated. Adsorption tubes containing a small amount
of charcoal are much sasier to transport to the lab-
oratory than are impingers or other sampling devices
containing liquids.

In the laboratory, the mercury collescted by the methods
described is analyzed either by chemical methods (dithi-
zone, etc.) or by atomic absorption. These methods

will be discussed in sections 2.2.1.1.1 and 2.2.1.1.2.

Detection limit: The sensitivity of the sampling methods
can bas adjusted at will by collecting an air volume

of sufficient size. If 1 pg of mercury can be determined
by the dithizone msthod used, a 20 liter air sample

will be required to cover 50 pg of elemental mercury va-
por pear m° of air. The atomic absorption determination
of mercury is far more sensitive, and air samples of
lass than one liter can be used. Genserally, however,
this method is applied to dirsct mercury analysis in

air without any sampling as will be described in ssction
2.1.2,

2,1.,2 Direct-reading methods

Some methoda haves bean developed for immediate semiquan-
titative estimation of slemental mercury vapor in

air. Indication papers have besn described, but gas-
detecting tubes, manufactured by some firms (Drasgsr,
MSA, etc) are more commonly used. Their sensitivity

is not vary high, but they are quick and simple to

use in pilot investigations.



Elemental mercury vapor is monoatomic and absorbs
light at certain resonance wavelengths, as do other
free atoms. Long before atomic absorption analysis

was heard of, the strong ultraviolet light absorption
at 253.7 nm was utilized to measure the elemental
mercury vapor in air (Woodson, 19339). Several instru-
ment makers have introduced portable "mercury detec-
tors” (Kruger-Bsckman, General Electric, Engelhard-
Hanovia, Incentive, Perkin-Elmer, Coleman and many
others). All these instruments measure no forms of
mercury other than elemental mercury vapor. They con-
tain a mercury arc lamp, a gas absorption cell, a pho-
tomultiplier or a phototube, and a direct-reading in-
strument, which is calibrated to show the mercury lev-
el of the air pumped through the gas cell. Thus the
mercury content is monitored immediately on the spot,
which makes this type of analysis practical and inex-
pensive.

Detection limit: for the most modern types of "mercury

detectors” about 2 pe of mercury per m3.

Any volatile substance present in the air and absorbing
light at 253.7 nm interferes with the analysis. On the
other hand, for such substances as sulphur dioxids,
nitrous oxides or aromatic hydrocarbon vapors, about
100-fold molar excesses are needed to get a similar
reading. To correct for this "non-atomic absorption”,
double-beam detectors have been constructed which split
the air stream into two branches. In one of these branches
a filter is inserted which absorbs mercury vapor specifi-
cally (gold, silver, etc.). The difference in light ab-



sorption between the two air streams is measured by

the apparatus, being proportional to the mercury con-

tent of the air (James and Webb, 1964). A more inge-~

nious way of correcting for "non-atomic absorption”

by purely optical means (Lorentz broadening of mercury
emission lines) has been devised by two authors (Barringer,
1966, and Ling, 1967).

Another types of interference is caused by the strong
magnetic fields prevailing in some industrial buildings,
such as chloralkali plants. These magnetic fields inter-
fere with the slasctronics of the "mercury detsctors”

to such an extent that the analysis may be impossible
(Smith et al., 1970). In such cases, sampling techniques
must be applied.

To sum up, "mercury detectors” are very convenient

to work with, but attention must be paid to other vapors
and gases pressnt in the atmosphers under analysis,

as wall as to other possible interfersnces. If such
sources of error can be sliminated, fractions of the

MAC (TLV) for slemental mercury vapor are easily dstected.

The atomic absorption principle for mercury analysis
has heen used extensively for the analysis of biological
samples (section 2.2.1.1.2).,

2.2 MERCURY 'IN BIOLOGICAL MATERIAL

2.2.1 Total mercury

The rapid dsvelepments in the msthods of analysis for to-
tal mercury during recent yesars have snabled a higher de-

gree of sensitivity and precision. Now, hundredths of a

ng/g can be determined routinsly.
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Colorimetric methods

1
.1.1 Wet digestion and extraction with dithizone
and related compounds

For about 25 years the dithizone method was the pre-

dominating analytical method for determination of mer-
cury in biological material. Several hundred papers
describing modifications of it have been published
since 1940.

Dithizone, CBHS-NH-NH-CS-N=N-CBH5, is a green compound
soluble in chloroform and in other organic solvents.

It creates strongly colored chelates with most heavy
metals. By variation of pH and addition of complexing
agents (cyanide, citrate, etc.) many metals can be ex-
tracted separately from aqueous solutions as chelates

and determined colorimetrically. A related compound,
di-/3-ﬂaphtyl-thiocarbazone, can be used as well (Cholak
and Hubbard, 1946).

Mercury is extracted by dithizone in chloroform from

a strongly acid aqueous solution. Copper, silver, gold,
palladium and platinum are also extracted but can be
eliminated in different ways. The mercury dithizonate
is orange and has an absorption maximum at about 490
nm in chloroform.

Biological samples must be wet digested before mercury
analysis can be carried out. Gsnerally, strong acid
mixtures or potassium permanganate-sulphuric acid are
used. The volatility of mercury and its compounds makes
the digestion a somewhat hazardous operation. To avoid
losses, flasks with reflux condensers are generally

recommended (Analytical Methods Committee, 1965).
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A few standard works on dithizone analysis of mercury

in biological material may be referred to. The Analyt-
ical Methods Committee, 1965, described a standard
method for determining mercury in organic matter, es-
pecially food. Analysis of mercury in urine has been
treated by Nobel, 1961. A titration method, based upon
di-ﬁs-naphtyl-thiocarbazone, has been proposed (Truhaut
and Boudéne, 1959). A similar method, working with ordi-

nary dithizone, has been accepted for urine (IUPAC,
1969).

Dithizone analysis can be carried out with rather cheap
equipment, available in all analytical laboratories.
Its main disadvantage is the large amount of manual
work required for each analysis and the relatively low
sensitivity compared to modern physical methods.

Detection limit: about 0.5 ] Hg in 10 g samples (Ana-
lytical Methods Committse, 1965).

Precision: 4-5 percent (Smart and Hill, 1969),.

2.2.1.1.1.2 Colorimetric precipitation methods

Methods based on the formation of colorsd compounds of
mercury with copper and iodine are widely used in the
USSR for analysis of mercury in air and urine. Since
much data obtained by these methods are presented in
Chapter 7, and since no accounts aof the methods are
available in English, ths procedures will he dascribed
in some detail. The following section is based unon
personal communications to Gunnar F. Nordberg from



Drs. Kournossov, Moscow, and Korshun, Kiev. These in-
vestigators have had considerable experience with the
methods to be described.

A procedure for analysis of mercury in air, presently
used and generally accepted in the USSR, has been de-
scribed by Poleshajev, 1956. Air is passed through a
glass apparatus in which it is mixed with iodine vaopor.
The mercury-iodine mixture is absorbed in a solution

of iodine and potassium iodide in water. A solution of
Na2803 and CuCl2 is added. Pink orange Cuz(HgI)4 pre-
cipitates together with white CUZIZ. The mercury con-
tent is estimated by subjective comparison, using the
naked eye, of the color of the precipitate with a stan-
dard scale of precipitates.

A modification of the procedure has been described
by Barnes, 1946.

Detection limit: The USSR MAC value for air in the
general environment, 0.3 pg/ma. is checked by this
method. In the standard procedure 70 liters of air

are sampled (1 liter/minute for 70 minutes). At 0.3
Pg/ma. the total content of mercury in the sample is

20 ng. The limit of detection is considered to be 20 ng.

Precision and accuracy: Since no data are available
it is not possible to evaluate these aspects of the
method. As the readings are made by visual comparison
it seems likely that the precision and the accuracy

will be influenced very much by the person making the
readings.



By a modification according to Ginzburg, 1948, mercury

in urine can be determined. Ovalbumin is added to the
urine. The protein (containing the mercury) is precipi-
tated by adding trichloracetic acid and heating. The
precipitation is filtered off and dissolved into a solution
of iodine in potassium iodide. The mercury content is
evaluated by precipitation as described above.

Detection limit: 1.9 pg in 0.5 liter of urine (3.7 yg/liter]
according to Trachtenberg and Korshun (personal communication).

Precision and accuracy: The interval between the steps

in the standard scale corresponds to 3.7 Pg/liter (Trach-
tenberg and Korshun, personal communication). The error
must then be at least 1.8 rg/liter. No further data

are available.

2.2.1.1.2 Atomic absorption analysis

The mercury of the sample is converted into vapor, af-
ter which the mercury is determined by atomic absorp-
tion (see section 2.1.2). A long series of variants of
this principle have been used in the analysis of bio-
logical material. The essential difference among the
various methods is the way in which the mercury is
converted into an elemental vapor phase.

2.2.1.1.2.1 Combustion methods
Methods based upon release of mercury vapor from urine

by direct injection of urine into a flame or a furnace
and atomic absorption analysis of the combustion gases
have been proposed by Lindstrdom, 19539, and Hayes, Muir
and Whitby, 1870.
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Detection limit: about 50 ug/liter of urine (Hayes,
Muir and Whitby, 1970).

Precision and accuracy: precision, 24.5 Fg/liter in
the range 50-500 Fg/liter. No significant difference
from the dithizone method in the range 50-500 ,Jg/liter'
(Hayes, Muir and Whitby, 1870).

Jacobs at al., 1960, have described a procedure with
a wet digestion of the sample (a few grams) and subse-

2+ with dithizone in chloroform.

quent extraction of Hg
Mercury dithizonate. is pyrolyzed through heating and
the mercury vapor formed is measured by atomic absorp-
tion. This procedurs has been used widely in the United
States and Japan. By means of a slight modification

of the method, Jacobs, Goldwater and Gilbert, 1961,

reduced the amount of the sample (blood) to 0.1 ml.

Detection limit: about 10 ng/g (Jacobs et al., 1960).

Precision and accuracy: no data available.

Lidums and Ulfvarson, 1968a, have carried out a direct
combustion procedure. Combustion takes place with oxygsn,
which is passed through a combustion tube. The mercury

is collected on a gold filter, driven off in a rapid
operation and passed through the atomic absorption photo-
meter. When tested also with methyl mercury as stan-
dard, the method gave complete yield (Ulfvarson, per-
sonal communication). The amount of the sample must

be small, about 20-200 mg.



Another direct combustion method has been used by Schiitz,
1969. The combustion gases from samples up to about

3 g are passed through a tube furnace at 950° ¢, in

which complete combustion of the distillation products
occurs. The absorption of mercury takes place in a po-
tassium permanganate solution. The permanganate is reduced
with hydroxylamine, after which elemental mercury vapor

is liberated with tin (II) chloride (see below).

Detection limit: down to a few tenths of an ng for
samples of about 0.2 g (Lidums and Ulfvarson, 1968b}.

Precision and accuracy: with regard to fish, see section
2.2.2.1. Lidums and Ulfvarson, 1968b, compared the
results of 2-4 analyses of the same sample (0.2-0.4

g} of 6 whole blood samples in the concentration range

3-98 ng/g and 6 plasma samples in the concentration
range 2-260 ng/g with activation analysis (single an-
alysis according to Sjdstrand, 1964). Deviation from
the common mean valus for all 25 single analyses may

be estimated at £ 10 percent. Schiitz, 1969, has re-
ported a comparison of the results of a single analysis
of 10 blood cell samples (about 1 g), in the concentration
range 5-25 ng/g, with activation analysis (Sjdstrand,
1964). The deviations from the common mean values wers
in 9 casesfs Z 10 percant and always £: 20 percent.
From the reported results of the analyses, the precision
of the methods for samples of about 1 g may be estimated

at 1-5 percent in the concentration range 5-100 ng/g.
The accuracy has been checked in various organs from

animals treated with labelled mercury and has been found
to be within ¥ 10 percent (Nordberg and Schiitz, personal

communication.



2.2.1.1.2.2 Stannous reduction methods

Another way of liberating mercury from a digested sample
is the reduction of ng+ to elemental mercury with sn?*
ions, followed by volatilization of the mercury by

aid of a pas stream. No elevated temperature is needed,
and the svaporation of mercury is completed within a
few minutes. The final determination is made by atomic
absorption. Pioneer work on this method was done by

Poluektov, Vitkun and Zelyukova, 1964.

Methods for analysis of mercury in urine by this principle
have been published by Rathje, 1868, and Lindstedt, 1970.
The former author uses nitric acid for the digestion, the
latter, permanganate-sulphuric acid, both at room temper-
ature. Magos and Cernik, 1969, reduced mercury in urine
with sn?*
latter method works even in the presence of iodide, which
interferes with the acid Snz* reduction. Noble mestals,

in alkaline solution, without digestion. The

which are more sasily reduced than mercury, interfere
with the analysis, but they are met with rather seldom
in biological samples. A very similar method, applicable
to food and biological fluids, has been worked out by
Thorpe, 1970.

Lindstedt and Skare, 1971, have constructed an automatic
apparatus which analyzes 60 digestsd samples in two hours
without supervision. In addition to urine,other biologi-
cal samples such as blood, fish, meat or organs can be
digested by special methods and analyzed in this apparat-
us (Skare, in press). Malaiyandi and Barrette, 1970,
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utilize an autocanalyzer in combination w~ith an atomic
absorption spectrophotometer.

Betection limit: 2 ng/ml for urine with permanganate di-
gestion (Lindstedt, 1970}; 3 ng/g for blood (0.2 ml
samples), and 5 ng/g for fish meat (Skare, in press).

Precision: 2 percent for a urinary level of 0.17 ug/ml,
and 7 percent for a level of 0.04 Fg/ml (Lindstedt, 1970);
15 percent for blood of the 20 ng/g level (Skare, in
press).

Accuracy: Lindstedt, 1970, found good apgreement with
dithizone analysis of urine (r = 0.98; n = 110) and Skare
(in press) likewise with activation analysis for bleood

( r&£0.99; n = 3) and for fish (&€ 0.99; n = 19), using
the automatic squipment.

The literature about stannous chloride atomic absorption
methods is rapidly growing and it seems to be the most
popular method at present. It is by far the quickest

and cheapest analytical method for microdetermination
of mercury in biological material.

Atomic absorption analysis was used for the determination

of mercury in bioclogical material obtained in connection
with the epidemies of methyl mercury poisoning in Niigata
(Kawasaka et al., 1967). The semsitivity was stated

to be "more than 100 times greater than that of the dithizone
method.” The description of the method is not sufficient

for estimating its precision and accuracy.
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2.2.1.1.3 Neutron activation analysis

The sample is sealed in quartz or polyethylene vials and
irradiated with neutrons. The gamma radiation emitted

by the 197Hg formed is measured by spectrometry in rela~
tion to a known standard. A number of variations has
been published, but thers are two main principles. On
the one hand there are instrumental techniques in which
the intact irradiated sample is measured (non-destructive
analysis), and on the other hand, techniques involving
different kinds of chemical procedures by which the con-
stituents of the sample ars separated before measurement
(destructive analysis). Generally lower detection limits
and higher degrees of specificity can be achieved by the
latter methods.

2.2.1.1.3.1 Non-destructive analysis

Instrumental procedures have been described by a number
of authors (e.g. Westermark and Sjdstrand, 1960, Filby
et al., 1970, and Nadkarni and Ehmann, 1371).

Detection limit: 100-500 ng/g in a 0.3 g sample by the
method of Westermark and Sj8strand, 1960. Filby et al.,
1970, reported 3.5 ng/g in a 5 g blood sample.

Precision: 0.4 pg in the range 3-30 pg (Westermark and
Sjéstrand, 1960). Filby et al, 1970, found 6-11 pesrcent
in the range 0.06-0.2 mg/kg. Nadkarni and Ehmann, 1971,
reported 6-13 percent in the range 0.06-3.9 mg/kg.

An inter-laboratory comparison was organized by IAEC (T
(Tugsavul, Merten and Suschny, 1970). Three laboratories
used non-destructive neutron activation analysis in an-



alyzing the standards, two samples of flour, one with

and one without mercury added. The results are presented
in figure 2:1. Repeated analysis was made by only two of
the laboratories and only on the treated sample. Ths pre-
cision of these laboratoriss can be calculated from the
figures given by Tugsavul, Merten and Suschny, 1970, at

2 and 22 percent, respectively, of the means of all an-
alyses, 5.1 mg/kg and 80 ng/g, respectively.

Accuracy: In the inter-laboratory comparison reported

by Tugsavul, Merten and Suschny, 1970 (figure 2:1) only

one mean of one laboratory using non-destruective activation
analysis was used in the calculation of the overall average
for all laboratories. That laboratory had a mean of 5.1
mg/kg for the treated sample as compared to the overall
mean 4.6 mg/kg. The rest of the results deviated heavily.

2.2.1.1.3.2 Destructive analysis

In the destructive analysis different principles have

been employed for the separation of mercury. Sjéstrand,
1964, performed a wet digestion, added Hg2+ carrier, dis-
tilled the mercury as HgCl2 and precipitated by electro-
lysis on a gold foil. This method has been used widely

in Sweden in the epidemiological work in connection with
the presence of methyl mercury in fish. Kim and Silverman,
1965, used an isotope exchange method in which 197Hg was
accumulated in a mercury droplet. A similar technique
has been. used by other authors (Brune, 13966, Brune and
Jirlow, 1967, and Brune, 1969). Rottschafer, Jones and
Mark, 1971, separated the mercury on an ion exchangs
resin. Other procedures have included extraction, dis-
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placement, sulphide precipitation and reduction (Tugsavul,

Merten, and Suschny, 1870).

Detection limit: Ljunggren et al., 1969, reported for
Sjtstrand's 1964 method 0.1-0.3 ng absolute in biological
material, which means 0.1-0.3 ng/g in a 1 g sample.
Rdttschafer, Jones and Mark, 1971, reported 3 ng/g in

a 1 g samplse.

Precision: Sj8strand’s 1964 method had a coefficient
of'Vériation of less than 2 and 6 percent in analysis

of éamplesro¥,0.18 (kale) and?10~(fish] mg/kg, respectively
(Ljunggren et al., 1971). For analyses of whole blood,
bldod:cells and plasma with thé~same‘method; a precision

of 1.1 ng/g has begn obtained in the concentration range

' 5-50 ng/g, corresponding to 22 and 2.2 percent at the
terminal points of the interval, and 2.2 ng/g in the

range 25-250 ng/g. corresponding to 8.7 and 0.9 percent
(Birke et al., to be published). Kim and Silvarman, 1965,
repobted 7 and 14”percent in analysses of tobacco containing
0.07 and 0.47 Fg/g. respectively. Brune, 1966, found 6
percent in blood samples containing 3-24 ng/g. Rottschafer,
Jones and Mark, 1971, reported 10 percent for analysis

of fish ranging 0.05-10 mg/kg.

In the inter~1aboratory comparison reported by Tugsavul,
Merten, and Suschny, 1970, and illustrated in figure 2:1,

13 laboratories used methods including some kind of sapa-
ration‘step. For the treated sample (overall mean 4.6

mg/kg) the precision varied between 2 and 75 percent for dif-
ferent laboratories. Ten laboratories were at or below 5

percent and 12 were below 25 percent. For the untreated
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sample (overall mean 56 ng/g) the precision ranged 1-
53 percent. The lowest value was obtained from a lab-
oratory with a mean of all analyses deviating 50 times
from the overall mean! Four other laboratories were at
or below 10 percent, and 10 were below 20 percent.

Accuracy: On a testing (Bowen, 1969,see section 2.2.1.2)
based on 31 determinations by activation analysis made
at 7 labaoratories, the mean value for the analyses ac-
cording to SjBstrand’s (1964) method did not show any
deviations from the best value based on the results of
all 7 laboratories. This means that the accuracy ap-
proaches the precision, i.e., 2 percent (Ljunggren et
al., 1971).

In the above mentioned inter-laboratory comparison (Tugsavul,
Merten and Suschny, 1870, figure 2:1) the overall mean

of the treated sample was 4.6 mg/kg. Of the 13 labora-

tories using activation analysis 4 had means within 210
percent of the overall mean, and 10 within > 30 percent.

For the untreated sample the overall mean was 44 ng/g.

Of 14 laboratories 4 had means within % 10 percent and

9 within * 30 percent. The msan of one laboratory deviated

50 times from the overall mean.

During the epidemic of methyl mercury intoxication in
Niigata activation analysis was used (non-destructive
and destructive) in biological material. Sensitivity,
precision and accuracy were not reported.
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2.2,17.1.4 Micrometric method

In the method used by Stock and Zimmermann, 1328a and

b, and Stock, 1938, mercury in the sample was reduced

to elemental mercury, which, in the form of a drop, was
measured under a microscope. This method was applied,
among other things, for the analysis of biological materi-
al. However, it does not seem to have come into general
use. Nonetheless the results reported show good agreement
with the levels found subsequently in samples of different
typses.

2.2.1.2 Inter-laboratory_comparisons_
Comparisons, between the analyses made with dithizone

and those made with an activation method by the Depart-
ment of Pharmacology and the Institute of Hygienic Chem-
istry and Legal Chemistry at the University of Tokyo

with regard to two materials consisting of hair of the
head, can be made on the basis of data in the Niigata
Report (Kawasaka et al., 1967). Duplicate analyses in the
range of 0.5-500 pg/g show on a statistical analysis

rank correlation coefficients of 0.91 and 0.79, respec-
tively. As a rule the results of the activation analyses
are 20 percent and 8 percent higher, respectively, than
those of the dithizone method. In several cases the methods

show a difference of 100 percent or more calculated with
regard to the lowest value.

An attempt to evaluate different methods of analysis used
in Sweden was made in 1968. Samples were taken from 3
different fish. Two laboratories used activation analysis
(Sjéstrand, 1964, and Brune and Jirlow, 1967) and ons

used atomic absorption (Lidums and Ulfvarson, 1968b). The
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precision as estimated for the entire material (levels
100-1,000 ng/g), was 41-86 ng/g for the different labo-
ratorigs. The differences for both the mean values and
the precision errors among the laboratories were statis-
tically significant (p € 0.01). It should be emphasized,
however, that precision is greatly dependent upon the
level in the sample. The material was too small for the
complete slucidation of this gquestion. Table 2:1 shows
data on deviations of individual analyses from the mean
value for all of the analyses. It is evident that 50 per-
cent of the analyses were within =10 percent, whereas
over 80 percent were within 20 percent, and all of them
were within = 40 percent.

Bowen, 1968, organized a test in which a kale powder was
analyzed by neutron activation analysis in 7 different
laboratories and by colorimetric method in one. The num-
ber of analyses performed at each laboratory was 2-9.
The "best mean value” was 0.16 mg/kg. The mean of the
activation analyses from different laboratories ranged
0.14-0.18 mg/kg while the colorimetric method gave only
0.012 mg/kg.

In a comparative investigation of analyses of Japanese
and Swedish fish between laboratories in Sweden and
Japan, total mercury and alkyl mercury (section
2.2.2.2.2) analyses were compared (data quoted by
Berglund et al., 197%1). The total mercury analyses
were made in Sweden by a laboratory using activation
analysis according to Sjdstrand, 1964, and in Japan

by a laboratory using an atomic absorption method.
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In five samples of Japanese fish the Japanese

analyses (0.4-4.6 mg/kg) were in every case lowsr than
the Swedish (64-82 percent of the levels found in Swe-
den). In the three samples of pike from Sweden, the
Japanese laboratory found higher total mercury levels
(0.1-1.2 mg/kg) than the Swedish laboratory, 109-123 per-
cent of the Swedish values.

An inter-laboratory comparison of laboratories using neutron
activation analysis of flour (Tugsavul, Merten and Suschny,
1970) has been discussed in section 2.2.1.1.3.

In an inter-laboratory comparison by Uthe, Armstrong and
Tam, 1971, 29 laboratories in Canada and the US analyzed
thres homogenates of fish. Ninsteen of the laboratories
used different variants of wet digestion followed by ats
omic absorption (14 flameless and 5 flame), 2 pyrolysis
followed by flameless atomic absorption, 5 neutron acti-
vation analysis and 2 dithizone methods. The results of

3 laboratories (the two using pyrolysis followed by flame-
less atomic absorption and one using a dithizone method)
were excluded from the statistical treatment becauss

of obvious separation from the rest of the results (de-
viation greater than 50 percent). A summary of the com-
bined results is given in table 2:2. Neutron activation,
flameless atomic absorption and flame atomic absorption
gave overall averages close together but the last mentioned
method had much lower precision than the other two. The
coefficient of variation of the combined material of an-
alyses of samples A and C (about 1.3 and 4.1 mg/kg) was

19 and 20 percent, respectively, while it was 83 percent
for sample B (about 0.1 mg/kg). Graphic analysis of the
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results of samples A and C showed that most laboratories
tended to oabtain either high or low results with both
samples and that several had more consistent results with
the low fat sample A than with the high fat sample C.

The coefficient of variation from the laboratory mean,
for the laboratories reporting separate values, ranged
2-12 percent for samples A and C, and 12-36 percent for
sample B, without any clearcut difference among methods.

2.2,1.3 Discussion_

The data on limit of detection, precision and accuracy
given in sections 2.2.1.1 and 2.2.1.2 generally refer

to optimal conditions. At routine use the reliability
might be lower. Also, data on the reliability of a meth~
od when usad in one laboratory must be used only with
greatest caution for evaluations of the reliability of
analytical results obtained with the same method at

other laboratories.

For mercury in air the different methods of analysis are
of different sensitivity and reliability. The simplest

and cheapest method is the semi-quantitative mercury
determination by gas detector tubes. Levels of 0.1 mg

of mercury per m3 of air generally can be coversd by them,
but the precision is poor and they are mainly used for
preliminary investigations.

Mercury detectors, based upon the light absorption of
elemental mercury vapor, are rather expensive, but the
cost of each analysis is low. Their sensitivity is high:
2-5 pg/m3 generally are covered. The result is obtained
immediately. When using them in industrial atmospheres,

however, attention must be paid to other gases or vapors
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which may interfere with the mercury determination as
well as to other possibls sources of error.

The most reliable method of analysis for mercury in air
is the air sampling method. Either in combination with
classical chemical (dithizone) or with atomic absorption
methods for final mercury determination, its sensitivity
can be increased to cover fractions of the MAC (TLV) value
by increasing the sample volume. It is much less subject
to chemical interfersnces than are the mercury dstectors.
On the other hand, the amount of work required is consid-
erable, and the result generally is not obtained on the
day of sampling. This type of analysis is by far the most
expensive.

With regard to analyses of total mercury in biological
material the methods seem to have been hampered by a con#=
siderable degree of uncertainty until the middle of the
136G's. Thereafter, the reliability of the analyses has
increased, especially within the higher concentration
range.

From what has been stated above, it is evident that from

a toxicological point of view most modern methods of analy-
sis for total mercury in urine meet the demand for a )
reasonable degree of reliability. The same is true for
total mercury in fish and other foods.

For the analysis of total mercury in blood, activation
analysis and flameless atomic absorption spectrometry
are the methods of choice. The sensitivity of these two

. methods is satisfactory, and the precision is acceptabls.
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For the atomic absorption method a precision within a

few percent has been reported for concentrations in the
range of 5-100 ng/g. For activation analysis, the error
seems to be of about the same magnitude. Comparison be-
tween the two methods has shown acceptable agreement.

No data are available on the reliability of hair analy-
ses. The mercury level in hair is two orders of magnitude
higher than that in blood.

For the evaluation of toxicity of short chain alkyl mercury
compounds, the total mercury levels in blood reported

in patients poisoned by methyl mercury contaminated fish

in Niigata in Japan are of great importance (Chapter 8).
Most of the analyses were made by a dithizone method.

It is not possible to access the methods used because

they are not reported in detail. The blood levels in the
patients were relatively high, which probably implies a
reasonably high degree of analytical certainty, but it

is possible that systematic errors occurred. The repeated
analyses reported for the same patients indicate, however,

a relatively good analytical precision (section B8.1.2.1.1.1.1.1).
Besides blood, hair was analyzed. The difficulties in the
evaluation of the reliability of the results are the same

as for blood. As the levels in hair at methyl mercury expo-
sure are about 300 times higher than those in blood (section
4.5.2.1), it is reasonable to assume that the reliability

of the hair analyses was higher than that of blood analyses.

From the information available on the colorimetric pre-
cipitation methods widely used in the USSR for analysis
of air and urine, it must be assumed that thes results are

much dependent upon the skill of the laboratory personnel.
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.2 Specific methods for inorpanic or organic mercury

2,2.2.1 Specific methods for inorganic mercury_in the
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Westdd, 1966a, 1967a, and 1968a, separated inorganic
mercury and organomercurials in biological material

by thin layer chromatography. Similar systems have
been used by Takeda et al., 1968a, and Ostlund, 1369Db,
for estimation of labelled inorganic mercury formed
from alkyl mercury compounds in experimental animal
studies.

Clarkson and Greenwood, 1968, described an isotope ex-
change method for measurements of nonradicactive in-
organic mercury in tissues. Clarkson, 1968, Norseth,
1969b, and Norseth and Clarkson, 1970a, used the same
principle for estimation of labelled inorganic mercury
in the pfésence of obganic mercury in biological mate-
rial. The method is based on the fact that the exchange
of inorganic mercury with elemental mercury vapor in

a sample is much faster than that of covalently bound
mercury. The radicactive elemental mercury vapor is
collected in a metallic mercury drop and measured.

Clarkson and Greenwood, 1970, have utilized stannous
chloride reduction to differentiate between inorganic
and organic mercury in tissues after administration

of compounds labelled with radicactive mercury. Without
preceding digestion, only inorganic mercurv is reduced
by sn’* ions and can be carried away by air. Gage and
Warren, 1970, based a similar method ubon the reduc-
tion of organomercurials by stannous ions after treat-
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ment with cysteins. Without cysteine, alkyl and alkoxy-
alkyl mercury salts ars net redugsd, and inorganic mep-
cury can be determinsd ssparately.

2.2.2,2 Specific_mathods_for organic_mercury
2.2.2.2.1 Methods of analysis |

A few workers have used methods for estimation of or-
ganic mercury in biological material. Miller, Lillis
and Csonka, 1958, determinsd phsnyl meroury by oxida-
tion with alkalins permanganats, sxtraction with dithi-
zong in chloroform and spactrophotometrical reading of
the extract. The method, later modified for athyl mar-
cury (Miller st al., 1961), is not very sensitive. Gage,
1961b, analyzed phanyl and alkyl marcury with a more
sensitive method involving acidification, sxtraction
with benzene, re-extraction with aqueous sodium sul~-
phide, oxidation with acid permanganate and determina-
tion of mercury by a titration procedurs.

Raviews of the available methods for quantitativs
analysis of gpecific organic mercury compounds in
biological matsrial have been published recently
(Fishbein, 1970, and Berglund et al., 1971)., Of
special toxicological interest are methods for anal-
ysis of short chain alkyl mercury compounds, partic-
ularly mgthyl mercury,

The generally used:proceduras for alkyl mercury anal-
ysis have included addition of a halogenhydrogenacid
to a ﬁomoggnate of the sample, which causes the alkyl
mercury originally bound to the biological material
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to form alkyl msrcury halide. This 1s extractsd with
some organic solvent. After purifying, concentrating
and drylng 1f necessary, the extract is anelyzed quan-
titatively by gas-liquid chromatography. Several vari-
ations of this main routs have been publishad (WestBl,
19066a, 1967a, and 1968a, Sumino, 1988a, Tatton and
Wagstaffe, 1968, Uada, Aoki and Nishimura, 1871, New-
soma, 1871, snd WeatllB and Ryddlv, 1871). Methods
which do not include purification after the extraction
have besen ussd by Kitamura et al., 1888, and Takizaws
and Kosaka, 19686.

For fish msat a yield of methyl mersury over 80 pepr-
cent has besan reported (Westdl, 1886a, 1987a, and
1968a). Substantial lossge may ocour in other samples.
Various modifications of ths purification method, how-
ever, may incrsase the yield (Westl¥, 1868a, 1888a

and b). By some procedures considerable losses may oo-
cur even in analysis of fish samples.

Detection limit: according to Westi8's method (1868a),
1-5 ng Hg as methyl mercury/g for a sample of 10 g.

Precision: 3 percent for levels over 0.05 mg Hg as
methyl mercury/kg of fish for a 10 g samples (Westd8
and Ryddlv, 1869)., See also ssction 2.2.2.2.2.

Accuracy: Comparison of a great number of enalyses of
methyl mercury in fish by ths methods of West88 (1968a,
1367a, and 1968a) and total mercury determinations by
neutron activation analysis according to Sj8strand (1964)
has shown a very good agreement, the average methyl msr-
cury level making up 94 percent of the total mercury
(West88 and Ryddlv, 1971), This favors high accuracy.

See also section 2.2.2.2.2.
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2.2.2.2.2 Inter-laboratory comparisons

An attempt to evaluate different variants of methyl
mercury analysis was carried out in Sweden in 1368

by four different laboratories. The samples consisted
of untreated white dorsal muscles from 3 pikes (levels
0.1-1 mg Hg/kg). Statistical analysis showed that the
di fference among the mean values cbtained by the var-
ious laboratories was significant (p< 0.01). In table
2:3 data have been listed on the percentage deviation
of individual analyses from the mean of all of them.
It is evident that B0 percent of the analyses were
within = 10 percent of the mean valus, and all were
within 20 percent.

In 1968 there was an axchange of fish between Japan
and Sweden in order to compare the results of analysis
of the same fish samples (Westdd, 1968b and c, Westdd
and Ryddlv, 1969, and Kitamura et al., personal commu-
nication). Here, only the alkyl mercury analyses

will be dealt with. For total mercury, see section
2.2.1.2. The Japanese results were, for 5 samples

of fish from Japan (total mercury lesvels of 0.5-7.2
mg/kg according to analyses by the method of Sjdstrand,
1964), lower than the Swedish results in 9 out of

10 determinations (methyl mercury 63-77 percent, ethyl
mercury 50-100 percent, of the Swadish valuses). As
judged from the Swedish analyses 81-94 percent of

the mercury was present as alkyl mercury. In 3 Swe-
dish fish (total mercury about 1 mg/kg) only methyl
mercury was found. The Japanese values were 75-94 perp-

cent of the Swedish.
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In 1971 a comparison among 6 laboratories in Scandinavie
was reported (Nordic Committee on Food Analysis, to bs
publishad). Four samples of fraeze drisd fish containing
0.1-4.2 mg mercury as methyl mercury/kg were analyzed
four times at sach laboratory by the method of Westdd,
1968a. The average of one laboratory deviated 20-80
percent from the common maan of the othsrs in 3 of the
samples. Tha means of the others wers within o per-
cant. The precision of the total number of analyses of
these laboratoriss was 22 percent for the 0.1 mg/kg
sampla and 2-5 percent for the others. In one sample
analyzed in ons laboratory the coefficient of varia-
tion was 25 percent, and tha rest wers within 210
parcant.

2,2,2.2,3 Discussion

Data available show that modern msthods for analysais

of methyl marcury have a reliability that satisfies the
demands for use in toxicological svaluation of levals
in fish and other foods, i.e., excesding 0.02 mg/kg.
Analyses of fish meat are somewhat simpler to carry

out than the analyses of certain other types of bio-
logical material, s.g., liver and kidney, which give
rise to more difficult extraction problems.

Of special toxicological interest is the proportion of
mercury in fish present as methyl mercury (see also sec-
tion 3.3.3.1). Methyl mercury makes up almost all of the
total mercury in flesh of Swedish fish (West33 and
Ryddlv, 1969, and 1971) and of North American fish
(Smith et al., 1971). Lower fractions have been re-
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ported in some samples of young fish analyzed by Bache,
Gutenmann and Lisk, 1371. In that study the whole fish,
without evisceration, was chopped and ground before anal-
ysis. A large Jlapanese material consisting of fish from
different areas has shown that methyl mercury constitutes
an average of about 25 percent (range 0-75 percent) of
the total mercury (Kitamura, personal communication).
Usda, Aoki and Nishimura, 1971, reported that 4-65 per-
cent of the total mercury (dithizone method) in fish

from mercury contaminated and non-contaminated rivers

in Japan consisted of alkyl mercury.

Westdd, 1868b, has pointed out that there are reasons
for assuming that the methyl mercury determinations
were too low in methods used by some Japanese investi-
gators (Kitamura et al., 1966, and Sumino, 1968a). A
direct comparison betwesn Swedish laboratories and

a Japanese laboratory in 1968 showed, for the Japanese
laboratory, a higher proportion of methyl mercury than
that previously reported for Japanese fish.

Only a few methyl mercury levels in fish have been re-
ported from the Japanese epidemics of intoxication in
Minamata and Niigata. Although sufficiently detailed
descriptions of the analytical procedures are not avail-
able, it is reasonable to assume that most of the mercury
in fish in connection with these catatrophes was in the

form of methyl mercury.



Table 2:1 COMPARISON AMNNG ANALYSES OF TOTAL MERCLRY MARE BY
THREE SWEDISH LABORATORIES (tahble from Barglund at al.,
1871, based on data from Working Team for Coordination
of Inveatigations of Mercury in Fish, 1889).

Distribution of individual analytical
valuss in intesrvals from mean lsvel

Fish  Mean level  Numbar of Z10% 220% 2any 220y
Na. mg Hg/kg analysas

1 0.13 23 15 22 23 23

2 0.85 23% 12 20 22 23

3 0.62 24 8 24 24 24

Total number of

analysas 70 35 68 69 70

% of analyses 100 50 g4 88 100

*One zero-value is excluded.



Table 2:2 INTER-LABORATORY COMPARISONS OF ANALYSES OF THREE FISH HOMOGENATE SAMPLES

(data from Uthe, Armstrong and Tam, 1971).

Mathod of
analvsis

Sample A Sample B

Sample C

Coefficient
of variation

Coefficient
of variation

Mean Coefficient
mg/kg of variation

Flameless
atomic
absorption

Flame atomic
absorption

Neutron
activation

4.28 18

3.72 32

4.086 16



Table 2:3 COMPARISON AMONG METHYL MERCURY ANALYSES MADE IN FDUR
SWEDISH LABORATORIES (table from Berglund et al., 1971,
based on data from Working Team for Coordination of
Investigations of Mercury in Fish, 1869).

Distribution of individual analytical
values in intervals fraom mean level

Fish Mean level Number of * 10% t 20%

No. mg Hg/kgx analyses

1 0.14 16 16 16

2 0.96 127X 9 12
0.67 12%% 7 12

Total number of 40 32 40

analyses

% of analyses 100 80 100

X

Mean of all analytical values

**0ne laboratory reported disturbances in the
chromatograms. These values have been excluded.
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Laboratory Nos. 9, 11 and 16 used non-destructive activation
analysis. The rest used activation analysis including

a chemical separation step with the excepticn of laboratory
No. 1 which used a chemical method for the treated samnle.
Each laboratory made 1-86 analyses of each samnle. The
overall average of all labcratories is shown by the dotted
line, the individual laboratory averages by horizontal lines.
The 895 percent confidence limits of single determinations
and of means within laboratories are shown by thin and thick
vertical lines, respectively. In the calculation of the
overall mean the extreme values (arrows) were excluded.

Figure 2:1 Inter-Laboratory Comparison of Total Mercury

Analyses of Standard Samples (from Tugsavul,
Merten and Suschny, 1970).



CHAPTER 3

TRANSPORT AND TRANSFORMATION OF MERCURY IN NATURE AND
POSSIBLE ROUTES OF EXPOSURE

by Jaroslav Vostal

The increasing threat of contamination of the environment
by the widespread use of mercury and its compounds in in-
dustry and agriculture and the potential hazard of high
intake of toxic forms of mercury by large groups of the
population have focused a great deal of attention on the
fate of mercury in the environment. Many environmental
sources of mercury have bsgen analyzed and svaluated in rs-
cent scientific meetings and reviews (L&froth, 1969, Maxi-
mum Allowable Concentrations of Mercury Compounds - Report
of an International Committee, 1969, Miller and Berg, 1969,
Nordiskt Symposium, 1969, Stahl et al., 19638, Berglund et
al., 1970, 1971, Environmental Mercury Contamination Con-
ference, 1970, Keckes and Miettinen, 13970, U.S. Geological
Survey, 1970, Jones, 1971, Mercury in Man’s‘Environment
Symposium, 1371, Mercury in the Western Environment Con-
ference, 1971, Nelson et al., 1971, Wallace st al., 1971,
Miller and Clarkson, in press, and Suschny et al., to be
published). A summary of the findings of these studies,
cited many times under the names of the individual con-
tributors, will be included in this chapter.
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3.1 NATURAL SOURCES AND TRANSPORT OF MERCURY IN THE EN-
VIRONMENT
3.1.1 GCeographical occurrence of mercury
Mercury occurs in the natural state only in small amounts,
estimated at 50 to 80 ppb of the earth’s content. It exists
mainly in the form of various sulphides, especially red
sulphide (cinnabar). Primary deposits of this metal occur
in practically all types of igneous, metamorphic or sedi-
mentary rocks in concentrations varying in general be-
tween 50 and 500 ppb (Jonasson, 1970, U.S.Geological Survey,
1370, and Shacklette, Boerngen and Turner, 1371). Ninety-
nine percent of the mercury mined in the world is concen-

trated in mercuriferous belts which correspond to the mo-
bile zones of dislocation of the earth: the East Pacific
Rise, involving the west coast of America and the eastern
part of Asia, and the Mid-Atlamtic Ridge (Jonasson and
Boyle, 1971). All industrially used deposits of mercury
are located within these belts. The total world produc-
tion from these sources amounts to 10,000 tons of mercury
per year. The grade of ore differs considerably among the
individual sources. The highest contents of mercury are
reported from Spain, with an average of 60 pounds of mer-
cury per ton and as high as 1,400 pounds per ton in some
places. Italian ores average 10 pounds of mercury per ton.
The United States and Canada report 4 to 5 pounds of mer-
cury content. The world reserves of mercury are estimated
to be 200,000 tons, half of which are in Spain (Minerals
Yearbook 1970, in press).

3.1.2 Modes of entry of mercury into various media of
the natural geocycle

Mercury can enter the geochemical cycle by simple trans-

port in the form of metallic mercury vapors opr transformed
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into volatilized organic mercury compounds and/er by chemi-
cal transformation into more soluble salts er mercury com-
pounds.

3.1.2.1 Environmental transport of mergury_into the

3.1.2,1.1 Vaporization processss

Metallic mercury because of its ability te be vaporized
at normal temperatures, constitytes the sasiest way of
transport into the atmosphers as elemental mersury. The
vapor pressure is high sven at normal temperaturss

(1.2 + 1073 mm Hg at 20°C) and rapidly inereases with
rising temperatura. At 25°C the heat of vaporizatien is
14,67 cal/g atom. The saturation concentration of mearsury
in the air can bas calculated from its vapor prassure. At
room tempesrature it amounts to 10-15 mg Hg/ma.

Atmospheric data collected by MeCarthy et al., 1970,
revsaled high levels of mercury in the air over the
localities with ore deposits, whersas thes atmoaphera

ocver non-mineralized areas showad low levels of mercury,
In England, mercury concentrations in the air over rsgions
with exceptionally high levels of mercury in the humus
layers of topsoil (about 10 ppm) were reported to be in
the range of 20-200 ng/m3, compared with background lev-
els of § ng/m3 (Barber, Beauford and Shiegh, in prsss),

3.1.2.1.2 Volatilization processas

Transition of ionized forms of mercury into the atmosphere

by volatilization can occur theoretically by three processes:
(1). chemical reduction into the slemental form, (2). reduc-
tion through the activity of microbes, plants or other liv-
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ing arganisms, and (3}, biatranafgrmation inte volatile
organomercury compounds, mainly short chain alkyl mer-

curials.

Although the conditions of chemical reduction of ionized
mercury into the slemental form are well defined in labo-
ratory expsriments, no experimental svidence has been re-
portad on its occurrence in nature. Volatilization of dif-
ferent mercury compounds by soil wes studied by Kimura

and Miller, 1964. Approximately 15 psrcent of added phenyl
mercury acetate was converted to metallic mercury vapor in
28 days, sthyl mercury was decomposed only partly and
mathyl mercury not at all. Ethyl and methyl mercury, how-
ever, evaporated in their original forms. Later, bacterial
culturas (Pseudomonas)isolated from phenyl mercury con-
taminated soil were shown to convert sclutions of methyl,
ethyl and phenyl mercury into metallic mercury vapors. Cor-
responding hydrocarbons were destected simultaneously by
gas chromatography (Tonomura et al., 1968a and b, and
Tonomura, Masda, and Futai, 1968, Tonomura and Kanzaki,
1969, Furukawa, Suzuki and Tonomura, 1968, and Furukawa
and Tonomura, 1971). Volatilization of inorganic mercury
from humus-containing soil by bacterial activity has not
been studied extensively. Barbar, Beauford and Shigh, in
prass, reported that the bacterial profile of the soil
closely follows the profils of mercury. Morsover, labora-
tory experiments proved that bacteria isolated from this
s0il can induce volatilization of mercury. Barber (un-
published data) recently confirmed the volatilizing
ability of bacteria by showing that suspansions of live
Pseudomonas released 4 to 30 times as much mercury as

did the dead control cslls. |
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Similar results were obtained with cultures of bacteria
isolated directly from mercury-containing humus. Microbial
activity in volatilization of mercury from biological
fluids had been proved earlier and mercury-volatilizing
strains identified (Magos, Tuffery and Clarkson, 13964).
Volatilization of mercuric ion by plants has also been
studied to a small extent. Low levels of uptake of inor-
ganic mercury from the soil have been reported (Shacklette,
1865, and 1970, and Smart, 1968). Fukunaga and Tsukano,
19638, and Rissanen and Miettinen, to be published, reviewed
the Japanese studies (Furutani and Osajima, 1965, 1367,
Tomizawa, 1966, and Yamada, 1968) on the uptake by rice
plants of labelled mercury from soils contaminated by
organomercurial compounds. High accumulation rates of mer-
cury from phenyl mercury treated so0il and phenyl mercury
solutions were reported. Autoradiographic studies on
spearmint (Mentha spicata ) {Barber, Beauford and Shish,

in press) after incubation of its roots in labelled mer-
curic chloride solution containing 0.4 ppm of mercury in-
dicated that mercuric ion can enter the plant, accumulate
in the vascular system of roots and be transported into
the leaves. The foliage concentrations, although clearly
detectable, were 10 to 500 times lower than the root con-
centrations of mercury. No significant transpiration of
mercury in the air by the plant was recorded.

As for animals, Clarkson and Rothstein, 13964, found radio-
active mercury vapors in the air exhaled by rats injected
with labelled mercuric ion and proved that the animals are
able to volatilize mercury. No similar evidence has been

found in man.
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Lonversion of deposits of inorganic mercury into volatile
organomercury compounds could be a more effective way of
transporting mercury into the geocycle. Jensen and Jerneliv,
1369, reported that an unidentified microorganism in

sludge from aquaria can methylate inorganic mercury. Forma-
tion of alkyl mercury compounds was a function of mercury
concentrations of up to 100 ppm in the freshwater sediments.
The authors stressed the fundamental importance of this
process for the mobilization of mercury from the sediments
into the general environment and proposed two pathways:
gither a direct formation of mono-methyl mercury or pri-
mary synthesis of di-methyl mercury that is later con-
verted into mono-methyl mercury.

Wood, Kennedy and Rosen, 1968, showed that cell extracts

of a strictly anerobic methanogenic bacterium effectively
convert inorganic mercury into methyl mercury using methyl
cobalamin.as substrate, and described the process as a
combination of both pathways depending upon various pH
conditions of the environment. The authors supparted the
concept that di-methyl mercury can be the predominant prod-
uct of the reaction and under mild acid conditions is further
converted to mono-methyl mercury. The rapidity of demethyla-
tion of the substrate in vitro suggested further that methyl
transfer could occur in biological systems as well as non-
enzymatic, chemical reaction. Experiments performed without
the presence of any bacteria showed that transfer of methyl
groups occurs also by a non-enzymatic process. The authors
suggested that this non-enzymatic process is enhanced in
vivo by anercbic conditions and by the presence of bacteria:
that synthesize alkyl cobalamins. The emphasis on the ane-

robic character of both possible interconversion mechanisms
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led to the opinion that anerobic conditions in sediments
contaminated by mercury are required for the biotrans-
formation of mercury. However, Fagerstrom and Jerneldv,
1971 (quoted by Jerneldv, in press) found that hydrogen
sulphide, ubiquitous in the natural environment under
anercbic conditions, binds deposited mercury into insoluble
chemical form and decreases the availability of mercury

for methylation. The authors pointed out that the methyla-
tion rate is generally more dependent on microbial activity
than on anerobic conditions.

These conclusions are conformable with the observations
that microorganisms producing hydrogen sulphide inhibit
the volatilization of mercury from soil and biological
materials (Booer, 1844, and Magos, Tuffery and Clarkson,
1964) and with recently presented results indicating a
complete lack of methylation activities in mud and soil
under strict anerobic conditions (Rissanen, Erkama and
Miettinen, 1870).

Landner, 1971, described another biochemical model for
the methylation pathway in studies on the relationship

between mercury resistance of Neurospora crassa and its

ability to methylate inorganic mercury. He suggested a
link between the ability to produce methyl mercury and
methionine biosynthesis in these bacteria. Preliminary
experiments (Imura et al., 1971, and Jerneldv, in press)
showed that a direct transmethylation involving methio-
nine of S-adenosylmethionine is improbable. Mutants of

Neurospora with high resistance to mercury were there-

fore selected and it was found that their methylation
efficiency was much higher than that of other strains.



The authors suggested that increased methylation rate is
an induced detoxification process in resistant bacteria
and that the methylation pathway is linked with the intra-
cellular biosynthesis of methionine. Methylation of the
mercuric ion might thus be regarded as an "incorrect syn-

thesis” of methionine.

On the other hand, Bertilsson and Neujahr, 1971, re-empha-
sized the non-enzymatic methyl transfer from methyl co-
balamin to mercury. Methyl cobalamin was incubated with
solutions of mercuric chloride and a rapid transfer of

the methyl group occurred. The end products of the reac-
tion were methyl mercuric ion and hydroxycobalamin. How-
ever, when mercuric ion was replaced in the incubation
mixture by methyl mercury or other organomercurials, the
reaction rate decreased. The results agreed with observa-
tions reported by Hill et al., 1971, and were interpreted
by the authors as evidence against primary formation of
di-methyl mercury as a predominant product of the reaction.
On the other hand, prevailing formation of di-methyl mer-
cury as initial product of the reaction of mercuric ion
with methyl cobalamin in wvitro was reported by Imura et
al., 1971. Different ratios of mono- and di-methylated
products were formed under their experimental conditions,
depending upon the molar ratios of reactants and reaction
times, and an immediate conversion of freshly formed di-
methyl mercury into mono-methyl form by the action of mer-

curic ion was assumed.

Oirect conversion of other organomercurials into methyl
mercury by microbial activity does not anpear to be a

comman process. Formation of other volatile products
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cannot bs excluded, howevar. Although ne mathy]l mercury

was found amonp volatile mercury products after 11 days

of incubation of phanyl msrcury with sludge microorganisms,
approximataly 40 parcent of all solvant-extractabls matab -
olic products wers detected in the form of volatlile di-
phenyl mercury (Matsumura, Gotoh and Mallory Boush, 1971).,

Although the biotransformation pathway has naet been com-
plately clarified, it might be concludad that the physicoe-
chemical propertiss of the nawly formad compounds may con-
tribute considerably to the relesase of marcury inte the
biosphers, since their high volatibility and solubility
make the transition of mercury into the environmant sasy.

3.1.2.2 Enyironmental transport of mercury_inte ths

hydrosphere_-_dissolution_progesess_
Solubility of metallic mercury in water is low (2 « 10°° g
per liter, Hughes, 1957).Contact with oxygen-containing
water increasss the solubilization of mercury and the final
solubility is practically limited only by the saturation
limits of the oxidation products (Stock, 1934), The solu-
bilities of ionic mercury compounds depend unon the actual
conditions of the solubilizing water, i.e., acidity, pres-
ence of complexing anions, othsr organometallic complexes,
etc. As a ressult, mercury content of surface water depends
upon the accessibility of mercury, time of contact, and
conditions of the solubilizing media. Higher concantra-
tions of mercury might occur in underground waters and
geothermal springs, and mercury deposits in sediments of
some thermal waters may reach very high levels (White,
Hinkle and Barnes, 1970). Mercury levels in ground waters
have been reported to be in the range of 0.02-0.07 ppb
{(Stock and Cucuel, 1934a, Heide, Lerz and B&hm, 1957,
Dall'Aglio, 1968, and Wiklander, 1968)}. Samples of ground
water were recenﬁly analyzed in 73 areas of the United
States. Only two samples were hipher than 5 ppb and 83
nercent were lawer than 1 ppb (Wershaw, 1970),
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seawater concentrations were originally reported at the
lsvel of 0.03 ppb (Stock and Cucusl, 1934a) but higher
lsvels were reported later by other authors (Hamaguchi,
Rokuro and Hosohara, 1961, and Hosohara, 1961). It is
supposed that mercury in sea originated mainly from
weathering of primary rocks and is probably in the form
of chlorocomplexes (Sillén, 1961).

There is no information on how large the contribution
could be from the mercury transferred into the sea by
air masses and precipitation. Rainwater may contain
levels up to 200 ng/liter (Stock and Cucusl, 1834a).

3.1.2.3 Environmgntal transport of mercury_into the pado-

and_biodegradation
Both metallic mercury and mercuric sulphides, the most
abundant forms of mesrcury in rocks and minerals, are re-
sistant to oxidation through wsathsering and enter the gso-
cycle often in the form of only mechanically degradad
particulate matter. Consequently the actual content of
mercury in topsocil varies extensively although normal
rural areas do not usually excsed ths concentration of
150 ng/g (Pierce, Botbol and Learned, 1370, Cadigan,
1870, and Shackletts, Boerngen and Turner, 1971). Several
world locations (Eire in the United Kingdom and certain
areas in the USSR) might have levels up to 10,000 ng/g
(Wallace et 2l., 1971, and Barber, Beauford and Shieh,
in press). No detailed studiss on the mechanisms of the
transfer of mercury or on the form of mercury in these
soils have been reported. Mercury distribution in ths
‘soil has a characteristic profile. Low concentrations
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are usually found in subsoil and levels in topsoil are
five to ten times higher (Rissanen and Miettinen, to be
published). Andersson, 1967, compared African and Swedish
topsoil and found the average mercury content of the
former to be 23 ng/g and of the latter, 60 ng/g. Similar
levels were found by Warren and Delavault, 1969, in sev-
eral British soils. Generally the natural mercury content
in the so0il is determined by many undefined factors: var-
iations of pH, drainage, concentrations of humus, etc.
Soil with higher humus content accumulates generally higher
levels of mercury than more mineralized soils (Andersson,
1967). The upper limit for the natural release of mercury
due to chemical weathering was estimated by comparison
with sodium leaching into the surface water (Joensuu, 1971).
Tne ratio of mercury to sodium in weathering rocks was as-
sumed to be identical with the ratio of their terrestrial
abundance, and 230 tons of mercury were estimated to be
the upper limit of mercury released into the environment.
The actual amount of leached mercury is expected to be
less than this estimate, since more mercury than sodium

is adsorbed on particulate matter and prevented from being
dissolved in the surface water.

3.2 MAN-MADE SOURCES AND TRANSPORT OF MERCURY IN THE
ENVIRONMENT

The role of human activities in the amount of mercury

released into the environment can be deduced from the

annual production rates of mercury. Although not all

produced mercury is dissipated directly into the en-

vironment, only minor portions of the total production

are stocked or recycled, and the rest of the mercury

and of its compounds is finally released in some way in-

to the atmosphere, surface waters and soil, or ends in

landfills, dumps and refuse.
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Table 3:1 shows the relative participation of various
types of industries and agriculture in the consumption
of mercury as illustratad by temporal trends in mercury
uses in the United States during the years 1366-13870
(Minerals Yearbook 1970, in press). The representative
patterns of individual industrial activities may vary
extensively among different countries, mainly with re-
gard to agricultural uses(Smart, 1868, Gurba, 1971, and
Rissanen and Miettinen, to be published), and to paper,
pulp and paint production (Bouveng, 1967, Keckes and Miet-
tinen, 1970, Cooke and Beite}, 1971, and Hanson, 1971).

3.2.1 Industrial sources
The major part of the mercury produced annually is still
consumed by the chlorine-alkali industry to compensate

for the losses of mercury in the electrolytic production
of chlorine and caustic soda. This type of industry con-
stitutes the largest potential source of mercury releassd
into the atmosphere and.surfaceyWater. This source of en-
‘vironmental pollution has been identified repeatedly and
’ih many plants all over the world steps have been taken
to prevent unneccessary release of mercury. In the United
States the discharge of mercury from this source was re-
duced in several large plants by 85 percent by 1970, re-
sulting in a decline of total mercury consumption by the
chlorine-alkali industry of 27 percent (Cammarota, in
press). In Sweden the total loss of mercury into the en-
vironment was estimated to be between 25 and 38 tons
annually, corresponding to 100-150 g of mercury lost

per ton of produced chlorine. In new plants the losses
were reduced to 2 to 3 g Hg/ton (Halldin, 1969, and
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Hanson, 1971). A similar situation is expected in
Canada (Flewelling, 1971) and other countries.

An approximately equal part of the annually produced mer-
cury is used for the production of electric apparatus.
Environmental losses connected with this industrial
production are considered small (Halldin, 1969). Most
disposable equipment (mercury battery cells, flourescent
bulbs, switches, etc.) ends up in landfills, dumps and
incinerators.

Mercury is used extensively as an antifouling and mildew-
proofing agent in o0il, latex and ship bottom paints. Near-
ly 400 tons of mercury are consumed for this purpose year-
ly in the United States, and about 10 tons in Canada (Cooke
and Beitel, 1971). Only 5 tons were said to be consumed

for paint production in Sweden in 1867 (Hanson, 1971).

Annual mercury discharge from the pulp and paper indus-
tries in Sweden using phenyl mercury Compounds for im-
pregnation of pulp and for slime control between 1940 and
1965 achieved the highest level in 1960, when estimates
of the total yearly mercury loss approached 15 tons.
After restrictions on the use of mercurials in the pulp
production in 1966-67, mercury losses from paper and pulp
industries declined to less than 1 ton per year (Hanson,
1971). A sharp decline in the use of mercurials has also
been reported in the pulp industries in Canada and the
United States since 1970 (Paavila, 1971, and Cammarota,

in press).
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3.2.2 Agricultural sources

Agricultural uses of organomercurial fungicides consti-
tuted a considerable portion of mercury production re-
leased in the form of highly toxic methyl mercury in

past years (Keckes and Miettinen, 1370, Berglund et al.,
1971, and Wallace et al., 1971). The legislative elim-
ination of alkyl mercurials from seed treatment and re-
strictions on the agricultural use of mercury decreased
consumption of mercury for these purposes in Sweden by

70 percent between the years 1864 and 1869 (Lihnell, 1868,
and Esbo and Fritz, 1970). Similarly, agricultural uses '
of mercury in the United States decreased by 10 percent

in 1968, 22 percent in 1969 and 33 percent in 1970. The
annual consumption in 1968 constituted only 48 percent

of the consumption for 1967 (Cammarota, in press). Agri-
cultural uses of mercury in Canada decreased from 18 per-
cent of total consumption of mercury in 1964 to about 3
percent in 1970 (Gurba, 1971).

Several estimates have been made on how much the seed
treatment by organomercurials contributed to the mercury
content in the soil. Methyl and ethyl mercury were used
as seed disinfectants in Sweden between 1940 and 1966.
Approximately 4,500 kg Hg were consumed yearly for this
purpose and a total of 80 tons of mercury was distributed
in Sweden during this time (Hanson, 1971). Analysis of
cultivated and uncultivated soil in Sweden proved that
these seed treatments played only a minor role for the
mercury levels in the soil (Andersson and Wiklander,
1965, and Andersson, 1967).



The distributicn and biodegradation of residues of mer-
curial fungicides in the soil have also been studied.
Increased levels of mercury after the use of alkyl mer-
curial fungicides or inorganic mercury were found in

the topsoil (Ross and Stewart, 1962, and Andersson, 1367).
In contrast phenyl mercury penetrates easily into the
deeper layers. The differences in distribution are ex-
plained by different affinities of various mercurials
for individual components of the soil (Aomine, Kawasaki
and Inoue, 1967, and Aomine and Inoue, 1367). Residues
of mercurial fungicides are firmly bound in the soil and
only small fractions are leached into the surface water
(Andersson, 1967, and Saha et al., 1970). Moreover, they
can be decomposed and volatilized by microbial action
(Kimura and Miller, 1964).

3.2.3 Other sources

Besides the losses caused by the intentional industrial
use of mercury, release of substantial amounts of mercury
may occur also in primary processes of mercury production
and in other industrial processes where mercury vapors
are generated as a side product. Losses of mercury during
mining and smelting of mercury-containing ores were eval-
uated at 2-3 percent in efficient operations {(Cooke and
Beitel, 1971). Substantial emissions of mercury during
refining of many other metallic ores are suspected, but
no estimates have been proposed so far. Procedures are
being developed for economically feasible recovery of
mercury from gas condensates, waste waters and slurries

{(Cammarota, in press).
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A source of mercury released into the environment by un-
intentional industrial processes was recently discovered

in burning of fossil fuels. Preliminary information pre-
sented at the Environmental Mercury Contamination Confer-
ence, 1970, showed that ash Ffom,cqal burning plants con-
tains negligible amounts of mercury and that the mercury
content of fuels is released completely into the atmosphere.
Recently, mercury concentrations in different types of coal
were reviewed (Wallace et al., 1971), estimated (Bertine .
and Goldberg, 1371) and analyzed;(Joensuu, 1971, and Ruch,
Gluskoter and Kennedy, 13971). The mercury content in 36
American coal samples, determined by mercury vapor detec-
tors after release of mercury by combustion, ranged be-
tween 0.07 and 33 ppm, with an average of 3.3 ppm (Joensuu,
1371). Coal samples from Illinois analyzed in another

study revealed an average value of 0.18 ppm (Ruch, Glus-
koter and Kennedy, 1371). Coal from areas in mercuri-
ferous belts may contain up to 300 ppm of mercury (Wallace
et al., 1971). Annual coal production in 1967 was 3 * 10g
tons. Joensuu, 1371, estimated that at the conservative
figure of 1 ppm for average concentration, the release

of mercury from coal burning must be assumed to be in the
range of 3,000 tons per year; i.e., much larger than the
amount of mercury released by weathering. Similar estimates
by Bertine and Goldberg, 1971, were based on assumed lower

concentrations of mercury and were approximately 300 times
lower.

There is no satisfactory evidence on the mercury content
in 0il and natural gases used for heating purposes. Pre-
limary information shows that in mercuriferous belts con-

centrations of mercury in petroleum can be high and nat-
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ural gases can be saturated with mercury vapors (White,
Hinkle and Barnes, 1370).

It seems in general that in recent studies more attention

has been focused on the evalulation of potential exposures
to secondary sources of mercury through burning of fossil

fuels and emissions from refining of ores with mercury im-
purities than to primary sources of industrial production

and consumption of mercury. The role of atmopheric mercury
concentrations in the transport of mercury by air masses

has not yet been evaluated.

3.3 POSSIBLE ROUTES OF ENVIRONMENTAL EXPOSURE AND LEVELS
OF MERCURY IN THE ENVIRONMENT

It can be concluded from the evidence on transport and

transformation of mercury in nature as summarized in pre-

vious parts of this chapter that all components of the

biosphere contain at legast minimal traces of mercury and

constitute potential sources of exposure for all living

organisms, including man.

3.3.1 Possible routes of environmental exposure through

atmosphere

No satisfactory information exists on the amounts of mer-
cury transferred or accumulated by the atmospheric air
masses and little is known about the abundance and distri-
bution of mercury in the atmosphere. Recent data collected
by the U.S. Geological Survey, 1870, proved that mercury
concentrations in the atmosphere over non-mineralized land
areas range between 3 and 9 ng Hg/ma. Scattered analyses
performed over mineralized areas indicated, in contrast,

concentrations of 7 to 53 ng/m3 and over known mercury
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minas, 24 to 108 ng/m3. Occasionally concentrations up
to 1,500 ng/m3 were recorded over active mercury mines

(McCarthy et al., 1970).

Seasonal, daily and diurnal variations of atmospheric
mercury concentrations were recorded. Maximum concen-
trations ware obtained in the middle of the day, levels
were lower in the morning and evening, and the minimum
concentrations were detected near midnight. Airborne mer-
cury concentrations were inversely related to barometric
pressure. Atmospheric concentrations of mercury also
change as a function of altitude. At the level of approxi-
mately 300 feet a marked drop in mercury concentrations
was recorded and similar changes wers observed over min-
eralized areas. Levels at ground surface were 10 to 20
times higher than concentrations 400 feet over the ground
(McCarthy et al., 13970).

By older methods levels higher than background were found
over urban areas in the United States and varied between
10 and 170 ng/m> (Cholak, 1952).

Brar et al., 1969, measured 3 to 39 ng Hg bound on par-
ticulates in the atmosphere. Dams et al., 1970, found

4.8 ng/m3 in the atmosphere over an industrial urban

area and compared the levels with particulate mercury in
the atmosphere over a rural area, i.e., 1.9 ng/m3. Leites,
1952, observed levels up to 4,000fng/m3 in a polluted
urban area and 0-2,000 ng/m3 in a suburban area. Goldwater,
1964, reported 0-14 ng/m3 in a metropolitan area, while
Saukow, 1953, (quoted by Berglund et al., 1971) gave a
value of 20 ng/m3 for a metropolitan area. No information
of the reliability of methods or selection of sampling
areas was given.
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Similarly, no satisfactory data are available on mercury
concentrations in the ambient air in the vicinities of
mercury mines and smelting plants although levels much
higher than in control areas must be expected. Fernandez,
Catalan, and Murias, 1966, recorded extremely high con-
centrations up to 800,000 ng/m3 in two localities in
residential areas removed approximately 400 m from the
mine and mercury plant at Almaden, Spain, even during
winter months. Kournossov, 1962, and Melekhina, 1958,
Iquoted by Kournossov, 1962) and Vengerskava, 1952,(quoted
by Leites, 1852) observed decreasing mercury levels in
the ambient air with increasing distance from a mercury
emitting plant, indicating a source of atmopheric con-
tamination. McCarthy et al., 1970, reported airborne
concentrations up to 600 ng Hg/m3 during working hours

at a mercury mine in Arizona, USA. These scattered and
solitary data obtained by different methods cannot be
properly evaluated but they indicate an urgent need for
more detailed studies of atmospheric mercuric profiles

in the vicinities of mercury emitting sources.

Concentrations over the ocean are lower than over the
ground. Williston, 1968, indicated that winds coming
from the sea have lower levels (2 ng Hg/ma) than winds
coming from the industrialized land surface (8 to 20 ng
Hg/m3). These observations confirm land surface as the

main source of airborne mercury.

Air concentrations of mercury can be completely washed
out by rain even in polluted areas (McCarthy et al., 1970).

Mercury concentrations in the rainfall are therefore deter-
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mined by airborne levels in the area. Eriksson (quoted by
Berglund et al., 1971) found by neutron activation an-
alysis background levels of mercury in rainfall aof about
0.1 ng Hg/g. Higher levels were found in industrialized
areas with mercury emissions into the atmosphere. Levels
up to 0.2 ng/g were reported in older data (Stock and
Cucuel, 1934a). Tha levels of mercury in the snow ranged
between 0.08 and 5 ng/g in a metropolitan area (Striby,
1368). Contributions by rainfall to mercury concentrations
in the soil were estimated on the basis of these observa-
tions to be in the range of 0.06 mg/m2 and higher (Bsrglund
et al., 1871). Westermark and Ljunggren, 1968, found that
0.4 mg Hg/m2 per year was the actual contribution to soil
by levels in the rain. Andersson and Wiklander, 1965, es-
timated the annual contribution at the level of 0.12 mg
Hg/mz.

In conclusion, air over mercury deposits and over in-
dustrialized areas with high mercury emissions may accu-
mulate higher concentrations of mercury mainly in zones
near to the ground. Airborne mercury is being continuous-
ly removed from the atmosphere and deposited on the earth
surface or water surface by rain or snow, but no data are
available on the magnitude of these transfers of mercury
in polluted areas. Direct respiratory exposure of popula-
tions by inhalation seems to be negligible in non-indus-
trial areas without natural deposits of mercury. On the
other hand, there is no information on potential respira-
tory exposure of population groupns living in the nearest
vicinity of sources emitting airborne mercury.
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3.3.2 Possible routes of environmental exposure through

hydrosphere

Natural mercury levels in surface water were repeatedly
measured in various world localities. The levels in un-
polluted rivers reported by Stock and Cucuel, 1334a,
Heide, Lerz and Bdéhm, 1957, and Dall'Aglio, 1968, were
all lower than 0.1 ng/g. Ljunggren et al., 1969, found
by neutron activation analysis concentrations ranging
between 0.02 and 0.12 ng/g in Sweden. Wiklander, 1968,
by the same method recorded an average level of 0.05
ng/g.

Recent analyses of surface water by atomic absorption
methods in the USA indicated non-detectable levels (0.1
ppb) in 34 of 73 samples; 27 samples ranged from 0.1 to
1.0 ng/g, and 10 samplss ranged from 1 to 5 ng/g, Only
two samples were higher than 5 ng/g (Wershaw, 1970). Lev-
els between 0.09 and 0.1 ng/g were reported from atomic
absorption analyses in various localities in Canada
{Voege, 1971). Samples of drinking water and ground
water were analyzed in Sweden. Concentrations varied be-
tween 0.02 and 0.12 ng/g with a mean of about 0.05 ng/g
(neutron activation analyses; Wiklander, 1968, and Ljung-
gren et al., 1969).

Surface water draining areas with high natural content

or industrial sources of mercury usually have much higher
levels. Maximum levels of 0.36-0.56 ng/g were found by
Hasselrot, 1968, in contaminated areas in Sweden. A sin-
gle exceptional level of 34 ng/g was rescorded in 13969
{Hasselrot). Concentrations up to 136 ng/g were reported

in draining.areas of rivers with high mercury deposits
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(Dall'Aglio, 1968). Aidin'yan, 1862, and 1963, (quoted
by Wershaw, 1970) found levels between 1 and 3 ng/g
in Russian rivers. Zautashvili, 1866, reported levels

up to 3.8 ng/g in areas with mercury deposits in Russia.

wershaw, 1970, analyzed more than 500 samples of indus-
trial effluents in the USA. Eighty-three percent of all
samples were below 5 ng/g. Twelve percent ranged between
5 and 100 ng/g and less than 5 percent had concentrations
higher than 100 ng/g. Only two samples revealed concentra-
tions higher than 10,000 ng/g. Cooke and Beitel, 1971,
quoted unpublished data by Chou in Canada on mercury con-
centrations in North American Great Lakes. The levels in
Lake Superior were 0.12 ng/g and in Lake Ontario, 0.39
ng/g despite continuing industrial releases of mercury
into this system of lakes.

In general, sources of drinking water or even surface
water from areas with low levels of natural background
do not constitute a primary source of mercury exposure
(Jenne, 13870, and 1971). Estimates were made (Berglund
et al., 1971) that this type of exposure in man is not
higher than 1/20 of his total daily intake of mercury
through food and drink.

3.3.3 Possible routes of environmental exposure through

food chains

3.3.3.1 Aquatic food_chains

The prevailing part of mercury wastes reaching water re-
cipients consists of inorganic mercury and phenyl mercury.
Larger proportions of methyl mercury, methoxysthyl mercury

or ethyl mercury are exceptional (Jensen and Jerneldv, 1869,



and Jerneldv, 196%a and c). All ionized forms of mercury
are rapidly bound to organic matter in the water and con-
tinue to sediment with the particulate matter. Droplets

of metallic mercury sediment by their own weight. Acidity
of the surface water is important for the depree of bind-
ing of alkyl and aryl mercury and extreme pH values in both
directions decrease the adsorption (Miller, Gould and
Polley, 13857). The majority of all forms of mercury accu-
mulates finally in the bottom sediment.

Stock and Cucuel, 1834a, reported concentrations of mer-
cury in freshwater and seawater fish surprisingly higher
than mercury concentrations found in uncontaminated sur-
face waters. Similar levels in fish were later observed
also by Raeder and Snedvik, 1941. Isolated observations
have not attracted any attention until the time of the
disaster in Minamata Bay, when high concentrations of
mercury were found in shellfish and accumulation of mer-
cury in aquatic organisms was described {Xurland, Faro,
and Siedler, 1960).

Systematic studies on fish in Swedish waters were per-
formed in the years 1964-67 (Westermark, 1965, Johnels,
Olsson and Westermark, 13967, Johnels et al., 1967,

WestBd, 1357b, and Johnels and Westermark, 1969). lLevels
of several milligrams of mercury per kilegram of fish
weight were reported from contaminated areass and previous
observations that levels in fish excesded ~oansiderably the
levels of mercury in water recipients from which the sam-
ples were obtained were confirmed. Concentration differ-

ences of several orders were established beiwesn mercury
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levels in water and mercury content in fish (Johnels et

al., 1967, and Johnels and Westermark, 1969).

Positive correlation was observed between mercury con-
tent in the axial muscle and total weight of fish or

age of fish (Johnels et al., 1967). The observed rela-
tionship was linear within the weight limits studied.
However, variations were higher in areas with extremely
high levels of mercury contamination. It was concluded
that evidently the degree of exposure is a more influ-
ential factor than age or weight. Bache, Gutenmann and
Lisk, 1971, analyzed concentrations of total mercury and
methyl mercury in the lake trout(Salvelinus namaycush)

of Cayuga Lake in New York state and compared them with
the precisely known ages of fish ranging from 1 to 12

years. The author confirmed the observations by Johnels
et al., 1967, on pike (Esox lucius) that the concentra-

tions of both total mercury and methyl mercury increased
with the age of fish.

Subsequently, a survey on mercury content in fish from
water recipients in Sweden was performed. In central Swe-
dish lakes the levels of marcury in pike were about 0.5
mg/kg. Levels of 1 mg/kg or more were recorded in about

1 percent of all examined water areas. Only a few local-
ities revealed levels higher than 5 mg/kg (Berglund et
al., 1971). The highest levels of mercury in fish ever
recorded in Sweden were 17-20 mg/kg (Jerneldv, 196%9e).
The results indicated that mercury content in fish cor-
related with mercury contamination of the water recipient
althoupgh high levels were found in exceptional cases in

water without any evidence of contamination by waste
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waters and aerial fallout of mercury from dislocated
industrial sources had to be suspected as the etio-
logical factor of pollution (Johnels and Westermark,
1969).

Experimental evidence on a direct relationship between
mercury concentrations in fish and water contamination

was collected by Hasselrot, 1969. Salmon exposed to con-
taminated water accumulated twenty times higher concentra-
tions of mercury than during the same exposure time in

an uncontaminated water stream.

Mercury levels in freshwater fish higher than 1 mg/kg
were reported also from Finland (Aho, 1968, Hisdnen and
Sjéblom, 1968, and Sj8blom and Hisanen, 1369), Norway
(Uﬁderdal, 1969), Denmark (Dalgaard-Mikkelson, 1969) and
Italy (Ui and Kitamura, 1971). Similar results on mercury
contamination of North American wildlife were reported as
early as 1868. Levels up to 2.7 mg/kg were observed in
fish from Canadian rivers (Fimreite, 1970a) and levels

up to several mg/kg in the Great Lakes. Wobeser, 19689,
(as quoted by Bligh, 1971) observed levels as high as

10 mg/kg in fish from the Saskatchewan River. Jervis st
al., 1970, surveyed by neutron activation analysis the
levels of mercury in fish from variocus localities in Can-
ada. The average concentrations ranged up to 1 mg/kg.
Similarly high levels of mercury in fish from the North
American Great Lakes were reported in the USA at the
Environmental Mercury Contamination Conference, 13870.
More recent studies on freshwater fish in California,
Idaho, Oregon and Washington indicated maximum levels
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of 1.9 mg/kg (Buhler, Claeys and Rayner, 1871). In Idaho,
160 samples of 19 different species from 18 separate
areas were analyzed by nesutron activation and the highest
level was 1.7 mg/kg, recorded in squawfish. More than

13 percent of all samples exceeded the level of 0.5 mg/kg.
Several species of fish were shown to accumulate more mer-
cury than other species from the same water recipients.
Catfish perch and suckers were representatives of this
group and more than 40 percent of the accumulations an-
alyzed from these species exceeded 0.5 mg/kg (Gsbhards,
1971). Values up to a maximium of 1.25 mg/kg were re-
ported by Henderson and Shanks, 1871, from Washington

and Oregon, and by Griffith, 1971, from California. Lev-
els of total mercury in the freshwater fish from unpol-
luted rivers in Japan were found to range from non-detect-
able levels to 1 mg/kg (Ueda, Aoki and Nishimura, 1871).

Practically all mercury in fish is in the form of methyl
mercury. This has been proved by gas chromatography in
Sweden (Westdd, 1966a, 1967a,d, 1968 b,c,d, and Westid

and Ryddlv, 1869) in the United States (Smith et al.,
1970), and in Canada (Solomon and Uthe, 1971, and Bligh,
1971) and by mass spectrometry in Sweden (Johansson, Ryhage
and Westdd, 1970). Bache, Gutenmann and Lisk, 1971, an-
alyzed methyl mercury concentrations in lake trout of pre-
cisely known ages and found that total methyl mercury and
also relative proportions of methyl mercury to total mer-
cury increased with age. Kelative proportions o¥ methyl
mercury variead between 30 percent anag 100 percent. ALl
levels lower than 8U percent were recorded in the first
tnree years of life. Las chromatography was used +or the

identitication ot methyl mercury and recaveries of an
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agoed standard were reported. Studies 1in Japan using
dithizone methods (Ueda, Aoki and Nishimura, 1971)
showed only up to 65 percent of total mercury in
methylated form in fish from freshwater systems. It

was further observed that samples with low methyl mer-
cury levels may have up to 49 percent of the mercury

in the form of ethyl mercury. Similar findings of ethyl
mercury have not been made in freshwater fish in any
other part of the world. The origin of high levels of
ethyl mercury in Japan can probably be found in the ex-
tensive use of this form of alkyl mercurial for seed
dressing and in the wide use of river water for irriga-
tion of rice fields in Japan.

The origin of the methyl mercury concentrations in fish
from water recipients where industrial contamination by
methyl mercury can bes excluded was explained by biologi-
cal methylation of inorganic mercury by microorganisms
or other chemical donors of the methyl group in the bot-
tom mud with mercury sediments (Wood, Kennedy, and
Rosen, 1968, Jensen and Jerneldv. 1969, Bertillson and
Neujahr, 1971, ZEmura et al., 1971, and Landner, 1971).

Direct accumulation of methyl mercury by fish from sur-
rounding water has been observed in experimental studies
(Hannerz, 1968, and Kitamura, quoted by Tsuchiya, 1968)
although the mechanisms by which the fish organism can
accumulate methyl mercury have not yet been satisfactorily
explained. Bioclogical half-times and excretion of methyl
mercury in fish have been explored and proved to be much
longer than in mammals (Miettinen et al., 1868¢c, and
Rucker and Amend, 1969). Acute peroral toxicity of methyl
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mercury in fish is of the same order as in mammals (Keckes
and Miettinen, 1970, and Mimsttinen et al., 1370) and no
differences were found between the toxicity of the ionic
and protein-bound forms of methyl mercury in pike and

rainbow trout (Miettinen et al., 1970).

Species differences in biological half-times nf methyl
mercury exist even within various fish species living in
the same environment (Keckes and Miettinen, 13970). Perch
(Perca fluviatilis) and pike (Esox lucius), represented
usually higﬁer levels in the nature than any other

species (Johnels and Westermark, 1969, and Gebhards, 1971)
and their half-lives for methyl mercury were longer than

in other fish families (Jarvenpda, Tillander and Miettinen,
1970). Bioclogical half-times of inorganic and phenyl mer-
cury were generally shorter than those of methyl mercury

in all aquatic species studied (Miettinen et al., 1968b,
Miettinen, Heyraud and Keckes, 1970, Unld, Heyraud and
Keckes, 13970, and Seymour, 1971).

Reports on the concentrations of mercury in seawater are
only a few. Stock and Cucuel, 1934a, reported 0.D3vng/g,
Hamaguchi, Rokuro and Hoschara, 1961, 0.08-0.15 ng/g ,
Hosohara et al., 1961, 0.15 ng/g and Hosohara, 1961, 0.27
ng/g in deep seawater. Marine fish accumulate methyl mer-
cury approximately to the same extent as freshwater fish

and concentrations of methyl mercury in both types of

fish of the same size in unpolluted areas are comparable.
Large fish, 'such as swordfish and tuna fish, may contain
levels up to 1.3 mg/kg and 0.75 mg/kg, respectively, depend-

ing upon their size and ape (McDuffie, 1971, and in press).
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Biological accumulation of short chain alkyl mercurials
in fish is of obvious importance to the role in natural
food chains. The excretion rate of alkyl mercurials is
generally slow also in other animal species (section
4,4.2.1.1). Consequently, a long-term exposure may lead
to the accumulation of mercury in predatory animals fed

on fish with higher concentrations of mercury.

Aquatic food chains in predatory animals were studied in
Sweden on birds living predominantly or almost exclusive-
ly on fish. Extensive studies were performed on osprey

(Pandion Haliateus) and great crested grebe (Podiceps
cristatus) by several authors (Berg et al., 1366, Johnels,
Olsson and Westermark, 1868, Edelstam et al., 1868, and
Johnels and Westermark, 1968 and 1969). Further studies
were reported on sea eagle (Halliateus albiilla) (Borg

et al., 19566, Henriksson, Karppanen and Helminén., 1966,

and Johnels and Westermark, 1963) and on other sea birds
(Borg et al., 1966, 1969a). High levels of mercury were
found in tissues and feathers of these preddatory birds

in coincidence with increasing industrilization and en-
vironmental pollution (Johnels et al., 13968, and Johnels
and Westermark, 1969). Furthermore, comparative studies

on feathers of osprey during their annual migration between
Scandinavia and Mediterranean Africa indicated higher lev-
els in feathers acquired in Sweden than in feathers acquired
in Africa. Similar results in fish-eating birds are re-
ported from Canada (Keith and Gruchy, 1871, and Fimreite

et al., in press).
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Aquatic mammals as another type of fish-eating predatory
animal were studied in Europe and America. Borg et al.,
1368b, found significant levels of mercury in the otter
(Lutra lutra) and mink (Mustela vision) in Sweden. Hen-
rikssan, Karppanen and Helminen, 1963, reported similar
results in the northern seal (Pusa hisgida) in Finland.
Average concentrations of mercury in the liver varied

in a ten-fold range between animals living in the Gulf
of Finland and in Finnish lakes, reflecting obvious dif-

ferences in mercury levels in the aquatic organisms in

these two places.

In America mercury levels in tissues from fur seals
{(Callorhinus ursinus) on the Pribiloff Islands and in

Alaska increased with age. Levels of 0.20 mg/kg were
found in pups and the concentration range of 10 to 172
mg/kg in the adults (Anas, 1971). Helminen, Karppanen and
Koivisto, 1968, reported 74-210 mg Hg/kg of liver tissue
in Saimaa seal (Pusa hispidaly Mercury levels in the

whitefish (Coregonus albula),which is supposed to be

the main component of the food of seals in this region,
were only 0.2 mg/kg (Sjoblom and His&nen, 19639). Explan-
ation was offered by Tillander, Miettinen and Koivisto,
1870, that the excretory rate of the major part of the
methyl mercury in this species is much lower than in
other animals. Studies with radiocactive methyl mercury
revealed a bioclogical half-life of 500 days.

3.3.3.2 Terrestrial food_chains
Knowledge of the extensive use of methyl mercury for
seed treatment in Scandinavia between 1940 and 1966

initiated intensive studies on the transport of mercury
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through terrestrial food chains. The obvious importance

of the problem for wildlife was recognized early and field
studies on seed-eating species were started in Sweden in
the late 1950's (Borg, 1858).

Pheasants (Phasianus colchicus) and goshawks (Accipiter
gentilis) were selected as typical representatives for

the first step in the food chain and studies were performed
on these and other seed-eating species in Scandinavia (Borg,
1958, 1967, Borg et al., 1965, 1966, 1969 a,b, Hansen, 1865a,
Ulfvarson, 1965, Berg et al., 1966, Wanntorp et al., 1967,
Johnels et al., 1968, Edelstam et al., 1969, and Johnels

and Westermark, 1968 and 13868), in the United Kingdom
(Cowder, 1861), in Ireland (Eades, 1966) and in other
European countries (Koeman, Vink and Goeij, 1969). High
tissue levels were uniformly observed. A temporary trend
observed in feathers of goshawks, shot in the time period
between the start of the nineteenth century and 1965,

showed a sharp increase in the mercury concentrations
approximately at the time when seed dressing by methyl
mercury started to be widely used in Sweden (Berg et al.,
1966, Edelstam et al., 19639, and Johnels and Westermark,
1969). Experimental studies with feeding contaminated

food to goshawks confirmed the origin of increased levels
of tissue mercury (Borg et al., 1970).

Tissue analyses of upland game birds including also pigsons,
waterfowl and songbirds were recently performed in Canada
(Fimreite, 1970a, Fimreite, Fyfe and Keith, 1970, Wishart,
1970, Keith and Gruchy, 1971) and in the USA (Arighi, 1971,

Brock, 1971, Buhler, Claesys and Rayner, 1871, Lauckhart,
1971, and Smith et al., 1971). Increased levels of mercury

were found.



Increased tissue levels of mercury were also found in

small seed-eating rodents (Borg et al., 1965, Lihnell

and Stenmark, 1967, Fimreite, Fyfe and Keith, 1870,

and Keith and Gruchy, 1971) and other terrestrial mam-

mals (Borg et al., 1965, 1966 and 1969 a, b). High concentra-
tions of mercury of up to 11 mg/kg were observed in tissue
of birds of prey (owls, falcons and hawks) and also a

large number of their eggs showed high mercury residues
(Fimreite, Fyfe and Keith, 1970, and Keith and Gruchy,
1971). Elevated levels of mercury in avian species fed

by mercury treated seed were observed (Borg et al., 1366,
19693, b, Tejning, 1967d, Backstrdm, 1969a, Fimreits, 1970b,
and Norberg, Brock and Shields, 1371) and in tissues of
mammals and birds consuming fowl fed by methyl mercury
dressed seed (Borg et al., 1970, and Hanko et al., 1370).

In general, hazards to wildlife are obviously involved

in the extensive use of alkyl mercurials for seed dres-
sing. Among the injurious effects already cbserved are
increased mortality in many species (Otterlind and
Lennerstedt, 1964, Fimreite, 1970b, and in press), re-
duced hatchability in birds (Borg et al., 19565, 1969a,
Kuwahara, 1970a and b, Kiwimde,et al., 19898, Kiwimie,
Swensson and UIFGarson, 1970, and Fimreite, Fyfe and
Keith, 1970), and high frequency of fetal malformations
(Tejning, 1967d). Recent regulations and restrictions in-
troduced into the seed dressing technology condemned the
use of alkyl mercurials (8lsson, 1969, Minerals Yearhbook
1870 in press, and Gurba, 1971). As an immediate consequence
tissue levels of mercury in seed-eating birds and their
predators decreased substantially (Borg, 1968, 1969 3,b,
Johnels, Olsson and Westermark, 1968, and Johnals and
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Westermark, 1969) nearly to the levels observed before
the introduction of alkyl mercurials into seed dressing
(Berglund et al., 1971). However, even the normal use of
mercury fungicides may still cause elevated residues

in game birds and, through this step in the food chain,
finally reach man.

3.3.3.3 Foodstuffs_other than fish_

Bue to the ubiquity of trace amounts of mercury in nature
all foodstuffs contain low levels of mercury and the ex-
posure of man through the food chaih involves primary con-
tamination as well as secondary bioaccumulation processes

in the biosbhera.

Previous attempts to analyze trace amounts of mercury

in individual food components were often limited by detec-
tion limits of the analytical methods used (Stock and
Zimmerman, 1928, Borinski, 1931a, Stock and Cucuel, 1934a,
Gibbs, Pand and Hansmann, 1941, and Goldwatsr, 1964.

In recent yesars market basket studies for mercurv have
been repeated in many countries. Smart, 1968, published

an extensive review on levels of mercury in foodstuffs
from various places in the world. Partial studies were
reported from Wales and England (Abbott and Tatton, 1870,
and Lee and Roughan, 13970), the USA (Corneliussen, 1969)
and Canada (Jervis et al., 1970, and Somers, 1971).

The most extensive studies were performed in Sweden
(West5d, 1965b, c, 1966a,b,c, 1967a, 1968a, 1969a,b, and
1970, Nordén, Dencker and Schiitz, 1970, and Dencker and
Schiitz, 1971). These along with other Scandinavian studies
(Underdal, 1968a and b, 1969, Bonnevie et al., 1968, and
Dalgaard-Mikkelsen, 1969) are reviewed by Berglund et al.,
1971.
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Mercury concentrations in food vary in a wide range.
Maximum levels found in Swedish studies were in hog liv-
er (0.18 mg Hg/kg) and the mean level in the rest of the
foodstuffs investigated was 0.03 mg Hg/kg or less (Berg-
lund et al., 1971).

Average daily intake of total mercury via food was esti-
mated in England to be in the range of 14 ug Hg/day
(Abbott and Tatton, 1970) and between 5 to 7 ug Hg/day

in the USSR (Leites, 1952), about 20 ug/day in the USA
(Gibbs, Pond and Hansmann, 1941) and approximately 5
pg/day in Germany (Stock and Cucuel, 1934a). Quantitative
studies were performed in Sweden. Total mercury content
in 12 analyzed fish-free daily diets in Stockholm varied
from 4 to 19 ug Hg/day with a mean value of 10 ug Hg/day
(WestB6, 1965c). More recent analyses of 90 duplicate
portions of fish-free diets collected from 17 persons in
the southern part of Sweden revealed average daily in-
take of total mercury at the level of 3.6 mug Hg/day
(1.0-9.3 pg); the mean level in 58 other dists containing
fish or fish products was 8.7 mug Hg/day with a range of
1.7 to 30.6 pg Hg (Dencker and Schiitz, 1971).

The form in which mercury is present in foodstuffs other
than fish was also investigated and varying amounts of
methyl mercury were found (Westdd, (1967a, 1968a, 196%9a,b,c,
and 1970). Maximum relative fractions of methyl mercury
(65-97% of total mercury) were detected in pork chops,

hog liver, hog brain, and reindeer saddle. The lowest lav-

els of mercury were observed in the reindeer kidney and
liver.



In conclusion, fish is obviously the most important source
of methyl mercury in the food and the daily intake in
fish-sating populations correlates directly with the
amounts of fish consumed daily (Berglund et al., 1371,

and McDuffie, 1971, and in press). However, relatively
high representation of methyl mercury in the foodstuffs
other than fish may constitute - in view of the complete
absorption of this form of mercury in the gastrointestinal
tract (section 4.1.2.1.2) - an important factor in the
quantitative evaluation of the exposure of man to mercury
in the contaminated environment, even in populations with
low or negligible consumption of fish.



Table 3:1  ANNUAL MERCURY CONSUMPTION BY VARIOUS INDUSTRIES IN THE UNITED STATES DURING 1966 - 1970(%*)

1966

1967

1968

1969

1970

tons/year (%)

tons/year (%)

tons/year (%)

tons/year (%)

tons/year (%)

Electrical apparatus
Chlorine production
Paints

Control instruments

Dental prepavations & pharmaceut.

Catalysts and amalgamation
Agriculture
Paper and pulp production

Other uses

606.4 (24.6%)
396.9 (16.1%)
308.1 (12.5%)
251.4 (10.2%)
81.4 ( 3.3%)
76.4 ( 3.1%)
81.3 ( 3.3%)
22.2 ( 0.92)

640.9 (26.0%)

558.3
493.6
246.8
256.4
91.0
93.4
129.4
14.4

512.7

(23.3%)
(20.6%)
(10.3%)
(10.7%)
( 3.82)
( 3.92)
( 5.4%)
( 0.6%)

(21.4%)

676.0 (26.0%)
600.6 (23.1%)
364.0 (14.0%)
275.6 (10.6%)
119.6 ( 4.6%)
75.4 ( 2.9%2)
117.0 ( 4.5%)
15.6 ( 0.6%)

356.2 (13.7%)

637.4 (23.9%)

120.0
93.3
18.7

394.8

(26.8%)
(12.6%)
( 8.6%)
( 4.6%)
( 4.5%)
( 3.5%)
( 0.7%)

(14.8%)

549.1 (25.9%)

517.
356.
167.
101.
84.
61.
8.

273.

3

2

(24.47)
(16.8%)
( 7.9%)
( 4.8%)
( 4.0%)
( 2.9%)
( 0.4%)

(12.9%)

Total consumption

2,465 (100.0%)°2,396 (100.0%)

*2,600 (100.0%)°2,667 (100.0%)°+2,120 (100.0%)

(#) annual estimates based on consumption data published in Minerals Yearbook 1970 (Cammarota, in press)



CHAPTER 4

METABOLISM

by Gunnar F. Nordberg and Staffan Skerfving

With regard to metabolism and toxicity, it is not enough to
consider only the division between inorganic and organic mer-
cury mentioned in the introductory chapter. Elemental mercury
differs from inorganic mercury salts and the organic mercury
compounds also differ greatly from one another. In this chap-
ter, the description of mercury and its compounds has been
disposed accordingly.

4.1 ABSORPTION

Theoretically, mercury and its compounds could enter the
human or animal body by the following routes: via the lungs
by inhalation, via the gastrointestinal tract by ingestion,
via the skin by inunction or accidental exposure, and via
the placenta into the fetus. Under exceptional circumstances
direct intravascular injection provides a route of entrance,
but the efficiency of different modes of injection will not
be dealt with here.

Inorganic mercury

4.1.1
4.1.1.1 Elemental mercury
4.1.1

.1.1.1.1 Respiratory intake
4,1.1.1.1.1 In animals
Generally, gases and vapors are deposited in the respiratory
tract according to their water solubility. Highly water sol-
uble gases are dissolved in the mucous membrane or fluid of
the upper respiratory tract, whereas less water-soluble
gases and vapors penetrate farther down the bronchial tree
and reach the alveoli. As elemental mercury vapor is only
slightly soluble in water, it could be expected to openetrate
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far down the bronchial tree. This expectation has been ful-
filled experimentally. Berlin, Nordberg and Serenius, 1969,
showed in an autoradiographic study that mercury was depos-
ited in similar concentrations in the bronchial tree and

the alveoli, with a small predominance in small bronchioli.

Theoretical considerations on the alveolar transfer of me-
tallic mercury have been presented by Hughes, 1957. He es-
timated the solubility of slemental mercury in body lipides
to be between 0.5 and 2.5 mg/liter. Considering that mer-
cury concentration of saturated air can be only 0.06 mg
Hg/liter at 202 c, the partition coefficient between air
and lipides of alveolar wall and pulmonary blood is approx-
imately 20 in favor of the body. These facts suggest that
elemental mercury should pass easily across the alveolar
membrane by simple diffusion.

Experimentally, the percentage of inhaled mercury retained
by the body has been estimated in a number of animal studies.
Hayes and Rothstein, 1962, reported about 100 percent in

rats and Magos, 1967, calculated 75-100 percent in mice.
Gage, 1961, reported about 50 percent absorption in rats

and earlier reports have stated wvalues down to 25 percent
(Fraser, Melville and Stehle, 1934, and Shepherd et al.,
1841},

In the study by Berlin, Nordberg and Serenius, 1969, it

was shown that only about 30 percent of the whole-body
burden of mercury was in the lung after a short (10-minute)
exposure, meaning that the rest of the mercury had been
transferred quickly to the blood via the alveolar membrane.
Such diffusion occurs rapidly, as has been shown in rats

by Magos, 1968. He found that about 20 percent of intra-
venously injected mercury vapor was exhaled after 30
seconds.



Part of the mercury (20-30 percent of the whole-body bur-
den) which was orieinally taken up in the lung was later
cleared to the rest of the body with a half-life of 5-

10 hours in rats and guinea pigs (Hayes and Rothstein,
1862, and Berlin, Nordberg and Serenius, 196%).

4.1.1.1.1.2 In human beings

For man, no direct measurements of the detailed pulmonary de-
position of mercury have been reported, but after inhalation
of high cencentrations of mercury vapor, damage to the lower
parts of the bronchial tree and the peripheral lung tissue
has been found at autopsy of fatal cases (Matthes et al.,
1958, Teng and Brennan, 1959,and Tennant,Johnston and Wells,
1861}. These findings speak in favor of a deposition pattern
ef mercury in the human lung similar to the one found in ani-
mal studies. Matthes et al., 1958, reported high concentra-
tions of mercury in the lungs (6.3 and 3.3 ppm) of two in-
fants who died 4 and 7 days after exposure to high concentra-
tions of mercury vapor.

By measurements of the mercury content of inspired and ex-
pired air, respectively, Teisinger and Fiserova-Bergerova,
1965, and Nielsen Kudsk, 1965a, found that 75-85 percent of
the mercury at concentrations ranging from 50 pe to 350
,..lg/m3 of the inspired air was retained in the human body.
Nielsen Kudsk, 1965a, also found that the retention fell

to 50-60 percent in oersons who had consumed moderate amounts
of ethyl alcohol. Nielsen Kudsk, 1365a and b, interpreted
his results as consistent with a diffusion of mercury vapor
into the blood via the alveolar membrane, an opinion fur-
ther supported by the studies in animals (see section
4,.1.1.1.1.1).

4,1.1.1.2 Gastrointestinal intake
Oral intake of liguid elemental mercury was earlier used in

the treatment of bowel ohstruction (Zwinger, 1776, Ebers,
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3.9, quoted by Cantor, 1951), without giving rise to mer-
curv poisoning. Later, mercury has been used in an intes-
tinal decompression tube for the same purpose. Elemental mer-
cury has not infrequently been released into the gastrointes-
tinal tract as a result of its escape from such tubes (Cantor,
1951). No reports of mercury poisoning following such accidents
have appeared and it has long been known that from a practical
point of view, mercury is not absorbed when introduced in the
glamentary form into the gastrointestinal tract (see for exam-
ple, Cantor, 1951). A limited absorption takes place, how-
ever, as shown by Suzuki and Tanaka, 1971. The magnitude

of this absorption has been illustrated by experimen-
tal evidence. Bornmann et al., 1970, administered elemental

mercury orally to rats and measured the uptake in the blood
and organs, Less than 0.01 percent of the ingested mercury

was absorbed.

4,1.1.1.3 Skin absorption

Metallic mercury was earlier used widely as a component of oint-
ments in the treatment of syphilis and dermatological disorders.
One form of therapy was to cover the patient with the ointment
and thereafter to place him in a heated chamber, promoting the
uptake of mercury in the body. That mercury was absorbed into
the body was obvious from symptoms such as gingivitis, saliva-
tion, gastrointestinal disturbances and tremor, which were

more or less obligate for a successful treatment of the dis-
ease (Almkvist, 1928). In this case, however, it is clear that
inhalation of mercury vapor could have played an important

part for mercury absorption.

Cole, Schreiber and Sollmann, 1930, measured the excretion in
urine and feces of patients treated with different kinds of
inuynctions of mercury ointment. They found that the excretion
was proportional to the concentration of mercury in the ointment.

Laug et al., 1947, showed that the ointment base was of importance



for absorption of metallic mercury in rats after application onto
the skin. Juliusberg, 1901, enclosed the inuncted areas on pa-
tients' skin in airtight covers so that no vapors could be in-
haled. Nevertheless, he found considerable urinary excretion of
mercury. He also made experiments on dogs in which inhalation

of vapors from inunctions was prevented completely. Another
series of dogs, also treated with inunctions, was allowed to
respire the vapors. After 2-3 days the dogs were killed and

the liver and kidneys were examined for mercury content. In the
dogs not inhaling the vapor, an average of 6.2 ppm was found in
the kidneys and 1.2 ppm in the livers (4 dogs). In the other
series, 12.3 ppm was found in the kidneys and 2.9 ppm in the
livers (4 dogs). Schamberg et al., 1918, made experiments with
rabbits in which one rabbit inhaled the vapors from the inunc-
tion of another rabbit which in turn respired fresh air. In sev-
eral repetitions of the same procedure, the rabbit which breathed
clean air invariably succumbed to mercury poisoning after a brief
period, whereas the other rabbit lived throughout the experiment.

All of this evidence shows that a direct penetration of metallic
mercury through the skin occurs. However, the investigations men-
tioned do not include any precise figures for the rate of pene-
tration.

Brown and Kulkarni, 1967, used a report by Forbes and White,
1952, to support the assertion that mercury was absorbed via

the skin by police officers working with "grey powder” in the
development of finger prints. Though Forbes and White, 1952,

made investigations on the possibility of inhalation of an aero-
sol of mercury droplets, they seem to have overlooked exposure

to mercury vapor, the most likely route for absorption of mer-
cury by the police officers, as stated by Rodger and Smith, 1967.
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From the conjunctival sac, metallic mercury can be resorbed to

a very limited extent, as shown by Kulczycka, 1965.

4.1.1.1.4 Placental transfer

No experimental evidence is available on the placental trans-
fer of elemental mercury. Theoretically, it seems possible
that this form of mercury penetrates the placental barrier
more easily than the poorly penetrating divalent mercuric
ions do (section 4.1.1.2.4). Lomholt, 1928, stated that mer-
cury could be detected in stillborn babies of women treated

with mercury inunctions against syphilis.

4.1.1.2 Inorganic mercury compounds

4.1.1.2.1 Respiratory uptake

There are no conclusive data describing the deposition of inor-
ganic mercury compounds in the respiratory tract of animals or
man. However, aerosols of mercury compounds are expected to fol-
low general laws governing deposition of particulate matter in
the respiratory airways (Task Group on Lung Dynamics, 1966,
Air Quality Criteria for Particulate Matter, 1969). Particle
size and density are factors of primary importance. In human
beings with a respiratory rate of 20 1/minute, the deposition
in the pulmonary compartment is expected to vary from 10 to 50
percent depending upon the mass median diameter of aerosol par-
ticles from 5 to 0.01 microns, respectively.

Particles deposited on the bronchial mucosa are cleared by means
of mucociliary transport within hours, and therefore relative-
ly large particles with high probability of deposition in the
upper airways should be clearsd rapidly. For particles depos -
ited in the peripheral lung tissue, however, longer half-1lives

(from a few days to about one year) are expected. Theuwater



solubility of the mercury compound is highly important for this
part of the clearance as well. Morrow, Gibb and Johnson, 1964,
studied the clearance of highly insoluble mercuric oxide from
the lungs of dogs. For a Hg0 asrosol with a mean diameter of
0.16 microns, they found that 45 percent of the amount deposited
was cleared in less than 24 hours, while the rest was cleared
with a half-time of 33 ® 5 days.

Generally, aerosols of inorganic mercury compounds ‘are absorbed
via the respiratory system to a lesser degree than mercury va-
por. In experiments on rats and mice, Viola and Cassanoc, 1968,
compared the retention of mercury in the organs of rats exposed
to mercury vapor with the group exposed to the same concentra-
tion of mercury but in the form of a mixture of mercury vapor
with an aerosol of mercurous chloride. The retention of mer-
cury in all studied tissues was lower in the aerosol-exposed
group. The differences in the brain and heart were especially
prominent. These observations are concordant with studies on
the bodily distribution of various forms of inorganic mercury
(see section 4.3.1.1). Although the absorption of mercury aero-
sols is less efficient than that of mercury vapors, cases of
poisoning were reported after this type of exposure in man
(Kazantzis et al., 1962).

4.1.1.2.2 Gastrointestinal absorption

Various inorganic mercury compounds have different solubilities
in water or gastrointestinal fluids. Differences in physical and
chemical qualities of these compounds make the sxact evaluation
of quantitative aspects oF‘gastrointestinal uptake difficult.

All highly soluble mercuric compounds dissociate easily into mer-

curic ions when dissolved in the gastrointestinal contents and



probably have very similar rates of absorption. Prickett, Laug
and Kunze, 1950, found 1.2 percent in the urine and about 80
percent in the feces of rats 48 hours after oral dosing (0.5 mg
Hg/kg) of mercuric acetate. Ellis and Fang, 1967, gave mercuric
acetate to rats by oral tube and found similar values. During
the first 48 hours after the dosing (1.3-4 mg Hg/kg), they found
about 0.5 percent of the dose in the urine and about 80 percent
in the feces. During the whole period of study, 168 hours, the
corresponding figures were 1.5 percent {urine) and 93 percent
(feces). These studies show that absorption of mercuric acetate

is about 20 percent.

Clarkson, 1971, evaluated the net absorption of mercuric chlo-
ride across the gastrointestinal tract in mice to be small,
averaging less than 2 percent of the daily intake when studied
by whole body counting. Measurements of the fecal excretion
confirmed the conclusions based on the whole body counting.
The fecal excretion rate approached nearly 100 percent of

the entire daily dose in food. The dosage schedule was 0.05,
0.5 and 5 ppm of the dry food. The addition of mercuric ion

to the food did not influence the physiological status of

the experimental animals.

Data on acute cases of poisoning in man from the ingestion of
mercuric chloride taken accidentally or with suicidal intent
(Sollmann and Schreiber, 1936) show an important absorption of
this form of mercury. Bacause the patients vomited 20 minutes
to one hour after taking the poison, it is impossible to calcu-
late any absorption ratio from the data, but the amount found
in the body was calculated by Sollmann and Schreiber to ba 240
mg as an average for the three fatal cases, corresponding to 8
percent of the dose ingested, a minimum absorption figure. Se-

vere gastroenteritis was present in these cases.
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Topical corrosive effects of mercuric chloride are well kpown
to disrupt the permeability barriers in the gastrointestinal
tract. As a consequence, the net absorption can vary extremely
in both directions depending upon dose and concentrations in-

gested.

Miettinen (in press) measured the rate of absorption of non-
toxic doses of protein-bound mercuric nitrate administered
perorally to seven human volunteers. Only about 15 percent
was retained in the body. The remaining 85 percent was ex-
creted in the feces during the days immediately following
the exposure.

For mercurous compounds which are much less soluble in water,
a lower absorption rate could be anticipated. For instance,
in the treatment of syphilis (Rosenthal, 1928) two doses of
calomel (mercurous chloride) 0.6-1 g with a 30-minute inter-
val were used. This is an equivalent of the dose of mercury
which according to Sollmann and Schreiber, 1936, produced
fatal poisoning when taken as HgClz. Because the patients
treated with calomel for syphilis did not die from mercury
poisoning, it can be concluded that the absorption rate was
lower than that of mercuric chloride. Calomel in low doses
has also been used as a laxative, seldom causing serious
symptoms of poisoning. Mercurous compounds, even if not ab-
sorbed to a considerable degree, might be partially converted
into mercuric ions in the gastrointestinal lumen and conse-
quently unknown fractions of bivalent mercury salt may be
absaorbed. The ultimate absorption rate varies, as ob-
served already by Lomholt, 1928, with the time the salt

stays in the gastrointestinal tract and with the different

contents in the gastrointestinal lumen.

Excessive long-term use of calomel in the treatment of svph-

ilis has caused systemic poisoning with symptaoms of stomatitis
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and salivation (Almkvist, 1928). Calomel in teething powder

has given rise to acrodynia in children (Warkany and Hubbard,
1948) probably by gastrointestinal abhsorption. Mercurous mer-
cury was also used in diuretic therapy. Positive effects seen

in the treatment of edema indicate that absorption must have

occurred.

Poor absorption of merrurous mercury has been illustrated
by autoradiographic studies in mice by Viola and Cassano,
1968.

4.1.1.2.3 Skin absorption

Soluble mercury compounds have been used extensively for top-
ical application in the treatment of certain dermatological
disorders, e.g. psoriasis and seborrhoeic dermatitis. They
have also been used in the prevention of venereal diseases
and in the treatment of syphilis. The application of yellow
mercuric oxide (Hgl) in the conjunctival sac is recommended
in the treatment of inflammatory eye disease. Ammoniated
mercuric chloride (Hg NHZCI) is still used for dermatological
purposes. Young, 1960, and Turk and Baker, 13968, have re-
ported systemic effects after this therapy.

When evaluating exposure via skin application, it is impossi-
ble to rule out other routes of exposure. Both inhalation

and ingestion can occur, although the direct penetration
through the skin is likely to be of relatively greater im~
portance. Because the data concern treatment given to persons
with skin diseases, it is difficult to draw conclusions for
persons with normal skin. Frithz, 1970, compared the concen-
traticns of mercury in the blood and urine of psoriatic pa-
tients and normal volunteers, both treated with ammoniated
mercury ointment. He found higher mercury concentrations in
both blood and urine from the psoriatic patients than in

thoze from the normal subiects.
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Laug st al., 1847, compared the skin penetration of different
mercury compounds included in two differant ointment basas by
measuring the amount of mercury accumulating in the kidneys of
rats after application. Thay found the following averags kid-
nsy concentrations when a base of 50 psrcant lard and 50 per-
cent lanolin was used as the olntment base for: calomel, 8.8,
ammoniated mercury, 19, metallic mercury, 14, and ysllow oxlde
msrcury.rzswfg/g. When a basae of 50 psrcent pstrolatum and 50
percent lanolin was ussd, the penstration was lowsr. All oint-
ments contained 25 percent mercury.

The occurrahca of panetration has bessn further documented beth
for animal. and for human skin. Electron microscopical studiass
have shown slectron dense granules both extracellularly and
1ntracellular1y after application of mercuric meroury on the
human skin (Frithz and Lagerholm, 1968, and Silberberg, Prutkin
and Leider, 1969). Scott, 1959, showad by autoradiography that
penatration of the human skin takes about 8 hours. By means of
the disappearance techniqus, Friberg, Skog and Wahlberg, 1961,
showed that mercuric chloride was absorbed to a maximum of 6
percent in guinea pigs in 5 hours at a mercury concentration of
16 mg/ml. At a concentration in the aqueocus solution of 48 mg
Hg/ml (saturated solution) no resorption could be detectsd. One
ml of solution was applied at a surface of 3.1 cmz. Further stud-
igs with this technidue have been raporﬁed by Skog and Wahlberg,
1864, and by Wahlberg, 1965a and b, when it was shown that po-
tassium mercuric iodide (KZHgI4) was absorbed to a greatsr ax-
tent and exerted a higher percutaneous toxicity than mercuric
chloride. If the rates of penetration through the human skin are
presumed to be similar to those of guinea pigs, absorption via
the skin must be considerd as an important route of entry of

mercury compounds into the body.



4.1.1.2.4 Placental transfer

Experimental studies on animals have shewn that the placen-
tal membrane constitutes an important barrier against the
penetration of mercuric ions into the fetus. After injec-
tion of high doses of mercuric mercury in the guinea pig,
Radaody-Ralarosy, 1938, succeeded in detecting mercury
histochemically in the placenta but not in the fetus.

Berlin and Ullberg, 1963a, observed by an autoradiographic
technique in mice significant accumulation of mercury in

the placenta and much lower accumulation in the fetus after
intravenous injection of mercuric chloride (0.5 mg Hg/kgl.
Similar observations were made on rats after intraperitoneal
injection by Takahashi et al., 1971. Quantitative determina-
tions were made by Suzuki et al., 1967. The concentration
ratios of mercury in maternal blood, placenta and fetus

were 1:19:0.4 after administration of mercuric chloride to
mice. For human beings, no conclusive data are available

on the transfer of mercuric mercury via the placenta to

the fetus.

4.1.2 Organic mercury compounds

4.1.2.1 Alkyl mercury compounds

—  m— — — — — e man - —

4.1.2.1.1 Respiratory uptake
4.1.2.1.1.1 In animals

No detailed data concerning uptake and abscrption of in-
haled vapors or dust of methyl mercury coempounds are avail-
able.

Several methyl mercury salts vaporize relatively easily

at room temperature. In some experiments the absorption

has been high enough to cause poisoning in monkeys and
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rats (Hunter, Bomford and Russell, 1940) and mice (Swens-
son,_ 1952, and Hagen, 1955}, The salts employed were

methyl mercury iodide, chloride and dicyandiamide.

Ostlund, 196%a and b, studied the retention of di-methyl
mercury after a single inhalation exposure in mice under
slight anesthesia. Usually 50 to 80 percent of offered
di-methyl mercury was transferred to the mouse within 45
ssconds of exposure. No details on inhaled concentrations
were given. Retained amounts corresponded to 5-9 mg Hg/kg
body weight. The retention course observed in this inhala-
tion experiment did not differ from retention courses ob-
tained after intravenous injection of di-methyl mercury.

No experiments have been published on the respiratory up-
take of sthyl or higher alkyl mercury compounds. Poisoning

has been reported after exposurs to vapors of ethyl mer-
cury salts (Trachtenberg, 1969).

4.1.2.1.1.2 In human beings

There are no experimental data on uptake and absorption
of inhaled alkyl mercury compounds in man. Intoxication
has been caused by inhalation of vapor or dust of mono-
methyl (Hunter, Bomford and Russell, 1940, Herner, 1945,
Ahlmark, 1948, Lundgren and Swensson, 1348, 13949, and
1960a and b, and Prick, Sonnen and Slooff, 1967 a and

b), di-methyl (Edwards, 1865, and 1866), mono-ethyl (H&dk,
Lundgren and Swensson, 1954, Hay et al., 1963, Schmidt
and Harzmann, 1970), and di-ethyl (Hill, 1943, and Orog-
tjina and Karimova, 1956) mercury compounds.




4,1.2.1.2 GCastrointestinal absorption

4,1.2.1.2.1 In animals

s . et i i

A few experimental observations are available concerning

the gastrointestinal uptake of methyl mercury compounds .
Methyl mercury is stable in acid solutions (Whitmore,

1921, and Mudge and Weiner, 1958). Studies in rats (Ahlborg
et al., to be published), cats (Rissanen, 1969, Albanus

et al., to be published) and monkeys (Berlin, Nordberg

and Hellberg, in press) indicate an absorption of more

than 90 percent of the ingested amount of methyl mercury
salt or proteinate. Clarkson, 1971, concluded from whole-
body counting studies on mice that gastrointestinal ab-
sorption of methyl mercury chloride administered in food
is practically complete. Fecal radicactivity on the first
day of exposure was only 17 percent of the dose. Investiga-
tions on the entero-hepatic circulation of injected methyl
mercury salt support this concept (Norseth, 1969b ).

Detailed information about the gastrointestinal uptake
of ethyl mercury is not abundant. However, experimental

poisoning occurred after oral administratien in several
species (section 8.1.2.2.2.2). This is indirect evidence
that considerable absorption ocburs in the gastrointesti-
nal tract. From Ulfvarson’s (jéﬁZ)»study on rats it seems
that ethyl mercury absorption'rates are comparable to
those of methyi mercury salts. The—Study on cats performed
by Yemashita, 1964, indicates an absofptionvo? more ‘than
90 percent of the ingested amount. J

4.1.2.1.2.2 1In human beings

Experimental studies on human volunteers indicate an al-

most complete absorption of methyl mereury salt (Ekman




gt al., 1968a and b, and 1969, Aberg et al., 1969, Falk
et al., 1870) and of proteinate (Miettinen et al., 1969b,
Miettinen et al., 1971, and Miettinen, in press). The
absorption was measured as the difference between the
ingested amount and the elimination in feces several

days after administration or by whole-body countings.

The expaosure of the volunteers was low (about 10 and 20
pgl, i.e., comparable to "normal” amounts of daily in-
gested total mercury (Borinski, 1931b.,Stock and Cucuel,
1934b, Stock, 1936, Gibbs, Pond and Hansmann, 1941,
Clarkson and Shapiro, 1971, and Schitz and Dencker, 1371).

The high gastrointestinal absorption of methyl mercury
compounds has been documented by described cases of poi-
soning through ingestion of products prepared from con-
taminated seed (Engleson and Herner, 1352, and Ordonez

et al., 1966) or contaminated fish (Niigata Report, 1967,
and Minamata Report, 1968).

No experimental studies on the absorption of ethyl mercury

compounds have been published; however, poisonings have
occurred after ingestion of food prepared from treated
seed (Jalili and Abbasi, 1961, and Hag, 1963).

Itsuno, 1968, gave orally to rats propyl, butyl, amyl and
haxyl mercury compounds. Considerable levels of mercury were

found in the orevans (table 4:6).

4.1.2.1.3 Skin absorption
4.1.2.1.3.1 In animals
Friberg, Skog and Wahlberg, 1961, and Wahlberg, 1965h,

showed in guinea pigs that methyl mercury dicyandiamide




4-16.

is absorbed from a water solution through intact skin.
With various concentrations, a maximum of 6 percent of
the mercury was absorbed in 5 hours. This absorption

rate is not too different from the uptake observed with

mercuric chloride.

No information is available on ethyl or higher alkyl msr-

cury compounds.

4.1.2.1.3.2 In human beings

Methyl mercury poisoning has been reported in persons

who were treated locally with preparations containing
methyl mercury thiacetamide (Tsuda, Anzai and Sakai,
1963, Ukita, Hoshino, and Tanzawa, 1963, Okinaka et al.,
1964, Suzuki and Yoshino, 1969, and Suzuki, 1970). In
these cases, however, the possibility of inhalation ex-
posure cannot be excluded.

No further data are avsilable on skin absorption of ethyl
or higher alkyl mercury compounds. It might be assumed

that ethyl mercury, like methyl mercury compounds, can
penetrate the skin barrier.

4.1.2.1.4 Placental transfer
4,17.2.1.4.1 In animals

After administration of methyl mercury salts high levels

of mercury have been found in the fetus of mice (Berlin
and Ullberg, 1963c, and Suzuki et al., 1967), rats and

cats (Moriyama, 1968) and guinea pigs (Trenholm et al.,
1971).

fistlund, 1969a and b, observed only small amounts of mer-

cury in the fetus after inhalation or intravenous exposure
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to di-methyl mercury in mice.

Mercury levels in the brain of the fetus higher than those
of their mothers were demonstrated after injection of
ethyl mercury phosphate into pregnant mice (Ukita et al.,
1967). They used autoradiography.

The placental transfer of methyl and ethyl mercury is also
discussed in section 8.1.1.2,

Placental transfer of higher alkyl mercury compounds has
not been studied.

4.1.2.1.4.2 In human beings
The fact that methyl mercury passes the placental barrier

in man is documented by the occurrence of prenatal poi-
soning (Engleson and Herner, 1952, Harada, 1868b, and
Snyder, 1971; see also section 8.1.1.1.1).

Newborn babies of mothers exposed to methyl mercury dur-
ing pregnancy by consumption of contaminated fish have
higher mercury levels in blood cells than their mothers
(Skerfving, to be published). Regarding "normal” infants,
see section 6.2.2.

Ethyl mercury has also been stated to have caused fetal

poisoning in man (Bakulina, 1968, see section 8.1.1.1.2).
No information is available concerning higher alkyl mer-

cury compounds.
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4.1.2.2 Aryl mercury compounds
4.1.2.2.1 Respiratory uptake

Hagen, 1955, exposed mice by inhalation to dust of phenyl
mercury compounds (see also section 8.2.2.2). After expo-
sure to phenyl mercury acetate dust with particle size
ranging from 2-40 microns no poisoning occurred in 30 hours,
while with particle size of 0.6-1.2 microns, death occurred

after approximately one hour.

No further experimental data are available on inhalation
exposure to aryl mercury compounds. Data presented in sec-
tion 8.2.2.1 show that aerosols of phenyl mercury salts
are absorbed by inhalation in man but no quantitative
conclusions are possible.

4.1.2.2.2 Castrointestinal absorption

Several animal studies have shown that the mercury levels

in organs are higher after exposurs to phenyl mercury salt
than after the same exposure to inorganic mercury salt (e.g.
Fitzhugh et al., 1950, Prickett, Laug and Kunze, 1950, and
Swensson, Lundgren and Lindstrdm, 1958b). This may indicate
a better absorption of phenyl mercury from the gastrointes-
tinal tract or a faster elimination of inorganic mercury
from the body, or both. Measurements of mercury excreted

in the feces during the first days after peroral administra-
tion of phenyl or inorganic mercury salts indicated higher
absorption of phenyl mercury. Prickett, Laug and Kunze,
1950, found during 48 hours after single oral administra-
tion of 0.5 mg Hg/kg as mercuric acetate to rats, about

80 percent in the feces, while the corresponding figure

for phenyl mercury acetate was 60 percent. After intra-
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venous administration. 10 and 30 percent, respectively,
were found in the feces (see section 4.1.1.2.1). It thus
seems that more than half of the phenyl mercury salt was
absorbed. Ellis and Fang, 1967, found 50-60 percent of an
oral dose of 0.4-1.2 mg Hg/kg as phenyl mercury acetate
eliminated during 48 hours after administration to rats.
Corresponding figures for excreted mercuric acetate were
80-90 percent of the administered dose (see section
4.1.1.2.1). There are no data on the absorption in man.
Tokuomi, 1969, reported that a considerable urinary mercury
elimination occurred in a person who had ingested phenyl
mercury acetate (section 8.2.2.1).

4.1.2.2.3 Skin absorption
4,1.2.2.3.1 In animals
Goldberg, Shapero and Wilder, 1950, aoplied phenyl mercury

dinaphtylmethane disulphonate in a buffered water solution
on the body surfaces of rabbits and found mercury in the
skin, subdermal connective tissue and muscle. The concen-
trations in muscles were three times higher than that in
the solution applied.

Laug and Kunze, 1961, showed that approximately 25 percent
of the mercury applied as phenyl mercury acetate intra-
vaginally in rats 24 hours prior to sacrifice could bs re-
covered in the liver and kidneys. {

4,1.2.2.3.2 1In human beings

Clinical data presented in section 8.2.2.1 indicate that

phenyl mercury acetate is absorbed through the skin. No
quantitative conclusions are possible. Intravaginally

applied phenyl mercury salts are absorbed to a certain
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degree (Biskind, 1933, and Eastman and Scott, 1944; see
also section 8.2.2.1), as are phenyl mercury solutions
in the conjunctival sac (Abrams and Majzoub, 1970).

4.1.2.2.4 Placental transfer

After administration of phenyl mercury salts to pregnant
mice mercury accumulation occurs in the placenta but only
small amounts of mercury pass to the fetus (Berlin and
Ullberg, 1963b, Suzuki et al., 1967, and Ukita et al.,
1967). The mercury levels obtained in fetuses are com-
parable to those seen after administration of mercuric
salts (see ssction 4.1.1.2.4) and are considerably lower
than after ethyl or methyl mercury salts (see section
4.1.2.1.4.1).

4.1.2.3.1 Respiratory uptake

Hagen, 1955, exposed mice to methoxyethyl mercury sili-
cate dust by inhalation. Oeath occurred after 1.2-14
hours under different experimental conditions.

Dérobert and Marcus, 1956, have reported one case of poi-
soning after a few hours of inhalation of dust of methoxy-
ethyl silicate. No quantitative conclusions are possible
concerning the rate of absorption.

4,1.2.3.2 Gastrointestinal and skin absorption
No data are available.

4,1.2.3.3 Placental transfer
In mice, mercury from methoxyethyl mercury reaches the
fetus only to a minor extent, but is accumulated in the
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placenta and in the fetal membranes in a manner similar
to mercuric salts (Berlin and Nordberg, unpublished datal.

Substituted alkoxyalkyl mercury compounds (mercurial diu-

retics) are discussed in section 4.1.2.4.

4.1.2.4 Other organic mercury compounds

Mercurial diuretics are active at oral administration, but
the absorption is slower and less complete than after par-
enteral administration. Griffith, Butt and Walker, 1854,
and Leff and Nussbaum, 1957, reported considerable mercury
concentrations in kidneys of subjects who had been treated

orally with organomercurial diuretics.

Baltrukiewicz, 1969, injected labelled chlormerodrin into
female rats early in pregnancy. The description of methods
and results is incomplete but the author did state that no
radioactivity was present in the litters.

4.1.3 Summary

About 80 percent of inhaled elemental mercury vapor is

absorbed in the respiratory system in human beings. Gas-
trointestinal absorption of elemental mercury is negligi-
ble. Skin penetration can take place but the exact rate
of this process is not known.

Absorption of aerosols of inorganic mercury compounds in

the respiratory tract is dependent upon physico-chemical
characteristics of the aerosol. In exposures to soluble
mercury compounds this route of entry can be responsible
for the uptake of toxic amounts of mercury in man. Up to
10-20 percent of the ingested amount of easily soluble
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mercuric salts is absorbed via the human gastrointestinal
tract. Animal studies show that high skin absorption of
mercuric salts may also occur. Animal experiments have
also shown that the placental membrane constitutes a bar-
rier against the penetration of divalent ions into the

fetus.

No quantitative data are available on the respiratory up-
take of alkyl mercury compounds. Poisonings due to inhala-
tion of methyl and ethyl mercury compounds in man and ani-
mals indicate high rate of pulmonary absorption. Methyl
mercury compounds are almost completely absorbed in the

gastrointestinal tract in animals and man, as is ethyl
mercury in animals. Animal experiments indicate high ab-
sorption of methyl mercury through the skin. Poisonings
in man after cutaneous application of methyl mercury in- -
dicate skin absorption, although the possibility of sec-
ondary inhalation exposure cannot be excluded. It can

be assumed that ethyl mercury is absorbed to an extent
similar to methyl mercury, though no experimental data
are available. In mice and rats, both mono-methyl mer-
cury and mono-ethyi'mercury readily pass the placenta
and accumulate in theA?etus. Prenatal poisoning by these
compounds shows that a similar process occurs in man.
Di-methyl mercury reaches the fetus in mice only to a
minor extent. No information is available on uptake of
higher alkyl mercury compounds.

There are no feliable data on absorption of aryl mercury

compounds after inhalation. Rapid lethality was reported
in mice exposed to fine dust of phenyl mercury. Phenvl
mercury acetate is more extensively absorbed from the

gastrointestinal tract than mercuric mercury in animal
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experiments. Available data indicate an absorption of
more than half of the ingested amount. Animal data in-
dicate high uptake of phenyl mercury salts through the
skin and mucous membranes. After administration of phenyl
mercury salts to mice, mercury accumulates in the pla-
centa and only small amounts are found in the fetus.

No data are available on the uptake of aryl mercury com-
pounds other than phenyl mercury salts.

Information about respiratory and gastrointestinal ab-
sorption of alkoxyalkyl mercury compounds is practically
non-existent. Lethal effects were reported in mice ex-
posed by inhalation to fine dust of methoxyethyl mercury.
After administration of methyoxyethyl mercury to mice,

there is little accumulation of mercury in the fetus.

4.2 BIOTRANSFORMATION AND TRANSPORT
4.2.1 Inorganic mercury

4,2.1.1 Oxidation forms of _mercury_and_their interconversions
The toxic effects of all forms of inorganic mercury are
ascribed to the action of ionic mercury because elemental
mercury (Hgo) cannot form chemical bonds. Ionic mercury
exists in mercurous (Hg%’) and mercuric (Hg2+) forms., Oxi-
dation of elemental mercury to mercuric ions occurs accord-
ing to the reaction: 2 Hgo‘-—$ Hgg+ *“%rZHgZ*.The mer-
curous ion is unstable and dissociates further into the
mercuric ion (Clarkson, 1968). Ionic mercury forms com-
plexes with SH groups. and other ligands in the tissues of
the body and only a very small fraction exists in the free

form.



In their experimental studies, Clarkson, Gatzy, and Dalton,
1961, found that after exposure of blood to mercury vapor
in vitro (1) no mercury was in the ultrafiltrable fraction
after 30 minutes, (2) more mercury was taken up by the
blood than could be dissolved physically in the elemental
form, and (3) mercury was taken up faster by hemoglobin
solution and whole blood than by plasma. These results
formed the basis for the conclusion that mercury vapor

was oxidized to mercuric mercury in the blood. The authors
also concluded that once the mercury reaches the blood,

it is quickly oxidized to ng+ and no differences in dis-
tribution or toxicity should exist between inhaled mercury

vapor and absorbed mercuric salts.

However, later observations on mice (Berlin and Johansson,
1964, Berlin, Jerksell and vonUbisch, 1966, and Magos,1967),
on rats, rabbits and monkeys (Berlin, Fazackerly, and Nord-
berg, 1969) and on guinea pigs (Nordberg and Serenius, 1969)
proved a higher uptake of mercury by the brain, the blood
cells and the myocardium after exposure to mercury vapor
than after injection of mercuric salt. This indicates

that the chemical state of mercury in blood may vary de-
pending upon the exposure type. Berlin, 1966, observed

that mercury in red cells after exposure to mercury va-

por was not so firmly bound as after exposure to mercuric
salts and proposed that the red blood cells might serve

as "accumulators and generators” of metallic mercury ca-
pable of interconversion ong0 and ng’. The easily dif-
fusible Hg° -form released from erythrocytes should be
responsible for the greater penestration of mercury into

the brain after vapor exposure.
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Magos, 1967, studied the uptake of mercury in the plasma
and blood cells after exposure in vitro to mercury vapor
and separated physically dissolved mercury vapor from oxi-
dized mercury by different volatilization rates from the
solutions. When samples of diluted blood had been exposed
to mercury vapor in vitro at 37°C, 8 percent of the re-
tained mercury was in the elemental form after 5 minutes
of exposure and 4 percent after 15 minutes of exposure.

If these figures are adjusted for a half minute's exposure,
it can be extrapolated that nearly all the mercury must
exist in the elemental form during this short period.

As the total circulation time from the jugular vein to

the carotid artery is about 22 seconds in man and shorter
in small animals, it can be assumed that a large part of
the mercury taken up by the blood in its passage through
the lungs still exists in the elemental form at the time
at which circulating blood enters the brain vessels.

Autoradiographic observations by Nordberg and Serenius,
1969, of higher concentrations of mercury around small
blood vessels in the brain support further the relative
ease with which mercury diffuses from cerebral vessels
into the brain after exposure to mercury vapors. The
studies by Berlin, Fazackerly and Nordberg, 1969, and

by Nordberg and Serenius, 1969, showed high uptake of
mercury into the brain after vapor exposure in all of the
several mammalian species studied. The general validity
of these observations also for man was strongly supported.

Although mercury can temporarily exist in blood in its
elemental form, it is ultimately converted to mercuric
ions. The exact process of oxidation is unknown, but

active participation of enzymatic systems is highly prob-



able {Nielsen Kudsk, 1969a and b). Experimental data

seem to show that the reverse process can also occur.
Rothstein and Hayes, 1364, and Clarkson and Rothstein,
1964, reported that after injection of mercuric chloride,
approximately 4 percent of the total excreted amount of
mercury was exhaled via the respiratory tract. The chemi-
cal form of the exhaled mercury was not identified. Be-
cause injected elemental mercury vapor is rapidly exhaled
through the lungs (Magos, 1968), it can be assumed that
mercury leaves the body through the lungs in the form of
such vapor. This explanation is supported by experi-
ments in vitro(Magos, 1967) which proved that about 0.5
percent of HgCl2 could be volatilized from blood.

tissues
It is evident that during or shortly after exposure to
mercury vapor, part of the mercury is transported in the
form of elemental mercury in the blood. Differential an-
alyses pesrformed on animals immediately after short expo-
sure to mercury vapor indicated that the erythrocytes
contained more mercury than the plasma (Berlin, 1966).
Berlin, Fazackerly and Nordberg, 1969, observed 67-84
percent of the total blood mercury in the blood cells
of monkeys and rabbits immediately after exposure to
mercury vapor, as compared with 25-31 percent in the
blood cells of animals injected intravenously with mer-
curic ions and sacrificed at the same time as the vapor-
exposed animals. The larger amount of mercury in the
erythrocytes after exposure to vapors is probably trace-
able to the dissolved mercury vapor. Hitherto, the rea-
son for the high uptake of elemental mercury by erythro-
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cytes is unknown. Clarkson, 1968, speculated that it may
reflect dissolved mercury vapor in the lipid structures
of srythrocytes.

Generally, it seems that mercury in the form of elemental
mercury vapor dissolves in the body fluids and penetrates
biological membranes easily. The distribution seems to be
affected by solubility factors, as proposed for the
varying red blood cells/plasma ratio. Magos, 1968, injec-
ted radiocactive metallic mercury vapor intravenously into
rats and found that 30 seconds after injection 19 percent
of the mercury had been exhaled through the lungs. The
brain contained 0.6 percent and the blood, 5.9 percent

of the injected dose. For a mercuric chloride injection,
the corresponding figures were - in exhaled air 1.8 percent,
in the brain 0.3 percent, and in the blood, 44 percent of
the injected dose. Obviously, diffusion across the alveo-
lar membrane and from blood into tissues is easier for
elemental than for ionized mercury. In the tissues metal-
lic mercury is oxidized to mercuric ions, making the
re-entry of mercury into the blood more difficult.

It follows from the relative rapidity of the oxidation
process in the blood and the tissues of Hg® to Hg'' that
after long-term exposure and even shortly after a single
exposure, most of the mercury in the body and in the
blood is in the form of mercuriec ion. Values on the dis-
tribution of mercury in blood of workers exposed for

a long time to mercury vapor are therefore probably a re-
flection of the dominating amount of mercuric mercury in
the blood. Lundgren, Swensson and Ulfvarson, 1967, found

that the ratio between mercury in blood cells and in plas-



ma was about 1:1. Rahola et al., 1971, and Miettinen, in

press, recently reported an erythrocyte/plasma ratio of
0.4:1 in the blood of human volunteers who had taken tra-
cer amounts of 203Hg-protsinate by mouth. Suzuki, Miyama
and Katsunuma, 1971a, analyzed both inorganic mercury and
total mercury in the blood components of workers exposed
to mercury vapor. They found an erythrocyte/plasma ratio
of 1.3 for total mercury but only 0.6 for inorganic mer-
cury. They explained the difference by the presence of a
certain amount of methyl mercury originating from the gen-
eral background contamination of foodstuffs with methyl
mercury, which is known to accumulate in erythrocytes. It
is thus possible that if the mercuric ion only is con-
sidered, the erythrocyte/plasma ratio may be slightly
lowsr than 1 in human beings.

Somg animal studies on different inorganic mercury com-
pounds also indicate that mercuric ion is distributed
about equally between plasma and erythrocytes (Ulfvar-
son, 1962, Berlin and Gibson, 1963, Tati, 1964, Suzuki,Miyama and
Katsuriuma, 1967, Cember, Gallagher and Faulkner, 1968,
and Takeda et al., 1968a) when equilibrium has been
reached. However, the penetration of mercuric mercury
into erythrocytes is relatively slow, requiring about

2 hours in the rabbit (Berlin and Gibson, 1963). Takeda
et al., 1968a, found that the equilibration took about
4 days after subcutaneous injections in rats (alsa re-
ported by Ukita et al., 1969).

As chloride is the main plasma anion and exceeds quan-
titatively any administered anion, different salts of
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mercuric compounde ars probably handlad in the sams way
by the body onos thay have Lasn absorbed and dissociated
into the body flulde. Thus the transport and excraetion

of inorganic mercury salts should be the same, regardless
of the kind of soluble salt administered. Available ex-
perimental evidence is givan in eectione 4.3.1 on distri-
bution and 4.4.1 on exorstion.

The ultrafiltrable fraction of inorganis mercury in plas-
ma is very small, less than 1 percent scoording to Berlin
and Gibson, 1863. For further discussion of this value
sse seotion 4.4.1.1,%:2.2., The samall parcentage is &
conssquance of the binding of mercury to plasma proteins
(Clarkson, Gatzy and Dalton, 1881, and Cembsr, Gallagher,
and Faulkner, 1968). It is theoretically assumed that
diffusible, low molecular weight mearcury ligands play

a role in tha ultrafiltrable fraction of plasma protein
(Vostal, 1968, and Rothstein, in press), but the exact
nature of this role is still unknown.

At least part of the inorganic mercury in srythrooytes
exposed to marcuric chloride in vitro was idsntified in

a protein fraction migrating like hsmoglobin on paper
electrophoresis (Clarkson, Gatzy and Dalton, 1861), Ths
distribution of mercury among plasma proteins despands

upon the dose of mercury injected into the experimental
animal (Cember, Gallagher and Faulknsr, 1968), and is
different if mercuric mercury has bsen added in vitro

or in vivo (Farvar and Cember, 19638). Mercury has been
found in both albumin and globulin fractions in the plasma

(Tati, 1964, Suyzuki, Miyama and Katsunuma, 1967, and Farvar and
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Cember, 14969). The amount of recovery on the electropho-
retic strips was not reported in either of these two
studies, 80 it is not possible to judge the represent-
ability of the results. It has been shown earlier
(Clatksoh, Gatzy and Dalton, 1961) that important amounts
of mercury can be lost during electrophoretic procedures
and subséquent staining.

4.2,2, Organic mercury compounds

4.2,2.1 Alkyl mercury compounds

— ] — — po—

4,2.2.1.1 In animals

4.2.2.1.1,1 Methyl mercury compounds

Ulfvarson, 1962, administered orally or subcutaneously 5
differant salts of methyl mercury to rats. There was

no obvious difference in metabolism. Irukayama et al.,
1965, performed a series of studies on rats, cats, rab-
bits and dogs to find out whether there were any differ-
ences in metabolism and toxicity after ingestion of
methyl mercury chloride and bis-methyl mercury sulphide.
No definite differences were found. Similar results were
obtained by Itsuno, 1968. In cats no differences in metab-
olism ot toxicity were found among methyl mercury in
flesh of contaminated fish, methyl mercury salt added

to figh flesh homogenate or fish liver homogenate incu-
bated with methyl mercury salt (Rissanen, 1969, and Al-
banus et al., to be published). It seems reasonable to
assume that there are no major differences in metabolism

or toxicity among different chemical farms of methyl
me r‘cul”y .



4.2.2.1.1.1.1 Transport

After mono-methyl mercury compounds are administered,

high levels of mercury are found in the blood, mainly
in the blood cells and only to a minor extent in plas-
ma. There are substantial species differences. In mice
75-30 percent, depending on the dose administered, is
bound to the blood cells (calculated from data by Ost-
lund, 1969b), in rats about 95 percent or more (Ulfvar-
son, 1962, Gage, 1964, Norseth and Clarkson, 1870b), in rabbits
(Swensson, Lundgren and Lindstrtim, 1959b, and Berlin,
1963a) and monkeys (Nordberg, Berlin and Grant, 1971)
about 90 percent, in pigs about 80 percent (Bergman,
Ekman and Ostlund, to be published) and in cats more
than 95 percent (Albanus et al., 1969, and to be pub-
lished, Rissanen, 1969, and Albanus, Frankenberg and
Sundwall, 1370). In rabbit plasma at least 99 psrcent
is bound to plasma proteins (Berlin, 1963a).

While methyl mercury is accumulated in the blood cells,
after exposure to inorganic mercury salt, mercury is
found to a greater extent in the plasma (Swensson, Lund-
gren and Lindstrdm, 1959a and b, Ulfvarson, 1962, and
Berlin and Gibson, 1963).

Ostlund, 1969a and b, made an autoradiographic study
on mice exposed to di-methyl mercury through inhalation

or intravenous injection. In both cases the mercury was
readily transported mainly to the fat deposits. The
levels in the blood were low.
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4,2.2.1.1.1.2 Biotransformation

Theorstically, two kinds of biotransformation of mono-
methyl mercury might occur in the mammal body. The first
type includes a metabolic transformation of the methyl
group in situ and the second, a breakage of the covalent

bond between carbon and mercury.

Studies by 8stlund, 1969b, and Norseth, 1969b, in mice
and rats, respectively, contradict a metabolic trans-
formation of the methyl group.

The slow, even elimination of mercury after administration
of methyl mercury compounds to mice (Ostlund, 1968b,
Ulfvarson, 1962, 186%9a, and 1970, Swensson and Ulfvarson,
1968b, and Clarkson, 1971), cats (Albanus et al., to be
published), pigs (Bergman, Ekman and Ostlund, to be pub-
lished), monkeys (Nordberg, Berlin and Grant, 1971) and
man (see section 4.3.2.1) indicates a rather high stabil-
ity of the covalent bond. The rather constant distribution
of mercury among different organs seen at different times
after single administration of methyl mercury to mice
(Berlin and Ullberg, 1963¢) and rats (Swensson, Lundgren
and Lindstrdm, 1959a, Ulfvarson, 1962, 196%a, and 1970,
and Swensson and Ulfvarson, 1968b) points in the same
direction. Rats fed organs from rats injected with methyl
mercury have a distribution similar to that of the inject
ed animals (Ulfvarson, 1969b).

Some studies, on the other hand, indicate that a breakage
of the covalent bond does occur. Ostlund, 1968b, found
indications of a small breakdown of the carbon-mercury
bond in liver and kidneys of mice during a few hours
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after administration of methyl mercury hydroxide. About

14C from the labelled methyl group was ex-

3 percent of
haled as 14COZ during three hours after intravenous ad-

ministration.

Gage and Swan, 1961, and Gage, 1964, 1nvestigated the
fraction of extractable organic mercury out of total
mercury in different rat organs after 6 weeks of injec-
tions of methyl mercury dicyandiamide. In liver, spleen
and blood cells 80 percent or more was present as or-
ganomercury, in plasma and brain, 75 percent and in
kidney, 55 percent. See also section 4.4.2.1.1.1.2.1.

In ferrets high fractions of methyl mercury out of to-
tal mercury were found in brain while in muscle, liver
and kidney, they were lower (Hanko et al., 1970). Simi-
lar observations have been made in cats (Albanus et
al., to be published). In swine,Platonow, 1868a, faund
high levels of methyl mercury out of total mercury in
all organs investigated.

In the studies mentioned above the fraction of organic
mercury out of total mercury was examined. The residue
was considered to be inorganic mercury. In studies re-
ported by Norseth, 1968b, and Norseth and Clarkson,
1970a, the fraction present as inorganic mercury was
estimated with an isotope exchange technique.

Norseth and Clarkson, 1970b, demonstrated formation of
inorganic mercury from methyl mercury in the liver of
rats. It is not clsar whether transformation also oc-
~urred in other organs in the body. Norseth, 1968b, showed

that a breakdown occurs in the intestinal lumen. The level



of inorganic mercury in the brain was very low, 1-4 per-
cent of the total mercury 28 days after a single admin-
istration. In plasma the inorganic fraction was 25 per-
cent and in the blood cells, less than 0.2 percent 10
days aftesr the injection. The absolute levels of inor-
ganic mercury were about equal. In liver and kidney the
fractions, rising after injesction, reached 50 and 30 per-
cent, respectively at 50 days. See also section
4.4.2.1.1.1.2.1.

Norseth, 1971, studied the metabolism of methyl mercury
in mice. There were some species differences as compared
to rats. The main one was a lower fraction of total mer-
cury in the kidney as inorganic mercury in the mice. The
relative concentration of inorganic mercury increased
gradually and after 22 days was about 30 percent. The
author proposed that inorganic mercury was released from
the liver into the bile and into the blood. In the brain
the inorganic fraction constituted 2-14 percent of the
total mercury and in the blood, 2-5 percent. See also
section 4.4.2.1.1.1.2.1.

Nerseth and Brendeford, 1871, studied the fraction of
total mercury present as inorganic mercury in different
subcellular rat liver fractions after single injection

or long-term oral exposure to methyl mercury dicyandiamide.
While the highest total mercury concentrations were found
in the microsome fraction (Norseth, 1969a, see section
4.3.2.1.1.1), the highest levels of inorganic mercury
were demonstrated in the lysosomes/peroisomes, which

was in accordance with the distribution pattern seen af~
ter injection of mercuric chloride (Norseth, 1968, and
1969a).
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Ostlund, 1969a and b, studied the metaholism of di-

methyl mercury in the mouse after inhalation and intra-

venous administration. The major part (80-30 percent)

of the mercury was rapidly exhaled and was identified

by thin layer chromatography as di-methyl mercury. Af-
ter 16 hours no di-methyl mercury could be detected

in the body. However, within 20 minutes after the ad-
ministration, a non-volatile metabolite occurred in

the tissues. It was initially seen mainly in the liver,
the bronchi and the nasal mucosa, both in adult mice

and in fetuses. After one day or more, the metabolite
had a distribution pattern very similar to that of mono-
methyl mercury and behaved as such in thin layer chromato-
graphy. Thus, the major part of the intact di-methyl
mercury behaves like a chemically and physically in-

ert substance while a minor part is metabolized into
mono-methyl mercury ion.

4.2.2.1.1.2 Ethyl and higher alkyl mercury compounds

Ulfvarson, 1962, compared the distribution of mercury in
rat organs after oral administration of ethyl mercury
cyanide, hydroxide and propandiolmercaptide. As was

the case in the study made by the same author on methyl
mercury salts, no definite differences were noted. Takeda
et al., 1968a, noted no differences in metabolism between
ethyl mercury chloride and ethyl mercury cysteine. It

is reasonable to assume that the type of salt is of
minor importance for the metabolic fate of ethyl mercury.
Platonow, 1969, in a very short communication, stated
that mice fed ethyl mercury acetate accumulated less

mercury than those given viscera of pigs poisoned by



the same compound. Suzuki et al., in press, found no dif-
ferences in distribution of total mercury or inorganic
mercury in rat organs after administration of ethyl mer-

cury chloride or sodium ethyl mercury thiosalicylate.

4.2.2.1.1.2.1 Transport

Ulfvarson, 1962, exposing rats to ethyl mercury salts,
showed that mercury accumulated to a considerable degree
in the blood cells. Takeda st al., 1968a and b, showed
that mercury in blood was almost exclusively present

as ethyl mercury bound to a considerable degree to the
hemoglobin in the red cells. In vitro studies showed
that this binding was firm and that ethyl mercury only
with difficulty passed through the stroma. An accumula-
tion of mercury in blood cells after injection of ethyl
mercury chloride has also been observed autoradiographi-

cally in the cynomolgus monkey and the cat (Ukita et
al., 1969, and Takahashi et al., 1971).

4.2.2.1.1.2.2 Biotransformation
Miller et al., 1961, investigated the fraction of mer-

cury present as organic mercury out of total mercury

in liver, kidney and whole blood 2-7 days after intra-
muscular injection of ethyl mercury chloride. The puri-
ty of the preparation used was stated to have been

939.5 percent. The percentage of organic mercury in
liver was 89-100 and in blood, 67-72. In kidney the
fraction decreased from 51 percent after 2 days to 21
percent after 7 days. See also section 4.4.2.1.2.1.2.1.

Takeda and Ukita, 1970, in a similar study found that

in the rat liver 2 and 8 days after administration of



ethyl mercury chloride (purity not stated) 94 percent
of the mercury was present in organic and 6 percent
in inorganic form. In the kidney after 2 days 18 per-
cent of the mercury was inorganic while after 8 days
the fraction was 34 percent. The organic mercury was
chromatographically identified as ethyl mercury, the

major part of which was protein bound. See also section
4.4.2.1.2.1.2.1.

Takahashi et al., 1971, studied by thin layer chromato-
graphy the fraction present as ethyl mercury in the
brain of a cynomolgus monkey 8 days after an intraperi-
toneal injection of ethyl mercury chloride (stated

to be chromatographically pure). Of the total mercury
96 percent appeared chromatographically as ethyl mer-
cury while the rest was present as inorganic mercury.

Suzuki et al., in press, studied the fractien of total
mercury present as inorganic mercury in brain, liver and
kidney of mice up to 13 days after subcutaneous or intra-
venous injection of ethyl mercury chloride or sodium
ethyl mercury thiosalicylate. In all three organs there
was an increase of the inorganic mercury fraction with
time. At the end of the study about 50 percent of the
mercury in the brain and the kidney was inorganic, while
in the liver the corresponding figure was about 30 per-
cent. In the brain the inorganic mercury concentration
increased with time while in the other organs it first
increased and then decreased (see also section 4.4.2.1.2.1.1).

Suzuki et al., in press, quoted Japanese investigations
by Sadakane, 1964, and Kitamura et al., 1970, in which



it was shown that after administration of different ethyl
mercury salts to rats a considerable fraction of the to-

tal mercury in the brain was present as inorganic mercury.

The studies discussed above show that a breakage of the
covalent bond between the ethyl group and the mercury oc*+
curs in the body and/or in the gastrointestinal tract.
Rising fractions of inorganic mercury in an organ indi-
cate either a formation in the organ and an elimination
slower than that of the intact organomercurial, or a
transformation elsewhere and an accumulation in the organ.

4.2.2.1.2 In humar beings

4,2.2.1.2.1 Methyl mercury
In the experiments performed by Aberg, Ekman, Falk and

collaborators (section 4.1.2.1.2.2), blood cells contained
about 10 times more mercury than plasma 24 days after
oral administration of methyl mercury. This is in ac-

cordance with findings in persons exposed to methyl
mercury via fish (Birke et al., 1967, Lundgren, Swensson
and Ulfvarson, 1967, Tejning, 1967b and c and 1568b, and
Sumari et al., 1969).

In an experimental study on metabolism of methyl mercury
proteinate ingested with tartar sauce (Miettinen et al.,

1969b, and 1971) 5-10 percent of the total bady burden
was present in the total blood velume during the 86-91
days studied. The fraction decreased with time. Five per-
cent in the total blocd volume corresponds to about one
percent in one liter of blood.

Ui and Kitamura, 1871, and Ueda and Ascki (quoted by Ueda,
1969) have reported methyl mercury percentages of 28-120
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percent (out of total mercury analyzed by neutron activa-
vation and atomic absorption, respectively) in subjects
exposed to methyl mercury at various intensities by con-
sumption of contaminated fish (see section 8.1.2.1.1.2.1.2]).
Birke et al., to be published, analyzed total mercury and
megthyl mercury in blood and hair of subjects exposed to
methyl mercury through fish consumption. In whole blood
containing 29 and 38 ng Hg/g, 60 and B85 percent, respec-
tively, were methyl mercury and in one sample containing
650 ng/g, 100 percent was methyl mercury. In hair 65-85
percent was methyl mercury. Skerfving, 1971, found 40-
100 percent in blood cells and 50-80 percent in hair.

Total mercury and methyl mercury levels were studied si-
multaneously in a few patients from the Minamata and
Niigata epidemics of methyl mercury poisoning through
fish consumption. Sumino, 1968b (see section
8.1.2.1.1.1.2.1.1) found 13-67 percent methyl mercury
{(analyzed according to Sumino, 1968a) out of total mer-
cury (dithizone method) in hair. In brain 60-120 percent
of the total mercury (dithizone methods) was present as
methyl mercury (Sumino, 1968b, and Tsubaki, personal com-
munication; see table 8:2). Grant, Moberg and Westsd, to
be published, found only methyl mercury in a brain sample
from a patient poisoned by this compound.

4,2.2.1.2.2 Ethyl mercury
Suzuki et al., in press, studied total mercury and in-

organic mercury in blood from persons exposed to sodium
ethyl mercury thiosalicylate employed as a preservative
in plasma for intravenous use (section 8.2.1.2.2.2).

In one sample obtained 5 days after the last infusion

from a person suspected to have been poisoned, the ratio
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between blood cell and plasma levels was abput 7. In

blood cells 12 percent was present as inorganic mercury
while in plasma the corresponding figure was 20 percent.
In brain about 35 percent of the total mercury was pres-
ent as inorganic mercury, in the renal cortex 69 percent,
in the renal medulla 51 percent, in the liver 31 percent,
and in proximal hair S percent. In 4 additional subjects
the cell/plasma ratios ranged 2-5. The inorganic fractions
constituted only a few percent in blood cells while more
than half of the mercury in plasma was inorganic. The lev-

els of inorganic mercury in both blood cells and plasma
changed little as time elapsed after the last administra-

tion. This gave a rising percentage in blood cells and
roughly unchanged amount in plasma, in which the total
mercury level decreased much more slowly than in blood
cells. See also section 4.4.2.1.2.2.

There is no information on higher alkyl mercury compounds.

Substituted alkyl mercury compounds will be discussed in

section 4.2.2.4 on other organic mercury compounds.

Almost all the work on the metabolism of aryl mercury
compounds has been performed with different salts of
phenyl mercury. Though no systematical compapative studies
have been undertaken, it seems from the published data
that there are no major differences in metabgplism of

di fferent salts of phenyl mercury. In the F&!fowing
descriptions, the metabolism of phenyl mercury will be
treated without regard to the type of salt administered.
The available data are almost exclusively from animal
experiments.
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4.2.2.2.1 Transport
Initially after administration of phenyl mercury com-
pounds high levels of mercury are found in the blood.

At the same dose level the blood concentrations are
higher than those found after administration of inor-
ganic mercury salts but lower than after alkyl mercury
compounds (Prickett, Laug and Kunze, 1950, Swensson,
Lundgren and Lindstrém, 1958b, Ulfvarson, 1962, Berlin

and Ullberg, 1963b, Gage, 1964, and Takeda et al., 1968a).
The mercury in blood is found mainly in the blood cells
(Swensson, Lundgren and Lindstrdm, 1958a and b, Ulfvarson,
1962, and Ukita et al., 1969). In rats (Takeda et al.,
1968a) and rabbits (Berlin, 1963c) about 80 percent of

the mercury has been found in this fraction. The mer-

cury in the blood cells is bound mainly to the stroma-
free hemolyzate (Takeda et al., 1968a). The small frac-
tion of the blood mercury found in the plasma was bound,
probably to proteins. Only about 1 percent passed on
ultrafiltration through a cellulose dialysis tube

(Berlin, 1863c).

While the initial appearance of mercury in blood after
administration of phenyl mercury salts is similar to
that of alkyl mercury compounds, the levels and distri-
bution later resemble more what is found after admin
istration of inorganic mercury salts (Ulfvarson, 1962,
and Takeda et al., 1968a). In this later phase, the
blood mercury levels decrease and a greater fraction

of mercury is found in the plasma (Takeda et al., 1968a).
As will be discussed in section 4.2.2.2.2, this is prob-
ably to a great extent a result of the breaking of the
cnvalent bond between the mercury atom and the phenyl
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group. The initial distribution to the blood cells and
later to the plasma has been noted also in human beings
(Goldwater, Ladd, and Jacobs, 1864).

Shapiro, Kollmann and Martin, 1968, studied the binding
of PCMB to the blood cell surface and entrance into the
cells. The PCMB wbich entered the cell was bound to hemo-
globin,

4,2.2.2.2 Biotransformation

In contrast to the considerable stability of the methyl
mercury compounds in the organism, a number of studies

on differsnt species has supported a fairly rapid breakage
of the carbon-mercury bond in phenyl mercury. This is
indicated directly by the fraction of organic or inorganic
mercury out of total mercury found in organs at different
intervals after administration of phsnyl mercury compounds,
and indirectly through studies of the mstabolic fate of
the phenyl group as compared to the mercury and through
the distribution and excretion patterns of mercury at
different times after the administration. The excretion
and distribution will be discussed in ssction 4.3.2.2

but it should be mentioned here that while the initial
patterns of phenyl mercury have certain similarities

with those of alkyl mercury compounds, the later patterns‘
are more like those seen after administration of inorganic
mercury salts, just as was shown in section 4.2.2.2.1 in
connection with blood mercury level and distribution.

Miller, Klavano and Csonka, 1960, 48 hours after intra-
muscular injection of phenyl mercury acetate into rats
found only 20 and 10 percent, respectively, of the total
marcury present as organic mercury in the liver and kid-
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ney. In the brain, the levels were so near the analyti-
cal zero of the methods used that no conclusions can

bs drawn. In dogs killed within 24 hours after intra-
venous administration of phenyl mercury acetate, lim-
ited data indicate a low fraction of organic mercury,
espacially in the kidney. (See also section 4.4.2.2.1.2).
Gage, 1964, repeatsdly administersd phenyl mercury ace-
tate to rats during six wesks. The purity of the phenyl
mercury preparation was not stated. Organs were analyzed
for total and organic mercury weekly. In the kidney or-
ganic mercury made up 1-3 percent of the total mercury
throughout the experiment. The information about other
organs is less complete, mainly because the levels of
organic mercury were low. It seems, however, that in

the liver the fraction consisting of organic mercury

was less than 20 percent. (See also section 4.4.2.2.1.2).
In a similar study by Nakamura, 1969, the fraction of
phenyl mercury was low.

Danisl and Gage, 1971, (see also Gage, in press) studied
the metabolism of 14C-labellsd phenyl mercury acetate
after subcutaneous administration to rats. About 85 per-
cent of the radiocactivity appearsd in the urine within

4 days and about 5 percent in the breath. 50-60 percent
of the mercury was excreted in the feces and only 12
percent in the urine. One-third of the mercury in the-
first 24-hour urine was identified as organic mercury.
The abundant radioactivity in the urine was associated
with sulphonate and glucuronic acid conjugates of phenol. -
As there was little radiocactivity in the expired air
the authdrs concluded that the breakage of the covalent
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bond did not result in benzene genesis. Instead, it
seemad likely that the breakage occurred after o-hydro-
xylation (Gage, in press). Hydroxyphenyl mercury salts
ars instable in vitro in acid cysteine.

Substitutions in the phenyl group affect the fraction

of total mercury in the kidney present as inorganic
mercury. After administration of p-chloro mercury ben-
zoate (PCMB) almost only inorganic mercury is found

in the rat kidney after 4 hours (Clarkson and Greenwood,
1966, and Clarkson, 1969). After administration of p-
chloro mercury benzenesulphonate the deposition in the
kidney of unmetabolized organomercury is about the same
as after PCMB, while the accumulation of inorganic mercury
is considerably lower than after PCMB. The data presented
by Clarkson, 1969, alsoc indicate that there are species
differences in the deposition of inorganic mercury after
administration of PCMB and p-chloro mercury benzenesul-
phonate. Vostal, in press, showed a rapid transformation
of PCMB into inorganic mercury in the dog kidney.

All the research on the metabolism of alkoxyalkyl mercury
compounds has been done with methoxyethyl mercury salts.
The data available, from animal experiments only, are

far more limited than those regarding the metabolism

of alkyl and phenyl mercury compounds.

Substituted alkoxyalkyl mercury compounds {mercurial
diuretics) will be discussed in section 4.2.2.4 on other
organic mercury compounds.
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4.2.2.3.1 Transport
Though the information is restricted, it seems that ini-
tially after administration of methoxyethyl mercury,

the mercury in the blood is distributed to a larger extent
to the blood cells than to the plasma (Ulfvarson, 1962).
The tendency to accumulate in the blood cells is less
pronounced than intially at phenyl mercury exposure and
far less than at alkyl mercury exposure. In repeated
exposure, the distribution between blood cells and plas-
ma later becomes about equal, just as at exposure to

inorganic mercury salts or to phenyl mercury (Ulfvarson,
1962).

4.2.2.3.2 Biotransformation

Conclusive evidence shows a fairly rapid breakage of the
carbon-mercury covalent bond in methoxyethyl mercury in
the rat. Daniel, Gage and Lefevre, 1971, (see also Gage,,
in press) administersd a single dose of methoxyethyl
mercury chloride labelled with 14C to rats. During 24
hours about 50 percent of the radioactivity appeared

in the exhaled air, about 90 percent of which was in-
corporated in ethylene (identified by gas chromatography)
and about 10 percent, in carbon dioxide. The radioactivity
in the exhaled ethylene corresponded to half of the dose
administered. There was an accumulation of mercury in

the kidney. A few hours after dosing inorganic mercury
(identified according to Gage and Warren, 1970) made

up half of the total mercury in this organ. After one

day all the mercury was inorganic. About 25 percent of

the radioactivity was excreted in the urine during 4

days. In the same period about 10 percent of the mer-
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cury was excreted in the urine. The chemical nature of
the excreted metabolite(s) of the methoxyethyl group

was not clarified. Urinary mercury consisting of appre-
ciable amounts (half) of organic mercury during the

first day, later became solely inorganic. The liver con-
tained little mercury compared to the kidney. The major
part was present as inorganic mercury after one day.
During the first day there was a considerable excretion
of organic mercury in the bile, and later on, some inor-’
ganic mercury was excreted through this route. A mercury-
free metabolite of methoxyethyl mercury was also excreted
in the bile. No radioactivity was found in the feces,
which indicates that all of the mercury in the feces

was inoreanic as a result of degradation in the gut-.
Organomsrcury was probably also reabsorbed.

There is also indirect evidence of a breakdown, including
some documentation of a change in the mercury distribu-
tion pattern with time after administration of methoxy-
ethyl mercury (Ulfvarson, 1969a and 1870). These changes,
however, seem to be less pronounced than those after
administration of phenyl mercury salts (Ulfvarson, 1962
and 1969a, and Berlin and Nordberg, unpublished data).
Mercury from methoxyethyl mercury hydroxide is distributed
in the same way as inorganic mercury salt (Ulfvarson,
1962, Berlin and Nordberg, unpublished data). Furthermore,
the elimination is similar to that of inorganic mercury
(Ulfvarson, 1962, and Berlin and Nerdberg, unpublished
data). The distribution will be discussed further in
section 4.3.2.3. '
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4.2.2.4 Other organic mercury compounds

Modern mercury diuretics as a rule have the general for-
mula R-CH(OY)-CH,-Hg X  (Friedman, 1957, and Mudge, 13970).
Y is most often a methyl group. The compounds thus might

be regarded as substituted methoxyethyl mercury compounds.
The metabolism of the mercury diureties has been extensive-

ly studied in man. Some data might be of general interest.

Besides the use of chlormerodrin as a diuretic the com-
pound labelled with radio mercury has been used for
scanning of brain (Blau and Bender, 1962) and kidney
(McAfee and Wagner, 1960). This use has given opportu-
nities for studies of the metabolism in man. It is a
pnity that the dose of mercury seldom has been stated
and that the methods of detection often are described
superficially.

Mercury is rapidly cleared out of the blood after intra-
venous injection in man of chlormerodrin (3-chloromercuri-
2-methoxy-propylurea; Neohydrin 6% (Blau and Bender,

1962) and merallurid (3-acetomercuri-2-methoxy-succinyl
propylurea; Max‘cjuhydrin®) (Burch et al., 1960). In

a few hours the level is only a few percent of the orig-
inal one. Most of the mercury in plasma is bound to
proteins (Milnor, 1950), the fraction bound being de-
pendent on the concentration.

Clarkson, Rothstein and Sutherland, 1965, Clarkson, 19689,
Vostal and Clarkson, 1970, and Vostal, in press, have
shown a rapid breakdown of chlormerodrin and mersalyl
(3-hydroxymercuri-2-methoxy-1-propylcarbamyl-0-phenoxy-
acetaté) in the dog kidney.
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Anghileri, 1964, investigated by paper chromatography
the release of mercuric mercury from chlormerodrin in-
jected into rats. At 24 hours after administration the
author reported that about 50 percent of the mercury
in the kidney was incrganic.See also section 4.4.2.4.1.

Kessler, Lozano and Pitts, 1957, found a high initial
accumulation of mercury in the spleen after intravenous
administration of the substituted alkyl mercury compound
hydroxypropyl mercury iodide to dogs. Wagner et al.,
1964, introduced the bromide of the compound (1-mercuri-
2-hydroxypropancl, MHP) labelled with 197Hg or 203Hg

as a diagnostic tool for visualization of the spleen

by scanning. (See also Korst et al., 1965, and Loken,

Bugby and Lowman, 1869).

MHP is bound almost completely to blood cells when added
to human blood in vitro (Wagner et al., 1964). It is
stated to be bound to the cell surface and enters the
cell, where it is bound to hemoglobin (Shapiro, Kollmann
and Martin, 1968). When added to blood in concentrations
of 0.5 -1 mg Hg/ml it causes splenic sequestration of
red blood cells when the blood is reinjected into the
circulation (Wagner et al., 1964, and Shapiro, Kollmann
and Martin, 1968). The half-1life in the human circulation
of 1-10 mg Hg as MHP thus injected is 1/2 to 1 1/2 hours
(Wagner et al., 1964, Croll et al., 1965; and Fisher,
Mundschenk and Wolf, 1965).

4.2.3 Summary

Elemental mercury introduced into the body is oxidized

to mercuric ions. The oxidation occurs at a speed which



allows the mercury vapor to exist in the blood during
more than one circulation through the body. Because

of the diffusibility of mercury vapor through biological
membranes a significant part of the transport of mercury
from the lungs to the tissues can take place in the

form of physically dissolved mercury vapor. After oxidation
to mercuric ion has taken place, mercury is distributed
about equally between blood cells and plasma or wiztn

a slignt predominance 1n plasma. ln the plasma mercuric
mercury 1s bound to ditt+erent proteins and only a very
small fraction is in a "free" ultrafiltrable form.

Data on the transport and biotransformation of alkyl
mercury compounds are available mainly for methyl and

ethyl mercury compounds. In animals and man exposure to
methyl and ethyl compounds gives high levels of mereury

in the blood. In human beings exposed to methyl mercury,
the ratio between blood cell and plasma mercury lesvels

is about 10. At exposure to ethyl mercury, somewhat lower
ratios have been found. The distribution of mercury in

the blood is markedly different from that seen at inorganic

mercury exposure.

Data on aryl mercury compounds are almost completely con-

fined to phenyl mercury compounds. Mercury levels in
whole blood are relatively high initially at phenyl mer-
cury exposure in man and animals. More mercury is found
in the blood cells than in plasma. At corresponding
exposure the blood and blood cell levels are lower than
after alkyl mercury compounds. Later, the level and
distribution in the blood resemble those seen after

exposure to inorganic mercury.

Mercury from methoxyethyl mercury, the only alkoxyalkyl

mercury compound studied, is distributed similarly to
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phenyl mercury in the blood, although the initial level
might be lower.

Though the covalent carbon-mercury bond in methyl mercury

has a considerable stability in the body, a certain break-
down has been observed in several animal species. Levels
of total mercury higher than the extractable organic
mercury have been found. In other studies considerable
amounts of inorganic mercury have been found. Both ob-
servations have been made especially in kidney and liv-
er. It seems that the mercury in the brain is almost
completely present as methyl mercury. Inorganic mercury

is formed in the liver and in the intestinal lumen of the
rat. It is not known whether this also happens within

the organs in the body. More limited data on ethyl mercury
indicate that it is less stable in the body than methyl
mercury but still more stable than phenyl mercury. There

are no data on higher alkyl mercury compounds.

Phenyl mercury is rapidly transformed into inorganic
mercury. This has been shown by studies with compounds

labelled in the phenyl group, by analysis of the frac-
tion of organic or inorganic mercury out of total mer-
cury in organs and is also indicated by a redistribution
of the mercury in the body into a pattern similar to
that seen after exposure to inorganic mercury salts.

Also methoxyethyl mercury salts are metabolized rapidly
in the rat into inorganic mercury, part of which accumu-
lates in the kidney.
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4.3 DISTRIBUTION

4.3.1 Inorganic mercury

The differences in the transport of the different oxida-
tion forms of mercury in the body have been mentioned
in section4.2.1. The very initial phase of distribution
after exoosure to mercury vapor, will be dominated by
the diffusibility of elemental mercury vapor. As soon

as oxidation to mercuric mercury has occurred in the
blood and the tissues, the oxidized mercury tends to

be distributed according to its mercuric form. There-
fore, the distribution pattern after exposure to mer-
cury vapor should resemble the pattern after administr-
ation of mercuric mercury after prolonged exposure or
even relatively soon after a short exposure to Hgo, with
exception for organs protected by barriers especially

efficient against the penetration of Hg2+.

4.3.1.1 In_animals_
4,3.1.1.1 Mercuric mercury
The distribution patterns of mercury after administra=
tion of mercuric mercury ought to be similar irrespec-
tive of the soluble mercuric compound used because mer-
2+ L d

in the body

fluids. Some experimental support for this can be found

curic mercury occurs in ionized form as Hg

in table 4:1, although the diversity of doses, routes
of administration, etc. used by the different investiga-
tors makes it difficult to see clearly.

The distribution pattern is complicated, changing with
time and other factors such as mnde of administration,
dose and species. However, the highest concentration

of mercury invariably is found in the kidnev. Consider-
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able concentrations of mercury also are found in the
liver, spleen and thyroid (Rerlin and Ullberg, 1963a,
and Suzuki, Miyama and Katsunuma, 1966). Blood contains
high concentrations immediately after administratiaon,
but mercury is eliminated from blood faster than from
most other tissues in the body (Friberg, 1956, and Berlin
and Ullberg, 1963a, table 4:1). For the brain the situ-
ation is the reverse. Very little penetrates into it,
but once mercury has entered, the turnover is very slow
(Friberg, 1956, and Berlin and Ullberg, 1963a, table
4:1), Some data on the distribution among the blood,
brain, liver and kidney for selected time intervals (1
day, 2 weeks and prolonged exposure) are seen in table
4:1, It would be desirable also to include in the table
the concentrations found by the different investigators,
but many of the most important studies have been per-
formed with radioactive isotope techniques and concen-
tration values have not been expressed on a weight per
weight basis. The general trends mentioned above are
common in most studies included in the table, but the
numerical values of the ratios between organ concentra-
tions sometimes are considerably different among differ-
ent investigators even when the dose, species, survival
time, etc., are the same. This variation probably is

at least partly a reflection of analytical difficulties.
The change in distribution with time mentioned above is
evident from the table. Mercury is eliminated from the
blood and the liver more rapidly than from the brain

and the kidney. This alteration is similar in principal
irrespective of species, dose or route of administrat{on,

but the rapidness of the change varies accerding to



species. Numerical values of ratios between different
organs also are somewhat different depending upon species
and doses. Even strain differences have been shown to
influence mercury retention in organs (Miller and Csonka,
1968). For an account of concentration changes among the
mentioned organs and other tissues in the body of mice
for earlier and intermediate time intervals, not given

in table 4:1, the reader is referred to the autoradio-
graphic study by Berlin and Ullberg, 1963a. It is

learned from that study that mercury accumulates to a
considerable degree in, for example, the colon, the

bone marrow and the spleen a short time after administra-
tion and is retained considerably in the testicles. Su-
zuki, Miyama and Katsunuma, 1866, found the thyroid to

be one of the sites in the body which accumulated mer-
cury most efficiently.

An account of the detailed distribution among different
structures of specific organs follows. The distribution
among different components of blood has been dealt with
in section 4.2.1.3. Here, the distribution in the organs
"critical” in mercury poisoning, i.e., the kidney and
the brain, will be dealt with first.

In the kidney, the mercury is not uniformly distributed,
as shown already in 1803 by Almkvist, who by a histo-
chemical method demonstrated deposits of mercury in the
kidney tubules of rabhits given repeated large doses

of HgClZ.
Berpstrand, Friberg and Odeblad, 1958, found that mer-

Friherg, Odebhlad and Forssman, 1957, and

cury accumulates especially in the distal parts of the



proximal tubules, but also in the wide part of Henle's
loop and in the collecting ducts. They had given 2 mg

Hg/kg (s.c.) in the form of 203&3812 to rabbits and ex-
amined the kidneys by autoradiography 1 and 6 days la-

ter.

In the golden hamster, Voigt, 1958, found mercury lo-

calized in the proximal convoluted tubules by a histo-
chemical method. He used s.c. (7-30 mg Hg/kg) or oral.
administration of HgCl, (3700 mg Hg/kgl.

Reber, 19853, found mercury by means of a histochemical

method in the proximal convoluted tubules of mice after
high doses of HgClZ.
lower doses (0.5 mg Hg/kg and autoradiography) observed

Berlin and Ullberg, 1963a, using

two distribution patterns in the renal cortex of mice,
one with a prominent accumulation at the cortico-medul-
lary bordsr and another with egual concentration through-
out the cortex.

In the rat, Lippman, Finkle and Gillette, 1951, saw an
especially high concentration at the cortico-medullary
border in autoradiographic studies on the kidneys 24

hours after giving 6.6 mg Hg/kg as 203

HgClz. Timm and
Arnold, 1980, demonstrated mercury histochemically in
the proximal convoluted tubules after injection of 4

mg Hg/kg as HgCl2 in the same species.

Taugner, 196&, and Taugner, zumWinkel and Iravani, 1966,
have made extensive :ztudies on the accumulation pattern

of mercury in the rat kidney after i.v.,i.m., or s.c.
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197 203

HgCl, or HgCl, . They found two dis-
tribution patterns, one including the whole cortex, cor-

injections of

responding to an accumulation in the‘middle portion of
the proximal convoluted tubule and another including

a prominent accumulation in the cortico-medullary bor-
der corresponding to an accumulation in the terminal
part of the proximal tubule. The first named pattern
was seen during the first 12 hours after injection and
changed to the second pattern after that time if the
injected doses were 1-10 mg Hg/kg. With lower doses,
the second pattern was usually not seen, even at lon-
ger post-injection intervals. The development of the
second pattern was also partly dependent on the exist-
ence of glomerular filtratration, as will be discussed
in section 4.4.1.1.1.2.2. The two different distribu-
tion patterns found in rats are similar to those found
in mice by Berlin and Ullberg, 1963a (see above). Fur-
ther studies in mice (Nordberg, unpublished data) show
tnat the appearance of the Lwu patterns is dose and time
dependent in a similar manner to that just mentioned
for rats.

Timm and Arncld, 1960, concluded that their studies in-
dicated a binding of mercury especially to mitochondria
in the cells of the proximal tubule. Bergstrand et al.,
1859,a,b, carrying out an electron microscopical ex-
amination of rats' kidnesys after administration of 12 or
25 daily doses of 1 mg Hg/kg body, found an increase

in the size of the mitochondria in the proximal convo-
luted tubules with large amounts of very fine and dense
small particles. After frapmentation of the renal tissue



and centrifugation at high speed the radioactivity of
203Hg was found in 2 fractions, corresponding to mito-
chondria and microsomes. A similar centrifugation study
on kidneys from rats receiving a single oral dose of
mercuric acetate was reported by Ellis and Fang, 1967.
They found the main part of the mercury in the superna-
tant after centrifugation at 35,000 x G and 12 percent
or less in the mitochondrial fraction, which was always
less than what was found in the nuclear fraction (17-
32 percent). The microsomal fraction contained between

1 and 12 percent of the total tissue mercury.

In later electron microscopical studies changes have
been observed in kidney tubule mitochondria (Gritzka

and Trump, 1968, Wessel, Georgsson and Segschneider,
1869), including matrical granular and microcrystalline
deposits. Since such changes are also found in other
types of irreversible cell injury, they are not neces-
sarily deposits of mercury. Very fine granules found

in the cytoplasma after HZS treatment of the tissue were
considered to reflect mercury sulphide in the electron
microscopical study by Wessel, Georgsson and Segschneider,
1969.

Jakubowski, Piotrowski and Trojanowska. 1970, found

that in rat kidneys a large part of the 203Hg was pres-
ent in a fraction with a molecular weight of approximately
11,000. To test whether this protein fraction was similar
to metallothionein, Wisniewska et al., 1970, injected

rats with cadmium chlaoride and 203HgCl2 and analyzed

kidneys by differential centrifugation and gel filtration
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chromatography. Finding the mercury-containing protein
similar to metallothionein, they suggested that mercury
might be transported and detoxified in the body by the
binding to metallothionein in a manner similar to cad-
mium (Piscator, 1964, and Friberg, Piscator and Nordberg,
1971). Studies by Piotrowski et al., in press, have giv-
en further evidence on the binding of mercury in the

rat kidney and liver to a small molecular size protein
with some characteristics of metallothionein. It was al-
so found that prolonged exposure to mercury gave rise

to a larger amount of the mentioned mercury binding protein,
especially in the kidney.

As mentioned above, the blood-brain barrier hinders ths
penetration of mercuric mercury into the brain (Berlin
and Ullberg, 1963a, Berlin, Jerksell and von Ubisch,
1966, Berlin, Fazackerly and Nordberg, 1969, and Nord-
berg and Serenius, 1968). After intravenous injection

of 0.4 mg Hg/kg as Hg(N03)2 in guinea pigs, the rela-
tively small amount of the mercury that penetrates in-
to the brain is initially rather uniformly distributed
with a predominance in the grey matter compared to the
white matter. With time, however, a more differentiated
pattern is szen. Generally the concentration in the grey
matter diminishes except for remaining high concentra-
tions in certain mesencephalic nuclei on the border

line to the rhombencephalon and a few other nuclei,

e.g. nucleus dentatus in the cerebellum,which also re-
tain a lot of mercury for a long time. A prominent con-
centration was seen in the area postrema and in the

plexus chorioideus. In the monkey a similar distribu-
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tion pattern was seen and in addition to the nucleus
dentatus in the cerebellum, the nucleus olivarius in-
ferior and nucleus subthalamicus showed a marked up-
taks of mercury (Nordberg and Serenius, 1968, and Ber-
lin, Fazackerly and Nordberg, 1963). The concentration
differences among different parts of the brain just de-
scribed (illustrated by autoradiography) were substan-
tial and up to 250 times higher concentrations of mer-
cury were detected in some brain structures compared

to others. Other investigators (Ulfvarson, 1969, and
Suzuki, Miyama and Katsunuma, 1971a), measuring mer-
cury concentraticns in relatively large parts of the
brain, have found much smaller differences among their
parts because they could not obtain any similar resolu-
tion between brain structures as obtained by autoradib-
graphy. Timm, Naundorf and Kraft, 1966, detected mer-
cury by a histochemical method especially in the nerve
cells of the brain stem after long oral exposure of rats
to mercuric mercury. Fractionation of subcellular parti-
cles from brains of animals given mercuric mercury has
not been performed, but such studies are available for
vapor-exposed animals (see section 4.3.1.1.3).

Initially, mercury is uniformly distributed in the liv-
er of mice and rabbits but after a few days most of the
mercury is in the periferal parts of the liver lobules
(Friberg, Odeblad and Forssman, 1957, and Berlin and
Ullberg, 1963a).

Ellis and Fang, 1967, found mercury in nuclear, mito-
chondrial and microsomal fractions of rat liver. Similar
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results were obtained by Norseth, 1968, who used the
distribution of marker enzymes for characterization of
the fractions. The distribution pattern among ths sub-
cellular fractions changed gradually after administra-
tion of HgCl2 and especially in the lysosomes an accumu-
lation of mercury was seen with time. Jakubowski, Pio-
trowski and Trojanowska, 1970, and Piotrowski et al., in
press, made similar studies of the binding of mercury

in the liver to those reported above for kidneys. Likewise
in the liver mercury was bound to proteins with both

high and low molecular weights. A portion of the mercury
which is in fractions corresponding to a molecular weight
of about 10,000 has attracted special interest (see
above).

Concerning other organs, it is interesting to note the
observation by Berlin and Ullberg, 1963a, that mercury
accumulates specifically in the wall of the thoracic
aorta, but not in the other blood vessels of the mouse.
In the same study it was found that msercury was loca-
lized specifically in the interstitial cells of the
testis and epididymis but was not found in the testicular
tubules. A more detailed picture showing this specific
distribution in the mouse testicle has been published

by Backstrdm, 1969.

4.3.1.1.2 Mercurous mercury

The distribution of mercury after administration of this
form of mercury is largely unknown. The earlier mentioned
principal considerations on the oxidation of mercury

in the body make it probable that relatively soon after
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administration the absorbed amount will be converted
to the mercuric form and distributed accordingly. Data
from Lomholt, 1928, on rabbits and from Viola and Cassano,

1968, on mice, support such an assumption.

4.3.1.1.3 Elemental mercury

The distribution pattern of mercury after exposure to
mercury vapor is similar to that seen after administra-
tion of a eorresponding amount of mercuric mercury, ex-
cept for higher concentrations in brain, blood and myo-
cardium. For comparison with mercuric mercury (table
4:1), the distribution among the blood, brain, liver
and kidney for selected time intervals are shown in
table 4:2. The higher amounts of mercury found in the
brain after vapor exposure influence ratios involving
this tissue. There are unfortunately very few data on
blood/brain and blood/kidney ratios, but there is a
tandency for these ratios to diminish with time, in
principle the same changs seen after mercuric mercury
exposure.

Concerning the more detailed distribution of mercury

in the tissues there are relatively few studies in which
direct comparisons between occurrences after mercuric
and elemental mercury exposures have been made. The
available data indicate that the distribution is the
same in most tissues, in accord with the concept that
mercury is rapidly oxidized in the tissues once it has
entered them. Since the brain shows the most prominent
difference in concentration between vapor exposure and
mercuric mercury exposure, it is of interest to examine
whether the brain distribution differs betwsen the two



forms of exposure. Such comparative studies have been
performed in guinea pigs by Nordberg and Serenius, 1966,
1969, and in monkeys t5aimiri Sciureus)by Berlin, Fazacker-

ly and Nordberg, 1969. One day and longer after the ex-
posure the distribution within the brain was essentially
the same irrespective of the mode of administration.

The levels after injection of mercuric mercury were
generally lower, except for plexus chorioideus and area
postrema, which structures are unprotected by the blood-
brain barrier. Details of the distribution pattern have
been given in section 4.3.1.1.1. In the very initial
stage of distribution after vapor exposure, a patchiness
was found, reflecting the diffusion of elemental mercury
into the brain tissus.

203Hg in the

Detailed studies of the distribution of

brains of rats and mice after exposure to 203Hg vapors
have been performed by Cassano, Amaducci and Viola, 1966,
1967, and Cassano et al., 1969. They found mercury loca-
lized predominantly in the grey matter. In the cells

the mercury was localized in the cytoplasm and processes
of neurons. They found the greatest concentration of
radioactivity in certain nuclei of the mid-brain, pons,
medulla and cerebellum. In the cerebellar cortex the
mercury was selectively 1localized over the purkinje
cells. The distribution of radiocactivity in different
chemical fractions of nervous tissue was also studied.

It was revealed that 203

Hg was highly ‘concentrated in
the water soluble fraction and in the protein fraction.
The lipid soluble fraction contained no detectable ra-

dioactivity.
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The somewhat different distribution in the blood at
vapor exposure has been commented upon earlier in the

section on transport (4.2).

4.3.1.2 In_human_beings

The extremely scarce data on the distribution in man af”
ter mercuric mercury exposure are reviewed in table 4:3.
Most of these data are relatively old and analytical
errors cannot be excluded. However, when comparing

these data with the animal data (table 4:1), it is seen
that the principal distribution pattern is the same,
i.e., the highest concentration is found in the kidney,
followed by the liver, with low values in the blood and
the brain. It is not possible from the limited material
to draw any conclusions in regard to eventual differences
in the numerical values of the ratios between the differ-
ent organs in man in relation to animals. The relatively
low kidney/liver and kidney/ brain ratios seen in table
4:3 may reflect the pronounced kidney damage with loss

of renal tissue which caused the death of persons poi-
soned with HgClz. Some data on the distribution in blood
in human beings are available (see section 4.2).

Some more recent data have been reported by Sodee, 1963,

who studied the distribution of 197Hg in the human body

by external radioactivity measurements. He found high

197

concentrations of Hg in the kidneys and 30 percent

of the injected dose inlthe liver and spleen. Sodee in-
jected '?’HgCl, intravenously but did not report what

dose of mercury he injected. Other information on meth-
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odological questions is scarce in his report and it is
therefore difficult to evaluate his data. He suggested

197

the use of Hg as a suitable isotope for liver and

spleen scanning.

Artagaveztia, Degrossi and Pecorini, 1970, used 197HgCl2
for differentiation of malignant and non-malignant thy-~
roid nodules. 197Hg1312 was also used by Rosenthall, Grey-
son and Eidinger, 1970, to differentiate malignant and
non-malignant intrathoracic lesions. It was learned

in both of the last mentioned studies that the malig-
nancies accumulated mercury more frequently than did

the benign tumors or inflammatory foci.

For mercurous mercury there are no reliable data on the
distribution of mercury in man. Some results from old
studies have been reviewed by Lomholt, 1928, but it is
difficult to draw any conclusions from them.

For mercurv vapor exposure, the data are extremely scarce
(see however table 4:3). Unfortunately no blood concen-

trations are available. Lower kidney/brain ratios in va-
por exposed persons show that the exposure-dependent dis-
tribution differences exist: also in man. Considerable
accumulation of hercury in the brain after exposure

to mercury vapor is evident from the data reported by
Takahata et al., 1970, and Watanabe, 1971.They studied
the distribution of mercury in formation-treated brain
specimens from two mercury mine workers who had died

from pulmonary tuberculosis. Both workers had been exposed
for more than 5 years to high concentrations of mercury
vapor and one of them (I) died 6 years after exposure
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ended. The other man (l1I) died about 10 years after the
end of exposure. In the brains of both men similarly high
concentrations of mercury were found. Especially in the
occipital cortex (I:34, II:15 ppm), parietal cortex (I:16,
I1:17 ppm) and substantia nigra (I:23, II: 18 ppm) high
concentrations were found. In other parts, e.g. the
caudate nucleus, much smaller concentrations (3-4 ppm)
were found. By a histochemical method mercury was detected
in the lamina III of the cerebral cortex and in the cyto-
plasm of the purkinje cells of the cerebellum. Electron
microscopical examination of purkinje cells revealed small
electron dense granules in the cytoplasm but not in the
nucleus. The data by Takahata et al. show that there

are considerable concentration differences among differ-
ent parts of the human brain and also that the retention
even 10 years after termination of exposure can be con-
siderable, thus indicating a verv long h1alf-life for
mercury in the human brain.

4.3.2 Organic mercury compounds

4.3.2.1 Alkyl mercury compounds

4.3.2.1.1 In animals

4.3.2.1.1.1 Methyl mercury compounds

Some data on the distribution of mercury after administra-
tion of different mono-methyl mercury compounds are pre-

sented in table 4:4, Various species, routes of administra-
tion, exposures, exposure times, time between end of ex-
posure and sacrifice and methods of analysis have been
used. At repeated exposure, values have been recalculated
as daily dose of mercury/kg body weight.

After administration of methyl mercury, the mercury

is more evenly distributed among different organs than
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after administration of inorganic mercury salts. High lev-
els of mercury ares obtained in liver, kidney and blood
cells. Within the kidney, higher levels of mercury are
found in the cortsx than in the medulla (Bergstrand

et al., 1959a, Berlin and Ullberg, 1963c, Platonow, 1968a,
and Rissanen, 12968). High levels occur also in the spleen
and in the pancreas (Norseth and Clarkson, 1970b).

In relation to liver and kidney, the CNS shows a low
mercury level, though the brain mercury level found af-
ter administration of methyl mercury is high in compari-
son with those seen after administration of inorganic
mercury salts (e.g., Berlin, 1963b, and Berlin and
Ullberg, 1963c). After a single administration of methyl
mercury salt to mice (Berlin and Ullberg, 1963c, Suzuki,
Miyama and Katsunuma, 1963) and rats (Swensson and
Ulfvarson, 13868b, Norseth, 1369b, Ulfvarson, 1969a, 1970,
and Norseth and Clarkson, 1970b), the CNS reaches its
maximum concentration several days later than the other
organs. It seems that the blood-brain barrier delays
distribution. The distribution to the brain is accel-
erated by administration of 2,3-dimercaptopropanol
(Berlin and Ullberg, 1363d, and Berlin, Jerksell and
Nordberg, 1965),

Studies on mice (Berlin and Ullberg, 1963a), rats (Fri-
berg, 1959, Swensson and Ulfvarson, 1968b, and Ulfvarson,
1969a), cats (Yamashita, 1964), dogs (Yoshino, Mozai

and Nakao, 1966a), pigs (Platonow, 1968a and b, Coldwell
and Platonow, 1969, and Bergman, Ekman and Ostlund, to

be published) and monkeys (Nordberg, Berlin and Grant,
1971) indicate concentration differences among differ-

ent parts of the CNS. In poisoned dogs, Yoshino, Mozai



and Nakao, 1966a, found higher mercury levels in the
calcarine cortex than in other parts of the brain.
Studies on repeatedly exposed monkeys (Nordberg, Berlin
and Grant, 1371, and Berlin, Nordberg and Hellberg, in
press) showed an accumulation of mercury in subcortical
layers of the cerebellum and the calcarine area. Data

on pigs indicate a decreasing mercury level in the ner-
vous system from the cerebral cortex to the peripheral
nerves (Platonow, 1968b, and Bergman, Ekman and 8istlund,
to be published).

In this connection it may be mentioned that mercury can
be demonstrated histochemically in brain tissue from
methyl mercury poisoned persons mainly in the glia cslls
(Oyake et al., 1966, Hiroshi et al., 1967, and Takeuchi
et al., 1968b).

Little is known concerning the distribution of mercury

on the subcellular level after administration of methyl
mercury. Yoshino, Mozai and Nakao, 13966b, found almost
all mercury in the protein fraction in the rat brain
while lipid and nucleic acid fractions contained little
mercury. Norseth, 1968a, and Norseth and Brendeford,
1971, studied by marker enzyme technique the distribution
in rat liver cells. The highest mercury levels were found
in the microsomes while lyzosomes/peroxisomes contained
less.

From table 4:5 it is evident that considerable species-
related differences in distribution exist. The ratio

between levels in whole blood and brain is 10-20 in rats.



4-67.

For other species the more limited data available indi-
cate a ratio of about 1 in mice, 1-2 in cats, 0.4-0.5
in dogs and pigs and 0.1-0.2 in monkeys. If the consid-
rable variation in che ratio blood cells/plasma among
different species (section 4.2.2.1.1.1.1) is taken into
account, it is obvious that the ratio plasma/brain is
by far more consistent among different species than the
ratio whole blood/brain.

It may be noteworthy that Miller and Csonka, 1968, ob-
served certain differences between two different strains
of mice in distribution of mercury after administration

—

of methyl mercury.

Studies in mice indicate that the distribution of mer-
cury after a single administration of methyl mercury

is dose-dependent (Ostlund, 1969b). In rats the distri-
bution is constant at non-toxic doses (Norseth, 1968b,
Ulfvarson, 1969a and 1970) but may show a slightly dif-
ferent pattern at high doses (Ulfvarson, 1969b and 1970).

Methyl mercury easily passes through the placental bar-
rier in the species studied (section 4.1.2). The distri-
bution in the mouse fetus is rather even and comparable
to that in the mother (Berlin and Ullberg, 1963c). A
characteristic uptake occurs in the fetal lens (Ostlund,
1969b).

Ostlund, 1969a and b, studied the metabolism of di-methyl
mercury in mice after inhalation or intravenous administra-
tion. The initial distribution was quite different from

that of mono-methyl mercury. A rapid distribution mainly
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to the fat deposits and to a less extent to tissues con-
taining lipophilic cells occurred. The levels in differ-
ent parts of the CNS were equal to or lower than those
in the blood, which was low in concentration. In the
liver and kidney, concentrations were moderate and in
the adrenal cortex, fairly high. The major part of the
di-methyl mercury was rapidly exhaled. After 16 hours
only mono-methyl mercury remained in the body. After

24 hours, mercury was distributed following the charac-

teristic pattern of methyl mercury.

Intact di-methyl mercury in mice did not pass across the
placental barrier at all cor only to a minor extent (0st-
lund, 1968b, section 4.1). The fraction of mono-methyl
mercury found in the body after exposure to di-methyl
mercury does accumulate in the fetus.

4.3.2.1.1.2 Ethyl and higher alkyl mercury compounds
Some data on the distribution of mercury after administra-

tion of ethyl mercury compounds are shown in table 4:5.

The principles used in the compilation were the same

as those applied in table 4:4. Though the data are not

as uniform as those on methyl mercury, the general im-
pression is that distribution patterns similar to those
after the administration of methyl mercury can be found.
This has been shown in studies comparing the distribution
of methyl and ethyl mercury (Ulfvarson, 1962, Suzuki,
Miyama and Katsunuma, 1963, and Yamashita, 1964},

Ukita st al., 1969, Sakuma and Sato, 1970, and Takahashi
et al., 1371, studied the distribution in the brain of
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the cynomolgus monkey up to 8 days after a single intra-
peritoneal or intravenous injection. Mercury accumulation
was observed by whole-body radiography in the cerebral
and cerebellar cortices, in the subcortical grey matter,
in various nuclei, in the brain stem, and in the grey
matter of the spinal cord. A pronounced accumulation

was observed in the grey matter of the occipital lobe.
There were indications that the mercury passed into the
brain from the blood and not through the cerebrospinal
fluid. A similar distribution was observed in cats by
the same technique by Ukita et al., 1969.

In table 4:6 data have been compiled on the distribution
of mercury after administration of alkyl mercury compounds
other than methyl and ethyl mercury.From the table it

is evident that knowledge on higher alkyl mercury com-

pounds is incomplete and inconclusive. In comparative
studies in rats and mice the distribution of propyl
mercury compounds was similar to that of methyl mercury
(Ulfvarson, 1962, Suzuki, Miyama and Katsunuma, 1963, and
Itsuno, 1968). For higher alkyl mercury compounds certain
di fferences have been reported (Suzuki, Miyama and Katsu-
numa, 1964, and Takeda et al., 1868b). After n-butyl
mercury chloride injected subcutaneously into rats in

a single dose of 10 mg/kg the levels of mercury in the
brain were only about half of those found after identi-
cal doses of ethyl mercury chloride.

Substituted alkyl mercury compounds will be discussed

in section 4.3.2.4 on other organic mercury compounds.
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4.3.2.1.2 In human beings

4,3.2.1.2.1 Methyl mercury compounds

Of the alkyl mercury compounds, only methyl mercury has
been experimentally studied in man. Aberg, Ckman, Falk
and collaborators (section 4.1.2.1.2.2) in their study
on the metabolism of orally administered labelled tracer
doses of methyl mercury found that the distribution as

measured by whole-body counting was rather constant dur-
ing the period of 14 days. In three subjects 9-11 percent
of the total amount of mercury between the top of the
head and the knees was in the head. The major part of
this mercury was assumed to be in the brain. In the neck
region 3-7 percent of the radioactivity was found,in

the trunk and arms, 51-58 percent (probably a major part
in the liver), in the uro-genital region, 11-14 percent,
and in the thigh region, 16-22 percent.

Based on data from the human tracer dose experiments
(Aberg et al., 1969, Miettinen et al., 1969, and 1971)
indicating 10 percent of the total body burden in the
head, probably mainly in the brain, and 1 percent of

the total body burden in 1 liter of whole blood, it

may be assumed that the ratio between the concentrations
in whole blood and brain is 0.1-0.2, which agrees well
with data on monkeys (section 4.3.2.1.1.1).

From data on distribution of mercury in cases of methyl
mercury poisoning (section 8.1.2.1.1.3, tables 8:1, 8:2),
it is seen that the levels found in liver and kidney
generally were higher than those in the brain. Several
authors have analyzed different parts of the brain sep-
arately (Ahlmark, 1948, Lundgren and Swensson, 1949,

Hobdk, Lundgren and Swensson, 1954, Tsuda, Anzai and Sakai,
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1963, Okinaka et al., 1964, Hiroshi, 1967, and Tsubaki,
1871, and personal communication). No definite conclu-
sions about differences in concentrations among differ-
ent anatomical regions or between grey and white matter
can be established. The only analysis of peripheral nerve
tissue reported so far did not show deviations from lev-
els found in other parts of CNS (Lundgren and Swensson,
1948]).

4.3.2.1.2.2 Ethyl mercury compounds
Hay et al., 1963, studied the distribution of mercury
in a worker who had died of ethyl mercury chloride poi-

soning. The level in kidney was 82 ug/g, in liver, 17
Fg/g and in different parts of CNS, 1-62 pg/g. Suzuki et
al., in press, in a case of suspected ethyl mercury poi-
soning (section 8.1.2.1.2.2) found 69 pg/g in the
liver, 35 and 43 pg/g in the renal cortex and medulla,
respectively, 13-24 ug/g in different parts of the CNS,
and 9 Fg/g in a peripheral nerve.

There is no information on distribution of alkyl mercury
compounds other than methyl and ethyl mercury in man.
Substituted alkyl mercury compounds will be discussed

in section 4.3.2.4 on other organic mercury compounds.

Only data from animal experiments are available. Almost
all studies on the distribution of aryl mercury compounds
have heen done with phenyl mercury salts.

The distribution pattern of mercury after administration

of phenyl mercury compounds is far more complex than
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that seen after alkyl mercury compounds. Biotransformation
of phenyl mercury into inorganic mercury (section 4.2.2.2)
results in redistribution or apparent redistribution. In
addition, the distribution pattern is dose-dependent. Af-
ter a single administration of phenyl mercury or during

a repeated exposure there are definite changes in the dis-

tribution pattern.

Berlin and Ullberg, 1963b, in an autoradiographic study

in mice initially found a relatively large accumulation in
the liver and later, in the kidney. Similar observations
have been made in rats (Ulfvarson, 1962, Takeda et al.,
1968a). Ulfvarson, 1969a, showed that in the rat the
distribution was completed 30-40 days after a single

dose. After that time some kind of dynamic equilibrium
seems to be established.

While the initial distribution of mercury after administra-
tion of phenyl mercury is similar to that seen after
administration of short chain alkyl mercury compounds,
later on the pattern approaches the distribution of inor-
ganic mercury salts (Swensson, Lundgren, and Lindstrém,
1959a and b, Ulfvarson, 1962, Berlin, 1963b, Takeda et

al., 1968a, and Ukita et al., 1969). There are, however,
some definite differences, the main one involving the

brain (see below).

Some data on the distribution of mercury after administra-
tion of phenyl mercury salts have been compiled in table
4:7. The data have been selected to show the conditions

at single or repeated administration, at high and low

exposure, at different times after start or cease of



axposure and in various species. From the tahle it is
obvious that the levels found in the kidney are far
higher than levels in other organs. Furthermore, high
levels are observed in the liver while the brain levels

are low.

Within the kidney, mercury accumulates in the cortex
(Bergstrand, Friberg and Odeblad, 1958, Berlin and
Ullberg, 1963b). The distribution is similar to that
of inorganic mercury salts. Initially, the distribu-
tion in the liver is sven, while later, mercury is
located in the peripheral parts of the liver lobules
(Berlin and Ullberg, 1963b).

Ellis and Fang, 1967, and Massey and Fang, 1968, after
administration of phenyl mercury acetate to rats and
exposure of tissue slices to phenyl mercury in vitro,
studied the incorporation of mercury in different cell
fractions from liver and kidney. The highest binding

of mercury was observed in the nuclear fraction while
the mitochondrial and microsomal fractions contained
less. Piotrowski and Bolanowska, 1970, reported that

in kidney homogenates from rats exposed to a single dose
of phenyl mercury acetate (0.2-2 mg Hg/kgl), mercury was
found in two protein classes separated on Sephadex gel.
The one that contained the more mercury (70 percent
after 3-7 days) had characteristics of a mercury-metallo-
thionein complex. This complex was found alsoc in liver

serum and in urine.

As mentioned above, the mercury concentration in the
brain is low in relation to those in kidnev and liver.
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Increased brain concentration can be seen after admin-
istration of 2,3-dimercaptopropanol (Berlin and Ullberg,
1963d, Swensson and Ulfvarson, 1967). Further, concen-
tration differences have been noted also within the cen-
tral nervous system (Friberg, Odeblad and Forssman, 1957,
Berlin and Ullberg, 1963b, Swensson and Ulfvarson, 1968,
and Suzuki, Miyama and Katsunuma, 1971a). The levels
found in the brain are comparable to those seen after
inorganic mercury salts but much lower than after the
corresponding exposure to short chain alkyl mercury com-
pounds (cf. tables 4:4-6).

Miller and Csonka, 1968, proved that the distribution
of mercury after administration of a phenyl mercury salt
differed between two strains of mice.

The distribution pattern of mercury after a single admin-
istration of phenyl mercury compounds is dependent upon
the dose, indicating a saturation (Cember and Donagi,
1964, Ulfvarson, 136%9a and 1970). In the experiment on
chronic exposure performed by Fitzhugh et al., 1950,

a saturation at about 40 pg Hg/g kidney seems to have
been obtained at high exposure, while in the liver, no
such steady level was reached.

In table 4:7 the ratios of mercury levels betweén whole
blood and brain in the rat range from 0.4 to 12. Though
the variation is considerable, the highest ratios are
generally seen initially after high exposures, probably
mainly due to the initial high blood cell concentrations
(section 4.2.2). With time, the gap between blood and
brain levels decreases both after repeated administration



and after a single dose. The blood/brain mercury concen-
tration ratio is then lower than after exposure to short
chain alkyl merury compounds (tables 4:4-6), and similar
to that seen after inorganic mercury salts (section
4,3.1). The ratio plasma/brain at exposure to phenyl
mercury salt is similar to that observed after inorganic
mercury salts (Takeda et al., 1968a). As is seen from
table 4:7 the ratios between mercury levels in blood

and kidney vary even more than the ratios betwsen blood
and brain. The kidney levels have been found to bes 10-
1,000 times higher than blood levels.

Distribution of simple alkoxyalkyl mercury salts has
been studied solely with methoxyethyl mercury salts.
Only data from experiments on rats are available.

Published data on the distribution of mercury in rat
tissues after administration of methoxyethyl mercury
hydroxide are presented in table 4:8. The comparison
is meant to include, as far as possible from the scan-
ty data available, variations in regard toc intensity
of exposure and to time between exposure and sacrifice.
It is obvious that the levels found in the kidney are
by far the highest. Fairly high levels have alsoc been
found in the liver, while brain concentrations are less

prominent.

Comparing the distribution patterns after administration
of phenyl mercury compounds (section 4.3.2.2) and methoxy-
ethyl mercury compounds, some minor differences may be

noted. The change in the pattern with time after admin-
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istration which was prominent in phenyl mercury exposure
is less obvious in methoxyethyl mercury exposure. The
initial level in the liver seems to be lower than after
phenyl mercury (Ulfvarson, 1962). Later, the distribution
of mercury is verysimilar to that seen after administra-
tion of phenyl mercury and also of inorganic mercury
salts. This may be explained by the more rapid trans-
formation of methoxyethyl mercury into inorganic mercury
(Daniel, Gage and Lefevre, 1971). There is a definite
difference when compared to the pattern seen after admin-
istration of short chain alkyl mercury compounds (tables
4:4-5).

The distribution pattern of mercury after administration
of methoxyethyl mercury is dose-dependent. Studies by
Ulfvarson, 1969a, indicate that saturation phenomena

may occur in some organs.

As shown in table 4:8, the mercury levels in whole blood
were 1-75 times higher than the levels in brain. The
highest levels were measured shortly after a heavy single
dose, while at lower exposures and later after a single
high dose, the blood/brain ratio ranged from about 1

to about 4. The kidney levels wers 2-1,000 times higher
than the blood levels.

Norseth, 1867, and 1969a, using marker enzyme techniques,
studied the subcellular distribution in the rat liver

of mercury administered as methoxyethyl mercury acetate.
The distribution of mercury was similar to that seen
after inorganic mercury but certain differences were
noted in relation to methyl mercury dicyandiamide.
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Substituted alkoxyalkyl mercury compounds (mercurial diu-
retics) will be discussed in section 4.3.2.4 on other

organic mercury compounds.

A few notes on the distribution of mercurial diuretics
may be of interest. Chlormerodrin, meralluride, mersalyl
and mercaptomerin have bgen shown to give high levels
rapidly after administration in the kidney of rats
(Borghgraef and Pitts, 1956, and Anghileri, 1964),
rabbits(Aikawa, Blumberg and Catterson, 1955) and dogs
(Kessler, Lozano and Pitts, 1957, Borghgraef and Pitts,
1956, and Vostal, in press). Within the dog kidney the
highest mercury levels occur in the renal cortex (e.g.
Greif et al., 1956). The mercury in the cortex has been
stated to be located in the convoluted tubules. Thes levels
in other organs are considerably lower than those in

the kidney.

Studies in man dosed intravenously with about 0.01 mg
Hg/kg body weight as chlormerodrin (Goldman and Freeman,

1971) have been reported. There is an accumulation of
mercury in the kidney (McAfee and Wapner, 1860, Blau

and Bender, 1962, Kloss, 1962, and Reba, Wagner and
McAfee, 1962). Similarly renal accumulation has been
studied at 400-80N times higher doses, the mercury
being present mainly in the cortex (Aikawa and Fitz,
1356). Other orpans contain little mercurv. A con-
siderable part of the mercury in the kidney is rapid-

ly excreted in the urine (see section 4.4.2.4.2).

The pattern of distribution of mercury after intra-

venously administercd MHP to rats is dese-rependent
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(Fischer, Mundschenk and Wolf, 1965). In a short-term
study in the dog the highest mercury levels were found

in the snleen (Kessler, Lozano and Pitts, 19573).

The distribution of mercury from labelled MHP admin-
istered intravenously directly or after mixing with blood
in doses ranging 0.05-0.1 mg Hg/kg body weight has been
studied in man by radioactivity scanning. There is a
rapid increase in the radiocactivity over the spleen

and over the liver (Wagner et al., 1964). The maximum
spleen level is obtained within a few hours; then there
is a rapid decrease in the splenic count and, to a lesser
extent, over the liver, and a gradual increase in the
kidney (Fischer, Mundschenk and Wolf, 1865). The kidney
has been stated to contain about 75 percent of the total
body burden and the liver, 25 percent (Croll et al.,
1865). The mercury level in the kidney decreases slowly
(see section 4.4.2.4).

4.3.3 Summary

The distribution of inorganic mercury is extremely dif-

ferentiated. The data on distribution are very limited
for human beings and the following summary is based
mainly on animal data. With exception of the brain, the
distribution is similar after exposure to mercuric mer-
cury and to elemental mercury vapor. The distribution
pattern changes so that relatively more mercury is found
in the kidneys and the brain with the passage of time
after a single exposure. After vapor éxpoéure‘the concen-
tration in the brain is about 10 times higher than af-
ter administration of a corresponding dose of mercuric

mercury. Generally the kidney contains the highes* con-
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centration of mercury, the liver has the next highest,
and thereafter the spleen, the brain and other organs.
The blood contains a relatively large amount of mercury
soon after axposure, but the concentration diminishes
rapidly with timse,

Also within the various organs a differentiated distri-
bution can be seen. In the kidney the mercury is retained
pradominantly in the tubules. In the brain, the cerebral
and cerebellar cortex and certain nuclei take up the
mercury.

The distribution of mercury at exposure to mono-methyl
and mono-ethyl mercury salts has been studied in several
species, including man. The distribution pattern, far
simpler than at exposure to inorganic mercury salts,

is relatively unaffected by dose level and time after

a single exposure or exposure time. Thé mercury levels

found in different organs differ much less than at ex-
posure to inorganic mercury salts. The highest levels
are obtained in liver and kidney. The levels found in
CNS are lower but considerably higher than after cor-
responding exposure to inorganic mercury salts. There
is a time lag in brain accumulation of mercury after
single administration. High levels are also present in
blood cells. In human tracer dose experiments with methyl
mercury about 10 percent of the total body burden was
found in the head, probably mainly in the brain and
5-10 percent in the blood. In monkeys accumulation of
mercury has been observed in the subcortical layers in
the cerebellum and in the calcarine area. Mono-methyl
mercury and mono-ethyl mercury pass the placental bar-
rier.
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As studied in mice, di-methyl mercury Wwas rapidly dis-
tributed to the fat deposits and to a less extent to

the liver and kidney. The main part of the dose was
rapidly exhaled in unchanged form while a small part
was metabolized into mono-methyl mercury and distributed

as such in the manner described above.

The information on the distribution of mercury after
aryl mercury salts is less complete than that on short
chain alkyl mercury compounds. Almost exclusively phenyl
mercury salts have been studied. No information is avail-

able about the distribution in man. The distribution
pattern as seen in animals is far more complex than af-
ter short chain alkyl mercury compounds. It is dependent
upon the dose level and the exposure time or the time
between a single administration and sacrifice. Initially
after administration the distribution pattern has certain
similarities to that seen after administration of short
chain alkyl mercury compounds, while later on it is

more similar to that seen after administration of inor-
ganic mercury salts. This is due to breakage of the
covalent carbon-mercury bond with a subsequent re-distri-
bution of the inorganic mercury. The level in the kidney
is much higher than in any other organ. Within the kidney
higher levels are found in the cortex than in the medulla.
The levels in CNS are much lower than those seen after
corresponding exposure to short chain alkyl mercury com-
pounds but similar to those after inorganié mercury salts.

Information on the distribution of simple alkoxyalkyl
mercury compounds is confined to methoxyethyl mercury

salts in rats and mice. The complex distribution rattern
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is similar to that seen after exposure to phenyl mercury
salts. The pattern is dependent upon dose and time. The
highest levels occur in the kidney while the CNS concen-
tration is low. The redistribution is explained by a

rapid breakdown of the carbon-mercury bond.

Mercurial diuretics are distributed to a very large extent
to the kidney, mainly to the cortex.

4.4 RETENTION AND EXCRETION

4.4.1 Inorganic mercury

From what has been said about the biotransformation and
transport of mercury in the body it is conceivable that
the retention and excretion of different forms of inor-
ganic mercury approach the excretion of mercuric mercury
at the time after the administration at which conversion
to this form of mercury has taken place. In accordance
with this concept, the conditions for mercuric mercury
will be described first and with these as background,
the other forms of inorganic mercury will be considered.
Data on the usefulness of blood or urine values in pre-
vention and control of occupational exposures will be
dealt with mainly in Chapter 7; the theoretical back-
ground will be outlined in section 4.5.

4.4.1.1 Mercuric mercury

4.4.1.17.1 In animals

4,4,1.1.1.1 Retention and risk of accumulation at repeated

exposure
The whole-body retention is best illustrated by the bio-
logical half-1life of mercury. Studies on this entity

have been made by daily measurements of total fecal and



urinary excretion or by direct whole-body measurements
of radioactive mercury in the animal. The work of
Prickett, Laug and Kunze, 1350, and Ulfvarson, 1962,
falls within the first category. Their results show that
mercuric mercury is eliminated from rats relatively fast
in comparison with methyl mercury but at a rate similar

to phenyl mercury.

Direct whole-body measurements are the most accurate
way of describing the biological half-life. Such mea-
surements have been performed on several species.
Rothstein and Hayes, 1860, found an elimination curve
for i.v. or i.m. injected rats following three consecu-
tive exponential curves with half-lives of 5 days, 25-
36 days and 90-100 days, respectively. Similar elimina-
tion curves for rats have been found by Cember, 1868,
and Phillips and Cember, 1369. These authors found that
the elimination rate was to some extent dose dependent
so that high doses tended to be faster eliminated than
low ones. Ulfvarson, 196%9a, also reported this effect of
different doses.

A whole-body retention curve for mice has been reported
by Berlin, Jerksell and von Ubisch, 1966. From their
data a half-life of 2-3 days can be calculated for i.v.
injected mercuric mercury. Thus the elimination rate

is faster for mice than it is for rats. In addition to
species differences, strain differences may also influ-
ence the retention to a certain extent as shown for two
strains of mice by Miller and Csonka, 1968. In the mon-
key (Saimiri sciureus) the half-1life of i.v. injected

Hg[NO3)2 is similar to or somewhat slower than the one
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observed for rats (Berlin and Nordberg, unpublished
data).

Although the biological half-1life of mercury in the
whole-body gives a general idea about the kinetics of
mercury turnover, it is the biological half-1life in
critical organs that is of importance for the accumu-
lation and risk of intoxication at repeated exposure.
The change of the distribution pattern with time after
a single injection of mercuric merdury (see section
4.3.1.1) reflects the varying rates of elimination from
different parts of the body. Organs which have uptake
and retention conditions favoring a high accumulation
of mercury at a particular exposure aré:the same organs
which are critical at that kind of exposuré. Thus at
acute exposure or even at.prolonged exposure to mercuric
mercury, the kidney invariably contains the highest con-
centrations of mercury but at a prolonged gxposure also
certain parts of the brain are apt to reach high concen-
tration levels. Brain accumulation is particularly prom-
inent at Hg®-vapor exposure which will be considered

in section 4.4.1.3.1.1. Retention in e.g. the thyroid
and the testicles is appreciable both at H"gZ"+ and Hg®

exposure.

For a more precise evaluation of the risk of accumula-
tion in different critical organs at different kinds

of exposure, a mathematical model for the kinetics of
mercury exchange among different body compartments and
excretion would be useful. Such a model has proved to

be of value for the medical evaluation of methyl mercury
toxicity (figure 4:2 and section 8.1.2.1.3), but in

that case the properties of methyl mercury permitted

the use of a one compartment svstem, The different uptake
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and elimination rates for different organs in the case
of mercuric mercury make a multicompartment model nec-
gssary. Cember, 1969, postulated a four compartment
model (kidney, liver, other tissues and excretion reser-
voir) and estimated numerical values for the turnover
rates among different organs in the rat after a single
exposure. With the assumption that Cember's equations
are generally applicable, his expression for the quan-
tity of mercury in the kidney = Qs for a single dose
has been used to form an expression for the accumulated
amount in the kidney after a certain time of repeated
daily exposures. The following expression has been ob-
tained for the accumulated quantity of mercury in the
kidney after n days:

O, = Q foks, %}? e Kt8 - 259 g ™K
®n 0 K - Ky 8-0 8=0

"I ;
A key to the symbols and to the numerical values for

the rat is -

B = Time in days (=n)

Qo = Injected dose daily

Kt = Turnover rate for tissue compartment 0.46/day

Ks = Turnover rate for the kidney 0.035/day

FsKt= Fraction of mercury transferred per unit time from

tissue compartment to kidney
Fs = 0.45

The corresponding accumulation curve is seen in figure
4:1. To allow comparisons, experimental data from two

studies involving repeated exposure are also plotted
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in figure 4:1. A clear difference between the theoreti-
cal curve and Friberg's (1956) data is seen, whereas
Ulfvarson's (1962) data approximately follow the theoreti-
cal curve. Friberg's data on excretion (for details,

see section 4.4.1.1.1.2) also showed an earlier equilib-
rium than predicted by the theoretical accumulation curve.
The explanation for that is a shorter half-life during ex-
posurs than after exposure (Friberg, 1956). As the theo-
retical curve was deduced from turnover constants for

the kidney obtained from single exposure experiments,
these circumstances can be responsible for the difference.
The fact that the experimental data by Ulfvarson follow
the theoretical curve better may be a question of dosage
because Ulfvarson gave only about 1/10 of the daily

dose given by Friberg. As will be seen from data given in
Chapter 7, it is impossible to precise a critical level
for kidney damage due to inorganic mercury because of the
limitations of these available data. It seems, however,

in view of the data reported by Fitzhugh et al., 1850,

and Ashe et al., 1953, that 200 Fg/g in the kidneys of the
rats in Friberg's 1956 study is substantially above the
critical level. This may be the explanation for the devia-
tion of Friberg’s data from the theoretical curve since

it has been shown that excretion of renal tubular cslls

is concomitant with the development of histological
changes in the kidney tubules (see section 7.2.2.1). With
all probability such cell excretion also means an in-
creased excretion of mercury. With the assumption of a
critical kidney level of 40 Fg/g and a kidney weight of
1.5 g in a 200 g rat, an absorbed dose of about 25 pg/kg
per day would be necessary to reach the critical level



in about 100 days according to figure 4:1. These values
are offered only to exemplify how the given mathemati-
cal expression could be used when the critical organ
level is known. However, the present uncertainties sur-
rounding both the validity of the theoretical curve and
the critical level make definite statements concerning
these matters impossible, but it would be of great bene-

fit to get more experimental data.

From the discussion above, it is evident that even for
the kidney, for which data are relatively abundant, it

is difficult at present to use a mathematical expression
for calculation of the critical intake levels at repeated
exposure. For other organs which are critical in mercury
poisoning, especially the brain, the situation is still
more complicated by greatly differing rates of turnover
for different parts of the brain. It can be said, however,
that the turnover of mercuric mercury in the main parts of
the rat brain is as slow as or slower than that in the
kidney after single exposure (see section 4.3 and table
4:1) so that the accumulation curve will be at least

as prolonged as indicated by the theoretical curve in
figure 4:1. For discussion of the brain accumulation

at Hgo -vapor exposure, see section 4.4.1.3.1.1.

4.4,1.1.1.2 Excretion

4.4.1.1.1.2.1 Urinary and fecal excretion

Mercuric mercury (Hg2+) is excreted from the body mainly
by the feces and urine but routes such as exhalation, milk,
sweat and hair may also contribute.
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Prickett, Laug and Kunze, 1850, compared the excretion

in rats after an oral and after an intravenous dose

(0.5 mg Hg/kg) of mercuric acetate. They found 80 percent
of the dose in the feces and one percent in the urine
during 48 hours after the oral dose and 10 percent in

the urine and 18 percent in the feces during 48 hours
after the injection. The larpe part in feces after an
oral dose mainly reflects unabsorbed mercury and the

one percent in urine comes from the absorbed (see also
section 4.1.1.2.2).

Adam, 1951, found 39 percent of the dose esxcreted in
the urine and 27 percent in the feces 14 days= after
i.v. injection of 203HgC12 (1 mg Hg/kg) into a rabbit.

Rothstein and Hayes, 1960, also used radicactive mercury
203Hg in their studies in rats on excretion of mercury
after a single intravenous injection (0.25 mg Hg/kg)

of mercuric nitrate. During the first 9 days the fecal
excretion exceeded the urinary excretion but after that
time the urinary excretion prevailed. Because of the
large part excreted during the first 9 days, the cumu-
lative excretion in the feces exceeded the cumulative
urinary excretion for the whole period of study (54
days). The authors found that intravenously and intra-
muscularly injected mercuric mercury was excreted at

a similar rate. Takeda et al., 1368a, found a high fecal
excretion during the first days after a subcutaneous
203HgC12 {3 mg Hg/kg) in the rat, and later,

about equal amounts in feces and urine. The excretion

injection of

rate in percent of the initial dose was about the same
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for different Joses of mercury (Rothstein and Hayes,
1960) but with higher doses a larger part of the mer-
cury tended to be excreted in the urine compared to the
feces (doses 0.025-0.25 mg Hg/kg tested].

Cember, 1362, showed that the dose was of importance

for the route of elimination of inorganic mercury., thus
confirming the above mentioned observation by Rothstein
and Hayes, 1960. The same is true of the results reported
by Phillips and Cember, 1369, who used intraperitoneal
injection. When 0.01 mg/kg was injected, cumulative fecal
excretion exceeded cumulative urinary excretion, but

when 0.5 mg/kg was given, the opposite happened. Phillips
and Cember reported that the total excretion rate was
dose-dependent so that an increasing eslimination rate

was observed with increasing dose. Ulfvarson, 1969a,

made a similar observation.

Friberg, 1956, studied the excretion of 203Hg in rats
after repeated subcutaneous injections of mercuric chlo-
ride at a daily amount of 0.5 mg Hg/kg 7 days of the
week. The excretion of mercury in urine and feces reached
a relatively constant level after about 2 weeks at which
time the output of mercury roughly equalled the administered
dose. At this equilibrium stage about 70 % was excreted
in the urine and about 30 % in the feces. Friberg noted

a periodic variation in the excretion of mercury in

the urine, but no corresponding variability in the fecal
excretion.

From the data by Ulfvarson, 1962, on rats s.c. injected
with 0.1 mg Hg/kg every second day, it can be calculated



that 27 percent of the total amount injected during the
third week was excreted in the urine and 44 percent via
the feces, meaning that the fecal route dominated also

at this injection period. As the daily dose given by
Ulfvarson, 1962, was only about 10 percent of the dose
given by Friberg, 1956, this is in agreement with studies
on single injection, that proportionally more mercury is
excreted in the urine with higher doses.

4.4,1.1.1.2.2 Mechanism for fecal and urinary excretion

The mechanism behind fecal excretion of mercury has not been
studied so intensely as the urinary one. The limited amount
of data available on fecal excretion will be dealt with first
in this section.

After injection of 203

HgClz, Berlin and Ullberg, 13963a,
showed in the mouse that mercury accumulated in the
salivary glands but was cleared from this organ at

the same rate as for blood. Mercury appeared in the

colonic mucosa vaery soon after injection and was also
found in other mucous membranes of the alimentary tract

and in the bile. These data are in favor of a direct
transfer of mercury to the contents of the alimentary

tract via the mucous membranes of the gastrointestinal
tract. However, as mercury gives rise to salivation the
question as to whether mercury enters the gastrointestinal
tract mainly by way of the salivation has been discussed
since long ago.

Lieb and Goodwin, 1915, found mercury in the gastric
contents of rabbits and cats in spite of ligation of

the esophagus. They concluded that mercury found in the
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gastrointestinal tract was not derived from the saliva.
Witschi, 1965, studied the mechanisms behind the intes-
tinal excretion of mercury and found that mercury was
released through the duodenum, the jejunum and the co-
lon. Their results indicated that the process of excre-

tion was dependent upon the plasmoenteral circulation.

Friberg, 1956, furnished some data which have a bearing
upon the mechanisms of urinary excretion of mercury.After
a longer period of repeated injections of radioactive
203Hg. one group of rats was given no further treatment
while another group received continued treatment but
with nonradiocoactive mercury. The latter condition in-
creased considerably the excretion of radicactive mer-
cury in urine and diminished the conecentration of ra-
dioactive mercury especially in the kidney in comparison
with the control group not receiving any more treatment.
These data show that at least a part of the mercury ex-
creted in urine must be derived from the mercury accumu-
lated in kidney tubules.

Berlin and Gibson, 1963, studied rabbits during times
up to 5 hours with differing rates of intravenous in-

fusion of mercuric chloride (203

Hg, 0.1-1 mg Hg per

3-4 kg rabbit). The extraction of mercury from the renal

arterial blood was found to be 10 percent or less. About

50 percent of the total dose infused was taken up by

the kidneys but less than 10 percent was excreted in

the urine. Urinary excretion of mercury and blood concen-
trations were found to be correlated but there was no

correlation between the amount of mercury accumulated



in the kidney and the urinary excretion of mercury. In
additional experiments one of the ureters was ligated
and the accumulation in the two kidneys comparedwafter
the infusion was completed. About 12 percent of the
total infused dose was found in the kidney with the
ligated ureter, and about 15 percent was in the non-
ligated kidney. The small difference was explained by
decreased blood flow following ligation of the ureter.
It would have been much larger if accumulation had been
a result of glomerular filtration of mercury. The uptake
of mercury in the kidney was therefore considered to
have occurred directly from the blood. In the same study
the ultrafiltrability of mercuric mercury added in
vitro was tested. Less than 0.1 percent of the mercury
was found in the ultrafiltrable fraction according to
the figures given in the paper, and the authors con-
cluded that the fraction was less than 1 percent.

Dreisbach and Taugner, 1966, made similar experiments
on rats after intramuscular injection of HgClz. The
ultrafiltrability of plasma mercury was found to be
1.13 2 0.2 % (16 determinations on 8 animals). Calcu-
lations of the part of mercury which had been filtered
through the glomeruli revealed that this was well above
the amount excreted in the urine, but even the total
non-protein-bound mercury which had passed the kidneys
was much less than the amount accumulated in the kidney
tissue. These findings are the same as those by Berlin
and Gibson, 1963. In the same work Oreisbach and Taugner

studied the uptake of mercury in the kidneys both by
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measurements and by autoradiography after the ligation

of the ureter on one side. They found that this treat-
ment decreased the mercury uptake in the ligated kidney

to about 30 percent of the value in the non-ligated

kidney (they removed the kidneys 10 minutes after the
injection of mercury). The autoradiograms showed a dif-
ference in the accumulation pattern in the kidney.

In the ligated sidé no mercury was taken up in the
cortico-medullary border (corresponding to the straight
part of the proximal convoluted tubules), whereas a

very prominent accumulation was seen in the non-ligated
kidney. These results oppose those found by Berlin

and Gibson, 1963. They are also incompatible with the
finding of a filtrable part of the plasma mercury which

is by far too small to explain any important part of

the kidney accumulation of mercury. Dreisbach and Taugner,
admitting difficulties in explaining their findings,
concluded that the true ulteafiltrable fraction in blood
must be larger than what was obtained by ordinary measure-
ments. Similarly low ultrafiltrable proportions were also
found by several other investigators (Kessler, Lozano

and Pitts, 1957, Clarkson, Gatzy and Dalton, 1961, and
Gayer, Graul and Hundeshagen, 1962) who performed measure-
ments by the same methods. They were also considered un-
reliable. Dreisbach and Taugner judged that the initial
mercury uptake by the proximal convoluted tubule of

the renal cortex is not only directly from the blood

via the basal membrane, but also by filtration and reab-
sorption.

Vostal and Heller, 1968, used the avian kidney for an

isolated evaluation of tubular mechanisms. By injection
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of mercuric 203

Hg ions in the vena porta renalis connected
with the venous system of the lep in birds, they showed
that transtubular transfer of Hg2+ occurred, No quantita-

tion in relation to glomerular filtration was made.

Gayer, Craul and Hundeshagen, 1962, used the stop flow
technique in studies on dogs and Mambourg and Raynaud,

1965, usad the same technique with rabbits injected intra-
venously with 203Hg or 197Hg mercuric chloride. The excre-
tion curves obtained had an initial peak and a second
ascending component appearing later. The first peak appeared
simultaneously with the appearance of radioactive sodium
(24Na) injected at the same time as the mercury. This
finding shows that thers is a tubular transfer of mercury

at a zone in the tubule which is also permeable to Na.

From a quantitative point of view the initial peak is rel-
atively unimportent. By far the largest part of the urinary
excretion of mercury corresponds to the second ascending
component which appears at approximately the same volume

as inulin but differs from the inulin curve by not reaching
a maximum. The authors concluded that mercury was not
excreted by glomerular filtration, but probably by a delayed
tubular mechanism which made the curve coincide with the
inulin curve.

Piotrowski et al., in press, separated urine from 203HgCl -

2
injeeted rats by gel chromatography. They found the mercury

to be bound mainly to substances with large molecular size.

It is difficult to draw definite conclusions as to the
mechanism for renal excretion and accumulation of mer-
cury, because of the variations in the experimental

findings reviewed in the foregoing account. Especially
the different influences of stoppage of the glomerular
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filtration by ligation of the ureter must be clarified.

At this point the most likely explanation for the dif-
fering findings is that different time intervals between
stoppage of filtration and kidney removal have been stud-
ied. Thus it is possible that during the first minutes af-
ter injection glomerular filtration will be of greatest
importance for kidney accumulation but later direct tu-
bular uotake from the blood will dominate. Concerning the
mechanism for mercury excretion by the kidneys into the

urine, definite conclusions are impossible.

4.4.1.1.1.2.3 Other routes of elimination
It was mentioned above that elimination by the fecal and

urinary routes roughly equalled the injected amount at the
equilibrium stage (e.g. Friberg, 1956) implying that other
routes of elimination will be of comparatively minor im-
portance. Clarkson and Rothstein, 1964, have shown that

a small part of the mercury injected intracardially as

as 203Hg(N03)2 in rats was eliminated from the body in

the form of volatilization from the lungs and the body
surface. The total amount excreted in this way was about
10 percent during the first day and later amounted to

an average of about 4 percent of the total excretion

from the animals. In the first hours after injection

when the blood levels were high, excretion from the

lungs was high but thereafter the excretion was about

equally divided between the lungs and the body surface.

Berlin and Ullberg, 1963a, showed mercury accumulation

in the mammary gland after intravenous injection of

HgCl2 intu the mouse. They also showed accumulation in
the skin. Thus, losses via skin and hair and by lactation



will probably make a contribution to the elimination
of mercury from the body. Though for certain organic
mercury compounds (see section 4.4.2) the skin and the
fur are important routes of elimination, these possi-

bilities are of minor significance for inorganie mercury.

4.4.1.1.2 In human beings

Whole-body retention studies of radioactive inorganic
mercury in man have recently become available. In addi-
tion we have some knowledge of the whole-body retention
and excretion of inorganic mercury resting upon a few
incomplete excretion studies.

Miettinen, in press, and Rahola et al., 1971, studied

the retention of a single dose of 283

Hg after oral inges-
ion of inorganic mercury in 5 male and 5 female volun-
teers. Eight subjects consumed the radiocactivity bound

to calf liver protein and the other two in the form of
unbound 203Hg1N03)2 in water solution. The amount of
radioactivity consumed was 4-14 PCi per person corre-
sponding to about 6 /ug Hg per person. Whole-body counting
was performed during a period of 3-4 months. It was found
that B85 percent of the radioactivity passed out with

the feces during the first 4-5 days, representing mainly
unabsorbed mercury (see section 4.1.1.2.2). The biologi-
cal half-1ife of the 15 percent retained, calculated on
the basis of the whole-body measursments, was 42 23 days
for the whole group. For the women the average biologi-
cal half-1ife was 37 - 3 days and for the men, 48 > S
days.There was no clear difference in biological half-

life between protein bound and non-protein bound mercury.
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Based on the reported half-life about 20 percent of the
originally retained dose must have still been in the body
after 90 days, when the experiment had ended. Nothing is
known about the biological half-life of this 20 percent.

It may be of relevance that the dose of mercury used (about
0.1 pg/kg) is extremely low. In view of the observatio?

in animals (4.4.1.1.1.1 and 4-4.1.1.1.2.1) that the elim-
ination rate is to some extent dose-dependent, it would

not be unreasonable to expect slightly different elimi-

nation rates from human beings exposed to higher doses.

Sollmann and Schreiber, 1936, reported a total urinary
mercury elimination of 1-10 mg during four days in 4 oral-
ly poisoned persons. Because of the severe kidney damage
which even gave rise to anuria, the figures do not tell
anything about the rate or percentage of elimination

via the urine in moderate dosing.

Some data are recorded on excretion from the past when
injections of mercuric mercury were used extensively

in the treatment of syphilis. As early as 1886 Welander
showed that mzrcury was present in both urine and feces
after such injections. During daily intravenous injec-
tions of HgCl,, Blrgi, 1306, (quoted by Lomholt, 1928)
found that a steady state of urinary excretion was reached
already a couple of days after the initiation of the
treatment. When the dose was increased, the urinary
excretion of mercury also increased up to’daily dose
levels of 5 mg HgClz/day~corresponding to a 24-hour
urinary excretion of 2-2.4 mg. A further increase of

the injected doses did not give a corresponding increase

of urinary excretion. Excretion studies after intramuscu-
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lar injection of water soluble mercuric salts have been
performed by Blirgi, 1806, and Lomholt, 1928. In two
patients given 5 and 6 intramuscular injections, respec-
tively, of mercuribenzoate, 100 mg once a week, Lomholt,
1928, reported a generally increasing urinary mercury
excretion during the first weeks of the study, which
included continuous measurements of daily urinary and
fecal mercury excretion. Especially during three con-
secutive days following an injection, the urinary mer-
cury excretion was high, reading above 3 mg/day on sev-
eral occasions. For fecal excretion no clearly corre-
sponding trends appeared. Lomholt found in both cases
3-4 times more mercury in the urine than in the feces,
as an average for the whole study, and he recovered
35-49 percent of the injected amount in urine and feces.
Lomholt,1928, also included some urinary excretion mea-
surements from Blirgi, 1906,in his report. Two persons
were given 10 mg each of HgCl2 daily for 20 and 30 days,
respectively. The urinary mercury excretion rose con-
tinuously during the experiment and reached about 2.2
mg/day in the 20d subject and 3 mg/day in the 30d subject.
One of the persons was studied for a week after the
termination of the mercury treatment and in that time
the mercury excretion diminished to almost half of the
maximum value. 25-28 percent of the injected mercury

was recovered in the urine. These studies tend to show
an accumulation of mercury in the body continuing beyond
a 30-day period, in consistence with a relatively long
biological half-life for the body as a whole. Of course
the validity of these old studies may be questioned
because of the analytical errors that must have besen

commited at that time. However, the relation between
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daily absorbed a.ount and excreted amount is relatively
consistent with more recent studies on human subjects
exposed to ngé (see above) or exposed to mercury vapor
(ses sections 4.4.1.3 and 7.1).

Sodee, 1963, studied the excretion of 197Hg after intra-
venous injection of 100 uCi. Unfortunately Sodee did

not report the dose of mercury or the method used for
obtaining his results, so the validity of his data cannot
be judged. The 72-hour urinary excretion was stated

to be 75 percent of the administered dose. These excre-
tion data from intravenously administered mercuric
mercury indicate that a large portion of the total excre-

tion takes place via the urine.

In the saliva and the sweat, Lomholt, 1928, found mercury
after injection of mercuric mercury but the amounts

were small so that it is unlikely that these routes
contribute significantly to the elimination of mercury.
Of course the material is admittedly limited.

The limited observations on the distribution of mercury

in the human body after inorganic mercury exposure (section
4.3)are the only ones available and from them it is

not possible to calculate precisely the accumulation

risk for critical organs. Accumulation of mercury, espe-
cially in the kidney, has been observed after brief
exposure indicating that the conditions in the human
organism do not differ in principle from those more
thoroughly documented in animals. If the animal data

arz also taken into account, it can be said that there

is probably a predominant risk of accumulation in the
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kidney at prolonged exposure to salts of mercuric mercury.
This is in accord with the status of the kidney as the

critical organ in exposure to inorganic mercury salts.

Almost no reliable quantitative data concerning this
form of mercury are available. Lomholt, 1928, found
mercury in both the urine and the feces of rabbits in-
jected intramuscularly with suspension of calomel. He
made similar studies in human beings injected in the
same way as a treatment for syphilis. Results from ani-
mals and man indicate a rapid rise in the fecal excre-
tion of mercury initially after the first injection

but a urinary excretion in excess of the fecal one later

in the series of injections.

4.4.1.3.1 In animals
4.4.1.3.1.1 Retention and risk of accumulation at

repeated exposure
The biological half-1life after single exposure to mercury
vapor has been followed by Hayes and Rothstein, 1962.
They found an elimination curve similer to that for
mercuric mercury {(see above) with a first exponential
curve carresponding to a half-life of 4.5 days and a

second one corresponding to about 20 days.

In the mouse, Berlin, Jerksell and von Ubisch, 13866,
found the same rate of whole-body elimination for ele-
mental mercury as for intravenously injected mercuric

mercury in one series and a small tendency toward a
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longer half-life for inhaled mercury vapor in another
series. The half-1life in this study was about 3 days,
which was the time calculated also from the data given
by Magos, 1968. Also in the squirrel monkey the elim-
ination rate seemed to be roughly equal for inhaled
mercury vapor and injected mercuric mercury (Berlin
and Nordberg, unpublished datal.

The principal considerations in regard to the accumula-
tion risks have been dealt with in the section on mer-
curic mercury (4.4.1.1. 1.1). For the kidney it is
probable that the same accumulation curve is valid as
for exposure to salts of mercuric mercury. HgD vapor
exposure will be given a special section here because
of the prominent uptake of mercury in the brain seen
after that type of exposure (see distribution section
4.3.1.1.3), which is in concordance with the fact that
severe brain damage occurs at prolonged exposurs of ani-
mals to mercury vapor (Chapter 7). This prominent up-
take in combination with the slow rate of turnover

of mercury in the brain regardless of whether the ex-
posure is to ng+ or Hgo vapor makes it especially sus-
ceptible to accumulation at repeated exposure. This
slow half-life of mercury in the brain has been illus-
trated in several sstudies. Significant are those for
the mouse by Berlin and Ullberg, 1963a, and Magos,
1968, and for the rat by Gage, 1961. In the latter
about 20 percent of the mercury remained in the brain

6 months after the termination of exposure, whersas

the corresponding value for the kidney was only about
1.5 percent (see also kidney/brain ratios in table 4:2),
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The accumulation curve thus will probably be more pro-
longed than the kidney curve even when whole brain
concentration values are considered. The markedly differ-
entiated pattern of mercury distribution among different
parts of the brain with considerably slower elimination
from specific structures compared to others (see section
4.3.1.1) makes some parts of the brain even more likely
to accumulate damaging concentrations of mercury at
prolonged exposure than indicated by whole brain con-
centration measurements. It is not surprising that the
brain is the critical organ after chronic exposure to
mercury vapor, but the presently available data on
retention properties in the specific brain structures
are not precise enough to justify their use in calcula-

tions of accumulation and critical intake levels.

4.4.1.3.1.2 Excretion
Hayes and Rothstein, 1962, used radiocactive

203Hg in
their studies on the excretion of mercury in rats af-
ter exposure for 5 hours (1.4 mg Hg/ma). During the
first 2 days a fast excretion phase was seen, in which
about 4 times more mercury was excreted in the fsces
than in the urine. Later there was an increase :~ the
urine, but still more than twice as much was excreted
in the feces as in the urine. The authors concluded
that the excretion after mercury vapor exposure was
the same as after injection of mercuric mercury (see
above, section 4.4.1.1.1.2).

Ashe et al., 1953, exposed rabbits to mercury vapor
0.86 mg Hg/m3 7 hours/day, 5 days/wesk. The mercury
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excretion in the urine increased continuously during
the first 4 weeks of exposure and then reached an
equilibrium, about 0.13 mg/liter. This level was main-
tained until the 12th week, when the exposure was dis-
continued. Then the mercury concentrations in the urine
fell to about 1/3 after 2 weeks and 1/6 6 weeks after

exposure.

Gage, 1961, exposed rats to mercury vapor, 1 mg Hg/m™,
continuously for 28 days. He found a progressive increase
in the urinary mercury excretion during the first 10
days. This was followed during the remaining days of
exposure by a daily excretion fluctuating around a mean
value of about 70 pug Hg/rat/day. The fecal excretion
also showed variation around a mean value of about 15
Fg/day. The equipment used by Gage does not exclude
the possibility of contamination of food or excreta

by the mercury vapor. Cage used a dithizone method to
analyze mercury in the air and in excreta. Regardless
of the possibility of errors, the higher percentage

of urinary mercury in the study by Gage in comparison
to the one by Rothstein and Hayes inentioned above may
be explained otherwise. The explanation may be found
in the more prominent excretion of higher doses of
mercury in the urine in comparison to the feces ob-
served for mercuric mercury and the increased exchange
and excretion of mercuric mercury from the kidneys at
repeated exposure described in the section on mercuric
mercury.

In conclusion, it is difficult to ascertain whether
there is a difference in excretion and whole-body
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retention of mercury after mercury vapor exposure in
comparison to exposure to mercuric mercury. Available
data do not speak against the assumption that approxi-
mately the same mechanism and rates govern in both cases
probably because the great majority of the mercury in

the body takes the form of mercuric mercury.

4,4.1.3.2 In human beings

Intramuscular injections of finely dispersed metallic mer-
cury were used widely earlier in the treatment of syphilis.
"0leum cinerum” contained 40-50 percent finely dispersed
(particle size about 7 microns) metallic mercury in

0il. Lomholt, 1928, studied the urinary and fecal ex-
cretion after injections of oleum cinerum. High amounts

of mercury were excreted in the urine (about 4-4.5 mg/day)
and in the feces (1.2 mg/day). The patient developed
stomatitis. Excretion of mercury after inunction of
metallic mercury has been reported by Birgi, 1906, and
Lomholt, 1928. The fecal excretion during the first

days of the study was usually higher than the urinary

but after the first week, the urinary excretion was

higher than the fecal.

The most important route for absorption of inorganic
mercury in man in industry is the inhalation of mercury
vapor. The numerous studies on urinary excretion will

be discussed in Chapter 7.

Tejning and Ohman, 1966, performed a careful balance
study on 30 workers exposed to Hgo vapor in the chlor-
alkali industry in Sweden. Mercury abserption was me3-

sured by continuous sampling during four days over the
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' breathing zones. In addition, daily excretion

worhers
in urine and feces was measured and the retention of
mercury was calculated for each subject. For 15 workers
with a mean mercury exposure of 0.05-0.1 mg/m3 (group
1) a mean urinary excretion of 0.12 mg/day was found.
The output in the feces was 0.09 mg/day on the average.
In 10 workers with a mercury exposure ranging from 0.11
to 0.2 mg/m3 (group 2) the mean mercury excretion in
the urine was 0.19 and the mean fecal excretion, 0.14
mg/day. The calculated yearly retention of mercury in
the body ranged from -54 mg to + 47 mg (mean -6 mg)

in group 1 and from -32 to + 130 mg (mean + 51 mg) in
group 2. Unfortunately data on the relation between
time of employment and mercury retention were not given
in the report by Tejning and Ohman, 1966, so it is not
possible to evaluate the time necessary for different
individuals to reach a steady state between absorption
and excretion. The data as they are presented do show

a wide variation in retention among individuals. The
marked fluctuation of mercury values from day to day
under conditions of relatively constant exposure has
been pointed out by several investigators, among them
Friberg, 18961, and the commentaries are included in
Chapter 7.

The possibility of using the salivary excretion as an
index of exposure to mercury will be discussed in section
7.1. In a study of industrial workers by Joselow, Ruiz
and Goldwater, 1968, the low concentrations {(about 5

Pg par 100 ml) found in saliva were only 10 pernent

of the cnncentrations in urine of the same subjects

and show that the saliva is not a main route of mercury
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glimination after exposure to mercury vapor.

Precise comparisons between the elimination of mercury
after exposure to mercuric salts and after exposure

to metallic mercury vapor have not been performed in
human beings, but the data at hand in combination with
animal data indicate that there are no important differ-
ences in excretion. Retention and accumulation conditions
for the kidney are probably also similar as judged mainly
from animal data. For discussion of data on kidney and
whole-body retention and accumulation of mercuric mercury,
see above, section 4.4.1.1.2. For the brain it is probable
from studies in several animal species (see sections

4.2.1 and 4.3.1) that the accumulation risk is more
prominent at exposure to mercury vapor, because of the
prominent brain uptake that occurs. Animal studies indicate
a slow turnover of mercury in the brain. From the data

by Takahata et al., 1970, (see section 4.3.1.2) it

is evident that high concentrations of mercury can remain
in large parts of the human brain even a long time

after exposure has ended. A similar observation has

been made by Grant (unpublished data, quoted by Berglund
et al., 1371). He found 18 pg Hg/g brain tissue in

a dehydrated xylol-extracted specimen from a person

who had been exposed to elemental mercury vapor 13 years
prior to death. Of the brain concentration only 0.3

J Ik Hg/g was identified as methyl mercur%; The remaining
part was prohably in inorganic form. Hg was identified
by thin layer chromatography. The mentioned data indicate
that ths binlogical half-life is very long for important
narts of the brain. Both Takahata's and Grant's values

ware derived from tissue specimens which had bhszen prepared



in different wavs for histological examination. Although
it is not probable that such treatments would change the
values fundamentally, such an influence could not be ex-
cluded with certaintv. It would be of great benefit to
get data on direct measurements in fresh tissue. Even

if one considers the mentioned data it is not possible
to make precise evaluations of critical amounts of ex-
posure necessary to reach damaging brain concentrations.
If the values are accurate, brain accumulation could

probably go on for decades.

4,4.2 Organic mercury compounds

- __..___.__._.2 _____________
4.2.1.1 Methyl mercury compounds

4.4.2.1.1.1 In animals

4.4,2.1.1.1.1 Retention

The kinetics of metabolism of mercury after administration

of methyl mercury compounds have been studied in mice,

rats, monkeys and seals.

In studies in rats (Uﬁbarson, 1962, and Ahlborg et al.,
to be published) and mice (Clarkson, 1971) whole-body
accumulation of mercury at prolonged administration

was observed which fit reasonably well with a first

degree exoonential function.

In seals given a single oral dose of labelled methyl
mercury proteinate, a two-phase whole-body elimination
pattern was observed (Tillander, Miettinen and Koivisto,
1179). In mice (Suzuki, 1969, Ostlund, 1969b, Ulfvarson,
1979, and Clarkson, 1971), rats (Ulfvarson. 1968b,
tierglund, 1969, Norseth, 1969b, and Ahlborg et al.,
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to ve pubrlivheul and monkeys (Mordbersz, lerlin and firant,
18/71) elimination patterns for whole-body or for differ-
ent orpans were found which corresponded fairly well

with a single phase exnonential function, though the
glimination rate differed considerably among different

spscies.

In the rat half of a single dose is eliminated through
feces and urine in about 20 days (Ulfvarson, 1862, and
Norseth, 1869b). Longer half-lives have been found at
whole-body measurements after administration of labelled
methyl mercury (Swensson and Ulfvarson, 13968b, and Berg-
lund, 1868), probably because of accumulation of mercury
in the fur.

After a single injection of methyl mercury in rats, Swens-
son and Ulfvarson, 13968b, found a slower elimination

of mercury from the brain than from other organs during
1-3 weeks. Later a dynamic equilibrium seems to have

been established among the levels in different organs.
Norseth and Clarkson, 1970b, also noted some differences
in elimination of mercury from different organs. Elimina-

tion from the brain was slower than from the blood.

In the monkey, Nordberg, Berlin and Grant, 13871, found
a biological half-life in blood of 50-60 days, while
whole-body radicantivity measurements indicated 150 days.

The difference was due to accumulation of mercury in fur.

Toncerning mine there is some disaereement as to whether
st not the aize of a sinple dose affects the elimination
rata. fBstlund, 19G9h, found a3 haif-lite of 3.7 days

st adminiatration of 9.07% mg He/kg body weight as methvl
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mercury hydroxide while 5 mg He/g eave a half-1life

of 1.5 days. Ulfvarson, 1970, in a similar investi-
ration found a biological half-life of 6-7 days ir-
respective of the dose. Clarkson,1971, fed mice food
containing 0.05 and 0.5 mg labelled mercury as methyl
mercury chloride/kg dry weight for 21 days. After stop
of exposure the whole-body count decreased with a bio-
logical half-life of 8 days. This elimination rate is

in accordance with that observed by Suzuki, 1969a, in
the mouse brain, while elimination from blood was faster
with a half-life of about 4 days. Suzuki, Miyama and
Katsunuma, 1971a, reported 6-7 days for the mouse brain.

It must be kept in mind that the assumption of a simple,
single order elimination pattern may not be strictly
valid since it has been shown (section 4.2.2.1.1.1)
that there is a slow biotransformation of

methyl mercury into inorganic mercury which

has an elimination pattern quite different from that

of methyl mercury (section 4.4.1.1.1.2).

4,4.2.1.1.1.1 Excretion

The elimination of mercury after administration of mono-

methyl mercury occurs mainly via feces, urine and hair.

Some mercury is excreted via the milk.

4.4.2.1.1.1.2.1 Urine and feces
in mice, fstlund, 1969b, found that the ratio of excre-~

tion in urine/feces was 1/4 during 21 days after a

single intravenous injection of methyl mercury salt.

In rats several excretion studies have been performed

with different doses in single or repeated administrations
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and with analyses for varving times. [etween 1-3 and
10-40 percent of the total elimination has been re-
ported to have occurred through the urine in different
studies (Friberg, 1959, Ulfvarson, 1962, Gage, 1954,
swensson and Ulfvarson, 1967, Norseth, 1969b, and
Norseth and Clarkson, 1870b).

In pigs 14 days after a single injection of methyl
mercury, Platonow, 1968a, found 2 percent of the dose

in the urine and 10 percent in the feces. Similar results
have been reported for cats by Yamashita, 1964.

In rats 50-90 percent of the mercury in the urine was
organomercury (Gage, 1964, Ahlborg et al., to be pub-
lished, partly reported by Westdd, 1969b). Norseth,
18639b, and Norseth and Clarkson, 1970b, found 6-25 per-
cent of the total mercury in the urine as inorganic
mercury. The fraction was rising during the 24 days
studied. In pigs, Platonow, 1968a, identified 20 per-

cent of the total mercury as methyl mercury.

Swensson, Lundgren and Lindstrdm, 1958b, and Berlin,
1963c, found a correlation hetween plasma mercury con-
centration and urinary mercury elimination in short-
term studies on dogs and rabbits, respectively. Norseth,
1363b, and Norseth and Clarkson, 1970b, demonstrated
that the fraction of inorganic mercury out of total

mercury in the urine was correlated to the fractionin the

kidney but not to that in the plasma, indicating a tubular

excretion.
In autoradicprams of mice injected with methyl mercury

an accumulatinn was seen in the Dile system and in
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the mucous membrane of the pastrointestinal tract (Berlin,
1963b). Norseth, 1964L, stated that mercury in the rat bile
was probably present as methyl mercury cysteine comnlex and
also smaller fractions as protein-bound methyl mercury and
inorganic mercury. A considerable part of the methyl mercury
was reabsorbed in the intestine, while some inorganic mercury
was formed out of methyl mercury. The resorption of inorganic
mercury was small. It was considered likely that mercury was
also excreted by routes other than the bile, mainly through
shedding the intestinal epithel. The author also showed that
about 50 percent of the mercury eliminated through the feces
after a single injection was in inorganic form (also Norseth
and Clarkson, 1970b). Gage, 1964, found 40-50 percent of

the mercury as organomercury after repeated parenteral ad-
ministration. Takahashi .and Hirayama, 1871, showed that

most of the mercury in the lumen of the small intestine

in rats injected with methyl mercury salt was present as

methyl mercury.

Norseth, 1871, studied the elimination of mercury after ad-
ministration of methyl mercury chloride to mice. The levels
of mercury in the bile were higher than those in the blood.
By isotope exchange techniques it was shown that only 1-7
percent bf the mercury in the bile was inorganic. By separa-
tion on a Sephadex column it was shown that the mercury in
the bile was bound to a low molecular compound. On thin
layer chromatography the compound moved as methyl mercury
cysteine or methyl mercury glutathione, whils in paner
electrophoresis the characteristics were similar to those
of the latter compound. The relative content of inorganic

mercury in the feces was 25-60 percent.

In several studies in the rat it has been shown that at corre-
sponding exposures the overall eliminaticn of methyl mercury

compounds, at least initially, is considerably slower than
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that of mercuric mercury salts (e.g. Friberg, 1959, Swens-
son, Lundgren and Lindstrém, 1959a and b, Ulfvarson, 1962,
Berlin, 1963b, and Gage, 1964b.ssction 4.4.2.1.1.1.1). The
slimination rate was incrsased if rats were fed human hair

(Takahashi and Hirayama, 1971) or mice a thiol containing
resin (Clarkson, Small and Norssth, 1971).

Bstlund, 1969a and b, investigated ctie metabolism of
di-mgthyl mercury in mice after inhalation or intravenous
exposures. The major part of the mercury was rapidly
exhaled as di-methyl mercury. After 6 hours B0-90 per-
cent had been eliminated. After 16 hours no di-methyl
mercury was detected in the body but a non-volatile com-
pound remained, chromatographically most probably mono-
methyl mercury.

4.4.2.1.1.1.2.2 Other routes of elimination

In furred animals a large fraction of the total elimina~
tion of mercury occurs through the hair. The elimination
in fur has been studied in mice (Ostlund, 1969b), rats
(Berglund, 1969), cats (Albanus et al., to be published)
and monkeys (Nordberg, Berlin and Grant, 1971). As much

as half of the total body burden of mercury might be
located in the fur after prolonged administration.

Trenholm et al., 1971, studied the levels of mércury

in milk from guinea pigs given single doses of methyl
mercury (1 me Ho/kg) intraperitoneally during pregnancy
or gestation. The mercury levels in the milk were gen-
erally below 2 percent of the whole blood levels, which
at or below 2 fg/g. The mercury levels in the milk de-
creased more rapidly after the injection than those

in the biood.
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Bstlund, 196490L, could not demonstrate any exhalation

of mercury in intravenously injected mice.

4.9.2.1.1.
4.4.2.1.1.2.1 Retention

In the tracer dose experiment performed by Aberg et

al., 1969, the daily elimination from the body made up
less than 1 percent of the total body burden. The elim-
ination pattern, estimated from whole-body measurements
during 220-240 days, was consistent with a first degree
exponential function with a biological half-1life of

70-74 days. The elimination from different regions was
measured by repeated scanning. The biological half-1life
for the head was 64-95 days with a mean of B85 days.

This should be compared to 60-70 days with a megan of

66 days for all the scanned regions together. The authors
concluded that the elimination from the head was slower

than that from the rest of the body.

2 In human beings

Miettinen et al., 1869b, and 1971, in their study on

the metabolism of methyl mercury in 15 volunteers, es-
timated a biological half-life at whole-body measurements
of 76 = 3 (S.E.M.) days after an observation period of

8 months. In six subjects the radioactivity was also
measured for 31 days in whole blood, blood cells, and
plzsma (Miettinen et al., 1971). The decay curve of mer-
cury concentration in blood cells showed two components,
first a rapid decay and then an exponentially slower

one. Probably the first part of the decav curve reflected
the distribution. For the second part of the curve the
biolopical half-1ife was 50 = 7 (S.E.M.) days. The

biolngical half-1ife of mercury in lep muscle was esti-

+
mated to he 77 - B days in a group of 5 men and 5 women.
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2ther date may be mentioned on decay of mercury from
blood and hair in subjeclts after an exposure to methyl
mercury ceased or dJdiminished. On the basis of data from
the Niigata incident, Berglund et al., 1971, calculated
the elimination rates for some patients. In 7 patients
the biological half-1life in whole blood was 35-137 days
{(median 55 days) and in 8 patients the half-1life in hair,
50-108 days (median 66 days).

In two persons exposed through consumption of methyl
mercury contaminated fish but without symptoms of poi-
soning, Tejning, 1969b, found a biological half-1life
for mercury in blood cells of 69 and 70 days and in
plasma, 76 and 83 days, respectively. In a similar
study Birke et al., (to be published) found a half-1life
in blood cells (corrected for background exposure) in
two persons of 99 and 120 days, in plasma of the same
two subjects of 47 and 130 days, and in hair of two
persons of 33-120 days.

A theoretical total body burden accumulation curve for
man is shown in figure 4:3. It has been assumed that
the course of elimination is single exponential and
that the daily elimination is one percent of the total
body burden. About 50 percent of the steady state lev-
el is reached after two months and 95 percent after
one year. As the elimination from the brain might be
slower than that from the rest of the body, 1t is pos-
sihle that accumulation takes place during a longer

neriod in this organ.
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A.0.00.1.1.0.2 xeretion

4.4.2.1.1.2.2.1 Urine and faces

Ihe elimination of mercury in man after a single oral
tracer dose of methyl mercury has been investigated

by Aberg et al., 1969, and Miettinen et al., 1969b, and
1971. The feces was found to be the main route and only
about 10 percent of the total elimination took place
via the urine. Aberg et al., 1963, found during 49 days
after administration 3 percent of the dose in the urine
and 34 percent in the feces. Miettinen et al., 1968b,
and 1971, investigated the levels in some 24-hour urinary
samples up to 2B weeks after administration. During

the first week the amount excreted per day in the urine
was about 0.01 percent of the amount administered while
the amount excreted in the feces was about 1.9 percent
per day. This difference decreased as time elapsed. The
average elimination per 24 hours during the first month
was 0.7-0.8 percent of the total body burden.

Lundgren, Swensson, and Ulfvarson, 1967, found a correla-
tion between blood and urine mercury levels in persans
exposed to methyl mercury dicyandiamide. In persons
exposed to elemental mercury vapor the urine mercury

level was considerably higher at a similar blood level.

4.4.2.1.1.2.2.2 Other routes of elimination
In the study by Aberg et al., 1969, the hair of the
head contained up to 0.12 percent of the dose per g hair

with a maximum after 40-50 days. No radicactivity was
detncted in the semen during 240 days. Miettinen et

al., 1371, reported that in two hair samples obtained
125 and 274 days aftear desing and in one sample of beard

tokan after 103 days, theg mercury contents corresponded
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to U.0% percant of the dose/g.

From epldemiological studies covering persons exnosed

ta methyl mercury by fish consumption, it is well known
that hieh levels of mercurvy can accumulate in hair (sec-
tion H8.1.2.1.1.2).

Skerfving and Westdd, to be published, analyzed total
and methyl mercury in breast milk of heavy fish eaters
from Sweden. The total mercury levels in blood cells
ranged up to about 100 ng/g. The total mercury levels
in milk ranged up to about 10 ng/g and were related

to the plasma levels. Methyl mercury made up less than

half of the total mercury in milk.

4.4.2.1.2 Ethyl and higher alkyl mercury compounds
4.4.2.1.2.1 In animals
4.4.2.1.2.1.1 Retention

From studies in which both methyl and ethyl mercury salts

were included it is evident that the kinetics for the

two types ara similar (Ulfvarson, 1962, Suzuki, Miyama,
and Katsunuma, 13863, Yamashita, 1964, and Itsunc, 1968).
Takeda 2t al., 1968a, showed in the rat that the elimina-
tion of mercury administered as ethyl mercury salts was

slower than that of inorpanic mercury salt.

Aftar a sinple injertion of ethyl mercury salt in mice

(Suzuki, ™ivama and Yartsnnuma, 19673) and rats [ Takeda
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et al., 1dvta) the decrease of mercury in the brain was
slower than in other oreans studied. The latter team ob-
sevvad a gradual accumulation of mercury in the rat kid-
ney while the former found no such accumulation in the

mouse kidnev.

Suzuki et al., in press, studied the elimination of mer-
cury from various organs after single injection of ethyl
mercury salts into mice. In the brain the biological
half-1ife for total mercury was 21 days, while the cor-
responding figure for the organic function was 8 days.

The level of inorganic mercury increased during the studied
period of 13 days. In the kidney and the liver the bio-
logical half-1life of organomercury was about 4 days, while
the level of inorganic mercury decreased very slowly or not
at all.

Considerable concentrations of mercury have been found
in organs of rats fed propyl, butyl, amyl, and hexyl
mercury compounds (Itsuno, 1968, table 4:6). Takeda et
al., 1968a, reported that mercury from n-butyl mercury
was eliminated more slowly than that from mercuric chlo-
ride.

4.4.2.1.2.1.2 Excretion
4,4,2.1.2.1.2.1 Urine and feces

miller et al., 1961, studied the excretion in rats for
/7 days after injection of ethyl mercury chloride. The

level of mercury was 3-5 times higher in the feces than
in the urine. No quantitative data on elimination were
given. In the urine 56-76 percent of the total mercury

was identified as organic mercury. The levels found in
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the urine and teces were considerably lower than after
administration of phenvl]l mercury chloride (Miller, Klavano
and Csonka, 1960).

Takeda et al., 1968a, studied the elimination of mercury

in rats after a single injection of ethyl mercury chloride
and ethyl mercury cysteine. On the whole, more mercury

was eliminated in the feces than in the urine. In the

first period after administration the excretion was two

or more times higher in the feces than in the urine. Af-
ter one week the eliminations in urine and feces were about
equal. Mercuric chloride was eliminated faster than ethyl
mercury and to a greater extent in the urine. Takeda

and Ukita, 1970, in a further study found that the elimina-
tion of mercury during 8 days after a single injection

was higher in the urine than in the feces. In the urine
about half of the mercury was inorganic while in the

feces this fraction was about a third. The organic mer-
cury was identified as ethyl mercury chromatographically.
Yamashita, 1964, in cats exposed orallv to ethyl mercury
phosphate, found elimination of mercury in the feces

about 10 times higher than that in the urine.

Excretion data on higher alkyl mercury compounds are scan-

ty. Kessler, Lozano and Pitts, 1957, showed that very
little mercury was excreted in the urine during 3 hours
after intravenous injiection of propyl mercurv in dogs.

Cor n-butvyl mercurv chloride in rats, Takeda et al., 1968a,
found that more mercury was excreted in the feces than
after iniection of ethyl mercury. (he elimination rate

was slower Lhan thabt for mercuric mercury during the per-

ind studied.
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4,4.2.1.2.1.2.2 Other routes of elimination
;ﬁ—géts Yamashita, 1964, showed that exposure to different
ethyl mercury salts resulted in a considerable accumulation
of mercury in hair. Itsuno, 1968, found high mercury lev-

els in hair of rats exposed to ethyl and propyl mercury.

4.4,2.1.2.2 In human beings

Suzuki et al., in press, studied the elimination of mercury
from blooed and excretion in spot samples of urine of per-
sons treated intravenously with a solution containing so-
dium ethyl mercury thiosalicylate (section

8.1.2.1.2.2). The first samples were obtained 11-22 days
after the last administration and repeated sampling was
carried out for an additional 7-35 days. The biological
half-1life for mercury in blood cells (almost only organo-
mercury) was about one week in two subjects. The mercury
in plasma (half of it inarganic mercury) was eliminated
much more slowly. In three persons almost all/%éggﬂgy was
inorganic, while in a fourth person, about half of the
total mercury was inorganic. There was a relation between

the level in total blood or plasma and that in urine.

A few studies have been made on the urinary mercury excre-
tion in workers exposed to ethyl mercury compounds. These
studies are discussed in sections B.1.2.1.1.1.2,
B.1.2.1.1.3.2, and 8.1.2.1.2.2. No studies on fecal excre-
ticn have been published.

Bakulipa, 1968, reported that mercury was eliminated
via the milk in women earlier poisoned by ethyl mercury

phosphate (section £.1.1.1.2).



A-114,

tne retention and excretion of {HP, a substituted alkyl
cercury conpound, will be discussed in sacticn 4.4.2.4.2

on other organic mercury compounds.

4.4.2.2 Aryl _mercury compounds_
4,34,2.2.1 In animals

4.4.2.7.1.1 Retention
The elimination rate of mercury in rats exposed to phenyl
mercury salts is dose dependent; the greater the expo-
sure, the faster the relative elimination (Cember and
ODonagi, 1364, and Ulfvarson, 196%a). While the elimina-
tion pattern in the case of short chain alkyl mercury
compounds is close to exponential, the elimination of
mercury after administration of phenyl mercury compounds
follows a more complicated pattern and changes as time
elapses after a single administration. The time required
in the rat for half of a given dose to be eliminated

has been estimated at 4-10 days at repeated administra-
tion of 0.1 mg mercury/kg bedy weight/day (Ulfvarson,
1962, Swensson and Ulfvarson, 1968). This figure might

be compared however with the biological half-1life for
methyl mercury in the rat, 18 days. The risk of accumu-
lation in the body as a whole is thus greater for short
chain alkyl mercury compounds. The complicated elimina-
tion pattern for phenyl mercury is probably a result main-
ly of the biotransformation of phenyl mercury into inor-
panic mercury and the redistribution or apparent redistri-
bution of mercury within the body (see sections 4.2.2.2

and 4.3.2.2).

The slimination of mercury from the kidney is slower than

from tho rost of the body (Friberg, (Odehlad and Forssman,
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1957, tllis and Fang, 14967, and Takeda et al., 1968a).
The hieh depree of distribution to and the relatively
slow elimination from the kidney mean a definite risk
of accumulation in that organ during a continuous expo-
sure. Suzuki, Miyama and Katsunuma, 1971a, have shown
that the elimination of mercury from the mouse brain
(half-1life 2-3 weeks) is slower than from the other or-

gans (half-1life about 1 week).

4,4,2.2.1.2 Excretion
The main excretion routes for phenyl mercury compounds

are feces and urine. Excretion via hair also occurs (Gage,
1964).

The mercury excretion pattern after administration of
phenyl mercury compounds is more complex than that after
alkyl mercury compounds. The quantitative aspects of mer-
cury excretion after administration of phenyl mercury

have been studied mainly in rats. More mercury is excreted
via the feces than via the .urine. The fraction of the
total cambined fecal and urinary elimination appearing

in the feces has varied in different studies. The dif-
ferences probably can bs explained to a large extent

by differences in the doses administered. in routes of
administration, in times of exposure and in the time spans
during which the elimination was observed. In most studies
two-thirds or more of the total mercury excretion occurred
through the feces (Prickett, Laug and Kunze, 1950, Ulfvar-
son, 1362, Cember and Donapi, 1964, Gage, 1964, Ellis

and Fano, 1967, Swensson and Ulfvarson, 1967, and Takeda
at al., 1968a). In many studies considerable variations

in the ratin nf mercury excretion in feces and urine have
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pocarred with Yiee after a4 sinple dose or in repeated
exposure. It is ditficult to find o common trend in the

renort2d data.

Cember and Uonagi, 1964, showed that the excretion pat-
tern 1s dose dependent. As the dose in a single injection
was lncreased from about 0.005 to 0.5 mg Hg/kg the total
excretion increased and the ratio of fecal to total ex-

cretion increased from 1/8 to 1/2.

Elimination of mercury via the urine starts immediately af-
ter injection of phenyl mercury compounds and a correlation
between marcury elimination via this route and blood mer-
cury levels has been shown in short-term experiments in
dogs {Swensson, Lundgren and Lindstrdm, 135%9a) and in
rabbits (Berlin, 1963¢c). The elimination of mercury from
the blood was found to be greater than the mercury excre-

tion in the urine (Berlin, 1863c).

The extent to which an aryl mercury compound is eliminated
in the urine seems to be greatly dependent upon the chemi-
cal nature. While only about one percent of an intravenous
dose of phenyl mercury bromide was excreted during three
hours in dogs, as much as about 40 percent of a dose of
p-chloro-mercuric benzoate (PCMB) was eliminated in the

same time (Kessler, Lozano and Pitts, 1857).

A considerable fraction of the total mercury elimination
in the urine after administration of phenyl mercury ace-
tate does nnt consist of organic mercury. In rats during
two days following an intramuscular injection, Miller,

¥lavann and CUsonka, 1960, identified 40 percent of the
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tolal wercury excretion as organic mercury. Gage, 19064,
during six weeks repeatedly injected phenyl mercury acetate
into rats. The fraction of the total mercury extractable
as organic mercury was about 20 percent during the first
week, and later about 10 percent. During the first day
after a single dose, only organic mercury was found in

the urine, while later, only a low percentage was organic.
Daniel and Gage, 1971, showed that about 20 percent of

the mercury that occurred in the urine during 4 days

after a single injection of phenyl mercury acetate in

the rat was in organic form (see also section 4.2.2.2.2).
Neither of the reports stated the purity of the phenyl

mercury preparation.

Piotrowski and Bolanova, 1971, reported that mercury in
the urine of rats exposed through a single injection of
phenyl mercury acetate was bound partly to proteins of
high molecular weight and partly to non-protein compounds
of low molecular weight.

The main route of excretion of mercury is the fecal af-
ter administration of phenyl mercury. ODespite this, the
fecal elimination has been much less studied than the
urinary. Prickett, Laug and Kunze, 1950, after parenteral
administration of phenyl mercury acetate, observed an
accumulation of mercury in the small intestine of the
rat. Berlin and Ullberg, 1963c, by whole-body autoradio-
graphy in mice, observed mercury accumulation in the
rmucous memhranes of the pastrointestinal tract, as well
as in the liver and in the lumen of the gall bladder.
The arcumulation was greater after injection of phenyl

mercury than after inorganic mercury salt.



Gage, 13bd. in his s5ix weeks' exposure of rats found 10
percent or less of the mercury in feces as organic mer-
cury. this was also the case in his single dose experi-
ment. Makamura, 19069, reported that in rats orally ex-
posed to phenyl mercury acetate for seven days, the ra-
tio between phenyl mercury and inorganic mercury was
about 1 for the content in the stomach, 1/70 in the
caecum and 1/8 in the ccolon. Daniel and Gage, 1971,
and Gage, in press, showed that the excretion of radio-
activity in the feces in rats given 14C*phenyl mercury
acetate was considerably lower than excretion of mer-
cury, which then was mainly inorganic (see also section
4.2.2.2.2).

The limited data on hand thus indicate that the mercury
eliminated through the feces is mainly in inorganic form.
It is not known if the breakdown occurs in the gastroin-
testinal tract or within the body.

4.4.2.2.2 In human beings
4,4,2.2.2.1 Retention

Morsy and El-Assaly, 1970, studied by repeated whole-
203

body measurements during 14 days the elimination of Hg
in a8 worker accidentally exposed to an unknown amount of

labelled di-phenyl mercury on an unknown occasion. The

elimination revealed a single component exponential pat-

tarn with a biological half-life of 14 days.

4.4.2.2.2.2 Excretion
There are no nuantitative data on the elimination of aryl
mercury compounds in man. The few studies that have been

made on the urinary mnrcury excretion in workers exposed
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to phenyl mercury salts are discussed in section 8.2.2.1.

In this connection it should be mentioned that in four
workers exposed by inhalation to phenyl mercury salt,
Massmann, 1957, identified 70-90 percent as organomer-
cury out of a total mercury level of 0.5-1.5 mg/liter
urine. The author stated, without presenting data, that
after exposure had ceased, the fraction of organomercury

decreased.

—— — — — — —— — —

4.4.2.3.1 In animals
4,4,2.3.1.1 Retention

Simple alkoxyalkyl mercury compound studies in animal ex-
pariments have involved methoxyethyl mercury salts only.
Some data concerning substituted alkoxyalkylmercury com-
pounds (mercurial diuretics) will be discussed in section
4,4.2.4.1 on other organic mercury compounds.

The rate of elimination of mercury after administration of
methoxyethyl compounds seems to vary at different dose levels.
The total elimination from the body is faster at high exposure
than at low in rats and mice (Ulfvarson, 196%a, and 1970).

At administration of 0.05 mg mercury/kg body weight/day in
rats the time required for half of the mercury to leave the
body was calculated at 4-10 days, in accordance with elimination
rates observed at exposure to inorganic and phenyl mercury
salts at the same dose level but slower than at exposure to
methyl mercury salt (Ulfvarson, 1962). This relation between
the elimination rates has been observed also in mice (Berlin
and Nordberg, unpublished data).

4,4.2.3.1.2 Excretion
After administration of methoxyethyl mercury compounds, about

two-thirds of the elimination of mercury occurs through the
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fecal route and about one-third through the urinary (Ul€f-
varson, 1962, Swensson and Ulfvarson, 1867, and Daniel,
Gage and Lefevre, 1371). The elimination pattern is thus
similar to that seen after administration of inorganic
and phenyl mercury salts but the fecal elimination is
significantly less important than after alkyl mercury
compounds .

Daniel, Gage and Lefevre, 1971, (see also section 4.2.2.3.2)
showed that one day after administration of methoxyethyl
mercury to rats only organic mercury was excreted in the
urine. Later, the urinary excretion consisted of inorganic
mercury only. Organic mercury was also excreted in the bile
initially. Later some inorganic mercury occurred in the
bile. In the feces only inorganic mercury was present, in-
dicating a breakdown of organic mercury in the gut. There
were also some indications of a reabsorption of organomer-
cury.

4.4.2.3.2 In human beings

There are not data available on retention or excretion
of alkoxyalkyl mercury caoampounds in man besides the mer-
curial diuretics which will be discussed in section
4.4,2.4.2 on other organic mercury compounds.

— - - — - n — — —— — —

4.4,.2.4.1 In animals
4,4.2.4.1.1 Retention
Most studies concerning mercurial diuretics have lastec

only a few hours. The retention as indicated by elimina-

tion will be discussed in section 4.4.2.4.1.2.
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Anghileri, 1964, showed in rats that the total body bur-
den rapidly decreased during the first week after a sin-
gle intravenous dose of chlormerodrin. At that time only
5 percent of the dose remained in the body. Later during
the 30 days studied the biolegical half-life was 8 days.
The kidney showed a similar pattern; however, the corre-
sponding biological half-life was 28 days. Miller, Green
and Levine, 1962, found in dogs that the kidney burden
was reduced to about 50 percent in 24 hours and once

again in 4-7 days.

4,4.2.4.1.2 Excretion
Most of the excretion of mercury after administration

of organomercurial diuretics occurs in the urine and
only a small fraction is eliminated through the stool.
Figures of 7 and 10 percent in the stool have been re-
ported during a short period after injection of chlor-
merodrin into rats and dogs (Anghileri, 1964, and Miller,
Green and Levine, 1962]).

Kessler, Lozano and Pitts, 1857, showed in dogs that

a series of organomercurial compounds (i.e., mersalyl,
meralluride and chlormerodrin)which had a diuretic ac-
tion were rapidly eliminated in the urine, so that 50-

75 percent of the dose was measured there in three hours.
In contrast, after non-diuretic organomercurials, methyl,
propyl, hydroxypropyl (MHP), hydroxyethyl, phenyl, and
methoxyethyl mercury salts, only about one percent of

the dose appeared in the urine in three hours. PCMB

was rapidly excreted.

Some species differences have been reported. While in
the dog about 50 percent QF a dose is excreted in a few
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hours (Borghgraef and Pitts, 1956, Borghgraef et al.,
1956, and Kessler, Lozano and Pitts, 1957), in the rat
less than 1 percent is excreted in the same period
(Borghgraef and Pitts, 1858).

Weiner and Miller, 1955, reportsd that after injection
of mersalyl into dogs the mercury in the urine was iden=
tified by polarography as a cysteine-like sulfhydryl
complex. Anghileri, 1364, stated the presence of inor-
ganic mercury (identified by paper chromatography) in
the urine of rats injected with chlormerodrin.

Baltrukiewicz, 1969, studied the mercury levels in suck-
ling newborns of rats which had received injections

of chlormerodrin during pregnancy and/or lactation per-
iod. About 1 percent or less of the administered mercury
was present in the newborns.

4.4.2.4.2 1In human beings
4,4.2.4.2.1 Retention
Some studies performed on the retention of mercurial diu-

retics in man by use of labelled compounds have indicated
a complicated pattern including several compartments.

Greenlaw and Quaife, 1962, measured the whole-body activ-
ity after single intravenous doses of 0.01-0.1 mg Hg

as chlormerodrin to 6 volunteers. They found a two-com-
ponent slimination curve. About 75 percent of the dose
was eliminated with a biological half-1life of about

5 hours and 25 percent with a biological half-1life of

7 days. Blau and Bender, 1962, gave about 10 mg of the
same compound. External counts over the kidney showed
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that the 10 percent of the dose retained in that orgen

was eliminated with a biological half-1life of about 28
days. The measurements were performed throughout an

80-day period. Bi-exponential elimination patterns of the
mercury from the kidney have been reported by Hengst,

Ohe and Kienle, 1967. Baltrukiewicz, 1970, found that about
one-half of the kidney content of mercury was eliminated

in two days. The rest was eliminated with a biological
half-1life of about 60 days. The dose of mercury was not
stated. Johnson and Johnson, 1968, who started whole—bedy
measurements 104 days after administration, found a bielogi-
cal half-life of 84 days during 4 manths. The dose of mer-

cury was not stated.

Kloss, 13962, using mersalyl (dose of mercury not stated)
found a biological half-1life for the external radioactivity
over the kidney of 10-14 days during a 24-day period.

Grossman et al., 1851, during up to two months did not
recover in urine and feces all the mercury injected es
merallurid. It thus seems that while most of the mefcury
from mercuric diuvretics is rapidly excreted through the
urine, a fraction is retained in the body much longer,
presumably to a great extent in the kidney. This is also
supported by the fact that Butt and Simonsen, 1950, Grif-.
fith, Butt and Walker, 1954, and Leff and Nussbaum, 1357,
frund considerably higher kidney meréuryAleyels in‘sebf
Jects treated with mercuric diuretics tﬁeﬁiin personsv
without known mercury ekposyre} The pate of elimination

is also discussed in section 4.4.2.4.2.2.

The retention of mercury has been studied by external scan-

ning in persons given single intravenous doses corresponding
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to U.U5;0.1 mp. Hg/kp body welpht as labhelled MHP, in most
cases mixed with Llood. A§ was sald in section 4.3.,2.4
thare‘iS a rapid aucumulatiuﬁ of méréurv in the spleen,
followed soon by a redistribution to kidney and liver,

with the greater porti;n gding to the kidney. The maximum
kidney retention has heen observed to occur 3-14 days after
dQSing (Korst et al., 1965, and Fischer, Mundschenk and
Wolf, 1865). There is then a slow elimination of mercury
“from the kidney. The biolbgical half-1life of the kidney
pool hés been mentioned briefly to be 45 and 140 days
(Croll et al., 1965, and Korst et al., 1365). Measurements
in urine and feces have shown a total elimination of 45
percent of the dose in 27 days (Wagnar et al., 1965) and

20 percent in 20 days (Fischer, Mundschenk and Wolf, 1865]),
the former indicating an elimination considerably more
répid than short chain non-substituted alkyl mercury com-
pounds, while the latter is similar to these compounds

(see section 4.4.2.1.1.2.1).

4,4,2.4.2.2 Excretion

The elimination of mercury after administration of meral-

lurid to man occurs almost only through the urine, the
feces containing only one-tenth or less of the total ex-
creted amount (Grossman et al., 1951). Half of a dose

is eliminated through the urine in 2-3 hours (Burch et
al., 1950, and SGrossman et al., 1951).

For chlormerodrin, zbout 50 percent is eliminated by the
urinary route in 8 hours (McAfee and Wagner, 1960, and
Blau and Bender, 149652). After this rapid phase the elim-
ination is considerably slawer.Buring 48 hours about 65
pércnnt of the (dnsn has bean recovered in the urine (Blau

an¢d flander, 19677,
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boorner gf al., 164, found -4 times more mercury In tha
yrine Lhén in the feces after single intravenous injrection
of M4P. On the other hand, Fisecher, Mundschenk and Wolf,
195y, found equal amounts in urine and feces. The fecal
excretion rote was close to that reported by Wagner et
al., 1964, Hut the urinary was much lower. A considerably
higher urinary excretion rate was reported by Oshiumi,
Matsuura and Komaki, 1965. In that study no fecal analysis
was performed. The excretion pattern seems to have been
more similar to that of inorganic mercury than to that

of short chain alkyl mercury compounds.

4.4.3 Summary

The elimination of inorganic mercurv from the body is prob-

ably similar for exposures to mercuric mercury or elemental
mercury. Whole-body measuremer.is in -human subjects during 3-
4 months after a single oral tracer dose indicate a bio-
logical half-1life of 30-60 days. In animals the elimina-
tion from the body follows two or three consecutive expo-
nential curves, with increasing half-lives. The rate of
elimination has been shown to be dose-dependent to some

extent.

Excretion takes place via the kidneys into the urine and

in the feces. The fractions in each of these two are ap-
proximately equal, but may fluctuate a little depending
upon dosage and route of exposure. It has been shown that

a small part of the body burden of mercury can leave the
body by volatilization from the lungs and the body sur-
face, by sweat and by lactation. In man the urinary route
is usually somewhat dominant over the fecal route. In spite
of considerable efforts, investigators do not yet know in

detail the mechanisms for the urinpary and fecal elimination
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of mercury. It seems likely that pglomerular filtration
and transtubular transport are of importance for urinary
elimination. A direct passage over the gastrointestinal
mucous membranes is probably of primary importance for
the fecal elimination. A mathematical expression for the
accumulation of mercury in the rat kidney has been set

up to allow exemplification of calculations of critical
exposure levels from data on metabolism. Unfortunately
data on distribution and half-life of inorganic mercury
in critical organs of the human body are insufficient
for such calculations. It is evident, however, that high
uptake in the kidney, the relatively slow elimination
from that organ, and especially the Iong half-life in
certain parts of the brain in combination with a rela-
tively high uptake at Hg° -vapor exposure, can mean a high
accumulation at prolonged exposure. Reported high concen-
trations of mercury in brains of a few persons exposed to
mercury vapor indicate a very slow elimination from some
parts of this organ. From these limited data it seems pos-
sible that accumulation at repsated exposure can take
place aver periods of several years.

As regards the orpanic mercury compounds the elimination

pattern is very much dependent upon the rate of degrada-
tion into inorganic mercury. The total elimination pat-
tern is a combination of one pattern for the intact or-
ganomercurial and one for the inorganic mercury which is
also redistributed in the body after its formation.
As was stated in section 4.2 the rate of breakdown in ani-
mal experiments is very different among different organo-
mercurials. It is very slow for methyl mercury. It seems
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to be faster for ethyl mercury and is definitely faster
for phenyl mercury. For methoxyethyl mercury the rate can
be described as rapid. The evaluation of available data
is thus difficult.

The elimination of mono-alkyl mercury compounds has been
studied mainly with methyl mercury. In animal experiments

the whole-body elimination of total mercury at exposure

to short chain alkyl mercury compounds has been consider-
ably slower than that seen at exposure to mercuric mer-
cury. In human beings exposed to tracer doses of methyl
mercury the elimination of mercury has followed a single
component exponential pattern with a biclogical half-1life
of 70-90 days, i.e., about one percent of the body burden
is eliminated daily. This is not too much in variance with
biological half-lives of mercury in hair and blood found
in poisoned individuals and in other exposed subjects. There
is some evidence that the elimination of mercury might be
somgwhat slower from the brain than from the rest of the
body. The slow elimination of methyl mercury compounds
causes a considerable accumulation at continuous exposure-
Steady state is not reached until one year of ex-

posure has taken place. The distribution pattern favors

a high retention in the kidney, the liver and the brain.

Although the information on ethyl mercury compounds is

less complete, it seems that what was said about methyl
mercury is also relevant for ethyl mercury. There are some
differences, probably mainly because of the lesser degree

of stability in the body. In animal experiments the elim-
ination of total mercury from the brain and the kidney

was slower than from other organs. The only di-alkyl mercury
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compound studied is di-methyl mercury. In mice most of a

single dose is eliminated in a few hours.

After exposure to mono-methyl mercury compounds mercury is

excreted mainly via the feces and only to a minor extent

via the urine. In furred animals the hair is an important
elimination route. In man the fecal elimination is about

10 times the urinary. When methyl mercury has been adminis-
tered to mice and rats most of the mercury in the feces

was inorganic. This is probably the result of reabsorption
from and breakdown in the intestine of methyl mercury origi-
nating from the bile. In the urine a considerable fraction
of organic mercury is found. The available data are far

more restricted and less consistent for ethyl mercury com-

pounds. In animal experiments the fecal route of elimina-
tion seems to be less dominant than at exposure to methyl
mercury. In rats and man considerable fractions of inor-

ganic mercury have been found in the urine.In the former
species inorganic mercury was also present in the feces.

In mice most of a single dose of di-methyl mercury is

rapidly excreted through exhalation.

Aryl mercury compounds have been studied almost exclusive-
ly in animals to which phenyl mercury salts have been ad-
ministered. The whole-body elimination rate of total mer-
cury after administration of phenyl mercury salts is com-
parable to that after inorganic mercury salts but consid-
erably faster than that after short chain alkyl mercury
compounds. The elimination is dependent upon the dose lev-
el and upon the time after a single administration. The
pattern thus is far more complicated than after methyl

mercury compounds. The elimination rate is slower for the
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kidney and possibly also for the brain than for the total
bodv. The high uptake of mercury in the kidney and the slow
elimination from that organ mean a definite risk of accumu-
lation. At administration of phenyl mercury compounds the
ratio between urinary and fecal excretion of mercury is
about 2:1 or higher. The main fraction of the mercury

found in the urine at phenyl mercury exposure is inorganic.

Only a minor proportion of the mercury in feces is organic.

Methoxyethyl mercury salts are the only simple alkoxyalkyl
mercury compounds that have been studied and only in animals,
The elimination pattern is similar to that of phenyl mer-
cury salts. Thus accumulation should be expected mainly

in the kidney. About two-thirds of the elimination occur

via the feces and about one-third via the urine. Most of

the mercury in urine is inorganic. In the feces, no organic

mercury appears.

The major part of a single dose of mercury administered

as mercurial diuretics to man is eliminated within a few

hours. A fraction of the dose is retained in the kidney
and is eliminated considerahly more slowly. The excretion

occurs almost only through the urine.

4.5 INDICES OF EXPOSURE AND RETENTION

4.5.1 Inorganic mercury

The main discussion of these matters with regard to inorg-
anic mercury will be found in section 7.1. Available data
on human beings have been obtained when investigating ef-
fects of mercury on industrial workers and have therefore
been included in Chapter 7. Here only some of the princi-

ple considerations and some conclusions which can be drawn
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from wxperimental studies will be Lrought forth. from the
tfact that the blood/brain and the blood/xidnoy ratios are
not constant, but change with time aftzsr an exposure or
during a series of exposures (see section 4.3.1), it follows
that blood concentrations will not be useful for indication
of the retention in either of these two organs which may

be critical in specific types of exposure to incrganic
mercury. In addition to what has been mentioned earlier

in this chapter (section 4.3.1) some data on the relations
among exposure, tissue damage and concentrations of mercury
in organs of experimental animals can be found in section
7.2.2 and in table 7:10. In that table there is a reasonably
good correlation among exposure, blood concentration, organ
concentration and organ damage. However, in a special study
of blood concentrations in the same rabbits as decscibed
in.table 7:10, a comparison of blood values before and af-
ter a 2-day non-expesure interval was made. It was seen

that the blood values fell to less of half of their value
during this period. This confirms the conclusions from
section 4.3.1 that blood values reflect mainly recent
exposure, and are not good indicators of accumulations

in critical organs if the exposure varies.The mentioned
conditions probably provide a main reason for the poor
correlation between blood values and signs of intoxication
in individual industrial workers (see section 7.1). However,
metabolic factors varying among individuals may also add

to the variation. Data on the correlation between urinary
and blood concentrations (figure 7:7) as measured in workers
in industry, as well as the correlation between urinary and

air concentrations (figure 7:5) will be discussed further

in Chapter 7. Urinary values, which in principle follow



4-136.

biood concentrations, are probaobly even more dependent

upon dosaee and metsholin factors than are blood concen-
trations. The resulting variation frum day to day in

urinary mercury concentrations is well illustrated by

data given in Chapter 7 (figure 7:6). It has been sug-
gested (e.p., Cember, 1959) that fecal mercury be used

in combination with urine values in order to get total
excretion values. Both practical and theoretical considera-
tions make such an approach unjustified. Hair and nail
samples have been suggested (Berlin, 1963a) as adequate

for indication of retention in critical organs, but the
difficulties with external contamination in such samples

are evident, especially under conditions of industrial
exposure. An additional factor which can influence hair
concentrations of mercury is the prominent accumulation

of mathyl mercury in hair of fish-eating workers. If separatse
analysis of organic and inorganic mercury is not made, influencs
from methyl mercury can be of importance for the hair concentration
Miyama and Katsunuma, 1370. They considered hair analysis
useless for evaluation of exposure to metallic mercury.

From a theoretical point of view, then, it is difficult

to find any index medium suitable of organ retention;

even so, the mentioned medie (urine, feces, blood) may
reflect recent exposure to mercury.

.5.2 0Organic mercury compounds
5.2.1 Alkyl mercury compounds

ilost information of use for judging suitable indices of

exposure and retention of mono-alkyl mercury compounds

conczrns methyl mercury. The similarities in metabolism
between methyl and ethyl mercury salts make similar con-

clusions valid also for the latter compounds and probably

*of mercury as shown by Suzuki,
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also for propyl mercury.

The slow elimination, the relatively even distribution

in the body after administration of methyl mercury, and
the stability of the covalent bond between carbon and
mercury speak in favor of the assumption that in most
mammals, the turnovaer among different tissues is faster

as a rule than the excretion. A turnover as fast or slower
than the excretion has been noted only in the CNS.

At least at levels at which no saturation of any tissue

or toxic disturbances of the tissues have occurred, the
relationship is constant between the mercury levels in
different organs and between the levels in different organs
and the total body burden. Also the excretion is related

to the body burden. At steady state there is then a constant
relationship between the daily dose and the total body
burden and the levels in each of the organs.

At exposure to methyl, ethyl and propyl marcury compounds
the critical part of the body is the nervous system, so
indices of the level in the nervous system are of primary
interest. Almost all of the data on the metabolism in

the nervous system concern the CNS. But considering the
simple distribution pattern of mercury at exposure to short
chain alkyl mercury compounds there is probably a constant
relationship between levels in CNS and peripheral nerves.
There is no information on which is the critical organ

at exposure to higher alkyl mercury compounds.

Berglund et al., 1371, on the basis of the available ex-

perimental and epidemiological data reviewed in this chap-
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tor, concluded that the most reliabie index of exposure
to methyl mercury and of retention of mathyl mercury in
the vody and in the nervous system is the level of methyl
mercury in the blood cells, or, though less reliable, in
whole blood. If exposure to other mercury cempounds can
be excluded, total mercury levels in blood cells are a
good index. Supporting evidence for exposura to methyl
mercury might be achieved by analysis of total mercury
level in plasma, the ratio between levels in blood cells
and plasma being about 10 at methyl mercury exposure in
man. It must be kept in mind, though, that during expo-
sure to other organic mercury compounds there is a high
blood cell/plasma ratio; at exposure to inorganic mercury
the ratio is about 1. Total mercury level in whole blood
might also be used but it is not possible then to decide
the character of the exposure in regard to the mercury
compound.

On the basis of data on methyl mercury exposed but
symptom free subjects (Rirke =t al., 1967, Tejning,
1967¢, and Sumari et al., 1969), Berglund et al.,

1971, proposed that there2 was probably a rectilinear
relation betwsen total mercury levels in blood and hair, .
the hair levels being about 300 times higher than the

whole blood levels. The individual variation, however, ,
«~a3 considerable. Data from the Niigata epidemic (Tsubaki,
personal communications) indicated a relatively higher
hair mercury level. Berglund et al., 1971, stated that

s probably ]
depended upon differences in methods. The

the discrepancy
meroury levels in the Japanese cases were decaying and
nrnbahly analyses were made on complete hair tufts. These

cnnditinons probably induced relatively too hiegh hair mercury
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N
levels in relation Lo bloond. Also the possibility of an-
alytical errors in blood mercury analyses should be smpha-

sized.

In animal exneriments (Swensson, Lundgren, and Lindstrim,
1959b, and Berlin, 1363c) and in workers exposed to methyl
mercury (Lundgren, Swensson and Ulfvarson, 1367) there

is a correlation between levels in plasma and blood, re-
spectively, and urinary levels. The level of mercury in
urine at exposure to methyl mercury, however, is low in
comparison to levels found at corresponding exposure to
inorganic mercury, phenyl mercury salts or methoxyethyl
mercury salts. Due to potential interference from other
mercury compounds, urinary mercury levels thus have a lim-
ited value as index of exposure to and retention of methyl
marcury. A correlation between levels of mercury in plasma
and urine has been reported by Suzuki et al., in press, in
subjects exposad to ethyl mercury.

In mice exposed to di-methyl mercury most of the mercury

rapidly left the body in chemically intact form through
exhalation (Ostlund, 1959b), although a minor fraction

was tranformed into mono-methyl mercury. It is thus possible
that, at least at high exposure, the same indices would

be applicable at di-methyl mercury exposure as at mono-
methyl mercury exposure. Data are lacking for other di-

alkyl mercury compounds.

4,5.2.2 Aryl mercury_compounds

| e mma e mmms e o mws  Ams e e e

From animal experiments on metabolism and toxicity of phenyl
mercury compounds it has become evident that the levels in

the kidney and the nervous system are of primary interest.
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un the other hand, clinical evidence of kidney and nervous
tissue damage at phenyl mercury exposure is scanty (section

5.2.2.1.2).

As discussed in earlier sections in this chapter the metab-
olic pattern at phenyl mercury exposure is complicated.

The ratio between levels in blood and kidney is dependent
on time after exposure and probably also on the dose level.
The mercury level in blood thus has limited value as an
index of mercury retention in the kidney. The same holds
true for the blood level as index of brain concentratioen.

In view of the rapid transformation of phenyl mercury into
inorganic mercury, phenyl mercury analysis most probably
would offer no advantage over total mercury analysis.

Whole blood and blood cell mercury levels decrease soon
after cessation of exposure. Analysis of total mercury levels
in blood <cells or whole blood probably could offer some
information about recent exposure. It must be realized

that the information thus obtained is much more difficult

to evaluate than was the case with short chain alkyl mercury
compounds (section 4.5.2.1).

Mercury accumulation in hair has been reported in rats
exposed to phenyl mercury salt (Gage, 1964). The avail-
able data do nhot permit conclusions as to whether or not
hair mercury l=vels would be useable as index of exposure
and retention. In the case of hair external contamination

imposes a problem.

In shart-term animal experiments a relationship hetween

blnnd merqcury lrvels and urine mercurv levels has boan
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shogwn Liwansson, Lundoren and \11 mdsteom, 1959, and HBer-
Tin, Mbide¢). Data from long-term exposure are lacking

but as Lthg Llood levels wure considoered to he of limited
valus as index of retention it may be assumed that the
samg houlds trus for urinary lsvals, even if the correla-
tion is presant in long as wsll as short-term sxposurs.

As was stated in ssction 4.4.2.2.1.2 the urinary and fecal
excretion patterns are affected by doss level and time
after sxposure, It is thus obvious that urinary mercury
levels offer limited information as to retention of mer-
cury at phenyl mercury exposure. 1t is probable,» though, that
urinary mercury levels can give some information on re-
cent exposurs.

There are no data available on aryl mercury compounds
other than phenyl mercury salts.

- em e’ ee meY an s s L A N

If mercurial diuretics are disrsgarded the only alkoxyalkyl
mercury compound for which information on metabolism and
toxicity 1is available ic methoxysthyl mercury salts.

In the case of methoxyethyl mercury no data on hair mer-
cury lsvels nor on the relation between blood and urinary
levels have been reported. Other information needed for
judging suitable indices is likewise scanty. It seems,
however, that the conclusions made in section 4.5.2.2
reyarding phenyl mercury are valid also for methoxyethyl
mercury. Thus neither blood levels nor urinary levels

can hn considered ideal indices of retention in the whole-
body or in organs. They mipht offer information on recent
sxposure but caution must be exercised in drawing conclu-

sinns.
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Hoed | Bummary
'he lack of o constunt ratio between the mercury concen”
tration in blood and critical organs makes blood hardly
suitable as an index medium for the evaluation of reten-
tion or risks of intoxication at exposure to different

forms of inorganic mercury. Because blood concentrations

are correlated to both urinary and fecal excretion, the
sane considerations hold true for these media. Urinary
values are influenced by other factors which make them
even less suitable than blood values for evaluation of
the risks for an individual worker. As an indication

of recent exposure they might be useful., On a group bhasis
there is a8 reasonably good correlation between exposure
(rrobably recent exposure) and urinary or blood values.

The most reliable index of exposure to and retention

of mono-methyl mercury in the nervous system is analysis

of alkyl mercury'in blood cells or whole blocod. If expo-

sure to other mercury compounds can be excluded the total

mercury level in blood cells or whole blood is a good
index. Exposure to organic mercury compounds is indicated
by a high blood cell/plasma ratio. If external contamina-
tion can be excluded the alkyl mercury or total mercury
level in hair may be used an an index of exposure and
retention at the time at which the analyzed part of the
hair was formed. At methyl mercury exposure there is a
correlation between levels in blood and hair, the hair
levels beinpg about 390 times higher than the whole blood
levals. Urinary mercury levels are not suitable as index
of e¥pnsure and retzntion because the urinary mercury

cxeration is low. The information about other mono-alkyl



4-143.

mercury compounds is more incomplete. Considering the
similarities in metabolism and toxicity between methyl
and ethyl mercury compounds, it is most probable that
the same indices may be used. It is reasonable to assume
that also propyl mercury compounds may be included in

this group. No conclusions are possible about higher
alkyl mercury compounds.

Concerning di-alkyl mercury compounds the only information
available is on‘the metabolism of di-methyl mercury in
mice. Most of a single dose is rapidly exhaled in intact
form while a fraction is transformed intoc mono-methyl
mercury. Possibly the same indices would be suitable for
di- as for mono-methyl mercury.

Concerning phenyl and methoxyethyl mercury salts, the
only aryl and alkoxyalkyl mercury compounds, respectively,
on which information is available, the situation is very

similar to that surrounding inorganic mercury. There is
no constant relation between levels in blood and either
the kidney or the brain. Blood levels thus are unsatisfactory
as indices of retention and the same applies to urinary
levels. Both blood and urinary mercury levels may give,
when cautiously handled, some information on recent exposure.



Tabie 4.1, DISTRIBUTION OF NERCURY IN ORGANS AFTER ADMINISTRATION OF MERCURIC MERCURY TO MAMMALS

1 (2}

Time to
Single Repeated ad- ?:;;:ﬁe:xp.)
No. of dose ninistration Node of Exposurs Blood Blood Ljiver Kidney Kidney
Species aaimals ag Fg/kg g Hg/kg/ administr. Coapound time Brain  Kidney Braia Brain Liver Reference
Mouge 6 0.005 i, Hglly 5 min, 2 0.55 - 36 - Magos, 1968
3 0.5 i, Hetl, 14, a6 - 32 - Berlin & Ullberg, 1963%)
2 0.01 i.v. ﬂg(l03)2 14, - - 18 234 13 Berlin, Jerksell & von Ghisch, 1966
2 0.5 i.v. Hg(lo3)2 1d. 24 Berlin, Jerksell & von Ubisch, 1966
: 8.5 i.v, BeCl, 16 4. - - ~1 ~16 162) Berlin & Ullberg, 1963")
4 0.01 i.v. Hg(#03)y 16 4. - - 2.0 29 15 Berlin, Jerksell % vor Ubisci, 1966
2 0.5 iv? Hg(!03)2 16 4. 1.8 Berlin, Jerksell & von Ubisch, 1366
Qpigea- 3 0.4 i.v. Hg(lﬁg)z 14, 3.6 0,011 24.% 328 13 Nordberg & Serenius, 1969
e 3 0.4 iur, Hg(803); 16 & 2.1 0.0099  11.3 208 18 Nordberg & Seremius, 1939
Rat & 0.25 i.v. !!g(loa)2 14, 0,012 13 416 32 Rothstein & Hayes, 1960
2 0.5 i.v. 33(103')2 1 4. 0.0092 21 525 25 Berlin, Pazackerly & Nordberg, 1963
3 o5 i, Hglae), 14, - - - - 4 Prickett, Laug & Xunze, 1950
7 o2 i.v. B, 14 - - - - » Surtshin, 1957
3 3.0 i.v. g1, 14 - - - - 20 Surtshin, 19573)
1 0.6 o.r. Hg{ae), 14, - 00025 - - 5 £11is & Fang, 1967
3 1.2 o.r. s;(u}z 14 n 0.014 5 800 16 Ellis & FPang, 1967
3 2.5 0.T. lg(k)z 1 d. - - - - 6 Prickett, Laug & Kunse, 1950
3 0.01 f.v. Hg(m,), 124, %.4 0,003 1.5 161 104 Ulfvarson, 1969
3 e.1 i.v, Bgliy)y 124 0.5 0,001 2.8 37 132 Ulfvarson, 1969
5 0.2 t.v !3(103}2 15 4, 1.1 0,0013 2.4 78 366 Rothstein & Hayes, 1960
] v.5 1.v. Bz(ﬂ,)g 16 4, 0.5 0.,0005 5.5 1100 200 Berlin, Fazackerly & Yordberg, 1969
3 1.8 L.v. ‘EgClO,)z 124, 0.5 0.0007 3.4 750 222 Ulfvarson, 1969
4 0.05 s.c. 1xg(lu3)2 18 4. 1.1 0.0009 10.8 1262 17 Ulfvarsoa, 1962



Table 4:1, Cont

::::1;280
No.of  doss .  isisiration Mode of {single #x»)  Biood Bloed  Liver Kidney Kiduey -
Species  ahimals =g Hg/kg =g Hg/kg/day  administr. Compound  time Brain  Kidney  Brain  Brain Liver : erence
Bat 9 0.5" 8.0, HeCl, 35 4.9 0.5 0,002 5.4 421 qe  Friberg, 1956
2 0.5%) 8.c. Hgl1, 35 .5 0.1 0,013 1.3 1 8 ?’ribors, 1956
6 0.5 s.c. RgCl, 39 4. 0.3  0.0009 3.1 291 g¢  Friberg, 1956
6 0.5%) 8.0, HgCl, 39 4.5 0.4  0.036 2,1 13 ¢  Friderg, 1956
[ 0.5 3.¢. Hegbl, 39 d. 1.4 0,064 6.5 222 34 flriberg, 1956
4 0.5 ppa®) Hg(Ae), 12 mo, - - - - 12 'Fitzhugh et al., 1950
4 2.5 " ﬂg(Ac)2 12 o, - - - - 37  Fitzhugh et al., 1950
4 10 " ﬂg(Ae)2 12 mo. - - - - 18 Fitzhugh et al,, 1950
4 49 Hg(Ac), 12 mo. - - - - 48 Fitzhugh et al., 1950
4 60 " Hg(Ac)2 12 mo, - - - - 91 Fitghugh et al., 1950
Rabbit 3 2.0 8.¢. Hgll, 14d. 6.5  0.013 50 515 10  |Friberg, Odeblad & Forssman, 1957
1 1.0 8,0, Hgll, 1d. 2,6 0,005 10 530 53 Miyawa et al., 1968
1 1.0 fov. Hgll, 14 110 0.015 70 665 10 [Miyema et al., 1968
! 0.1 i.v. Hg(Nog), 16 4. - 0.006 - - 25 Berlin, Fazackerly & Nordberg, 1969
1 0.1 i.v. Hg(N05), 32 a. .- - - - 14 Berlin, Fasackerly & Nordberg, 1969
2 2.0 8.C. chl2 40 d, Q 1.3 0,0005 69 9622 3§ Friberg, Odeblad & Forssmean, 1957
Homkey 2 0.1 i, Hg(HO3), 4 4. 2.5  0,0013 90 1900 21 Berlin, Fazackerly & Nordberg, 1969
1 0.1 i.v. Hg(NO3)y 16 a. 2.0 0,0046 112 429 4  Berlin, Fazackerly & Nordberg, 1969
.~ 0.1 Lov. Hg(Noy); 32 4. 1.0 0,0024 53 404 8  Berlin, Pagzackerly & Nordberg, 1969

Footnotes: 1) Autoradiographic determination

2) Kidney cortex versus liver

3) Assuming kidney weight = 2,0 g and liver weight = 12 g

4) Killed 14 days after termination of exposure

5) After this period exposed to non-radioactive Hg for 14 days, them killed. Organ values represent only radioactive Hg

6) Concentration in the diet of substance given.



1 {2}

Table 4:2, PIZTRIBUTION OF MERCURY IN ORGANS AFTER BEXPOSURE TO ELEMENTAL MERTORY VATOQR TN MAMMALS

Exposure
Air con- Time to
centration ancrifice s nti :
ng l!gjm (single Ratios beiween concentrations in orgass
and lime exp.) Ex- ) : .
¥o. of {single posure Blood- Blsood Liver Kidpey EKidney
Species animals  exposure) . time Brain Kidney Brain Breic _Liver Reference
Nouse é i,v. ui" 5 min 1.24 0.28 - 4,5 -  Magos 1968
vapor!
2 4 hrs2) 1 day - - 1.31 12.2 9 . Berlin, Jerksell
& v. Ubiach 1966
2 4 hrs3) 1 day - - 0.96 10.2 TR
4 4 nrs?) 16 days - - 0.28 5.4 19 -
2 4 nrsd) 16 days - - 0.14 1.1 8
Guinea 3 7; $ hrs 1 day 1.33 0.026 1.28 38,5 Nordberg & Se-
Pig reniua 1969
3 7; 5 hre 16 days 0.10  0.002 1,37  40.9 L
Rat. 1.43 5 hrs 1 day - 60,0006 ~ - 3 Hayes & Rothe
stein 1962
2 1.0; 4 hrs 1 day 0,38 0.011 1.03 31.4 31 Berlin, Fagacker-
ly & Nordber
1969 '
3 1.4; 5 hrs 15 days - - - - 320 Hayes & Roth-
stein 1962
2 1.0; 4 hrs 16 days 0,02 0.002 0.16 13.0 78 Berlin, Pazacker-
1y & Nordberg
1969
2 1 6 weeks - - 0.09 15,8 179 Gage 19614
2 1 4 months - - 0.02 23,8 1167 L
2 0.02-0.03 6.5 months - - 2.9 5.6 2 Kournossoy 1962
3 0,008-0.01 6.5 months - - 2.8 9,8 3
3 0.002-0.005 6.5 months - - 4.7 8.6 2 "
4 0.1 7-9 weeks - - - - 2 Ashe et al, 1953
2 0.1 3.5 months - - - - 75 "
7 0.1 13-15 months - - - - 23
2 0.1 17 months - - - - 22 ",
Rabbit 2 13 4 hre 4 days 0.25 0,003 1.8 83 45 Berlin, Pazacker~
ly & Nordberg
1969
1 1; 4 hrs 16 days - - 3,5 74 2 u,
4 6 6-8 weeks 0.15 0,015 0,36 9.7 27  Ashe et al. 19535)
2 é 10-11 weeks  0.06  0.006  0.50 9.4 19 o
11 0.9 6.8 weeks 0.30 0.012 2.24 25.9 12 "
4 0.9 10-12 weeks 0,12  0.004 3.53  27.6 8
1 0.1 8 weeks - 0.015 - K 16 LS
2 0.1 3.5 months 0.23 0.007 2.23 3.6 14 L
a 0.1 10.5 montha 0,25 0,003 5.4 30.0 6 m.
2 Q.1 19 months 0.27 0.04 2.8 7.1 3 L
Dog 1 0.1 14 ponths 0,026 0,0013 1.86 20.0 1t . 1983
1 0.1 19 months 0.012  0,000% 7.37 . 3 "~
Monkey 2 1; 4 hrs 4 days 0.19 0,011 2.0 17 17 Berlin, Fazacker-
* 1y & Nordberg
1969
1 4: 4 hrs i¥ dnys 0,57 0,010 15,9 LX) 4 L

v




Table 4:2, Cond,

Pootdotes: 1) Single expysure corresponding to 0,005 pe ug/kg
2) Single exposure corresponding to 0.01 mg Hg/kg
1) Siugle exposure corresponding to 0.5 mg Hg/kg
4) Brain weight nssumed 1o be 1.8 g, liver weight 12 g and kidney weight 2.0 g

5) Cohéﬁtuﬂom in tissues are given ip table 7:10



Table 4:3 DISTRIBUTION OF MERCURY IN MAN

Calculations based on concentrations in wet waight tissue if not otherwise stated.

]

A: Mercuric mercury
Case Compound Route Blood | Kidney | Liver Kidney | Kidney | Reference
No. of Brain } Blood Brain Liver Brain
Exposure r
] :
1. HgClz 0.r. 35 - 1.4 Sollmann and Schreiber, 1336
) y

2- HgCIZ 50-!‘. 3 27 1.3 b ; o
3. HegCl, o.r. 158 2.3 v "
I Mercuric ben- . 8.00 5.3 42.1 Lomholt, 1928

zoate inj. ? .
1I HgCl2 o.r 18.88 2.2 41.2 -
v HgCl, Oere $3.20 5.0 16.0 "
B: Mercury vapor
1, Acute exposure 8.9 Matthes et al., 1958
2. " 6.4 "
1. Chronic exposure 0.03% }21.2*% 0.5 I watanabe, 1871
11. " 0.55%% | 3,5%% 1.9%* "

Xcalculated on dry weight values. Values given for cerebellum used for brain and kidney
certex for kidney in calculations

**calculated on wet weight values. Csrebellum used for brain and kidney cortex for kidney.



rlblo 4:4 DISTRIBUTION OF MERCURY IN ORGANS AFTER ADMINISTRATION OF NETHYL MERCURY {MeHg) TO MAMMALS (from Berglund et el., 1971, with some additions)

1 (4)

Mercury exposure

Meroury councentration in organs

‘Single Repeated ad- Time ain~
dose ninistra- gle ex-
vg Hg/kg tion, mg Adninis- Exposure posure to Brain Liver Kidney ¥hole blood
No. of Compound/  bedy Hg/kg body tration time, sacrifice, ug/g npe/g  liver/ ug/g kidney/ ug/g  blood/ blood/
Species anilalﬂ) spurce weight weight/day route days days brain brain brain kidney References
Rouse 8 Shellfish 25 or. 11-61 28 72 2.6 64 2.3 - - - Saito et al., 1961
5 Melg acetate 0.5 s.c. 11 - - 3.4 - 8.5 - - - Suguki, Miyama and
Katsunuma, 1963
15 Melg dicyan- 0.0 i.p. 16 - - .6 - 14 - - - Berlin, Jerksell and
diaside > P 3 Hordbverg, 1965
Mellg acetate 2.5 s.c. 10 4 20 5 40 10 5 1.3 0,13 Suguki, 1969a
Ve 5 s.c. 10 6 30 5 60 10 9 1.5 0.15 Suzuki, 1969a
10 MeHgOH 0.03 i.v, 6 0.02 0.08 4.0 0.02 1.0 0.02 1.0 1.0 Ostlund, 1969b
10 " 0.3 i.v. 6 0.2 0.6 3.0 0.2 1.0 0.2 1.0 1.0 Ostlund, 1969b
10 " 1.0 i.v. 6 0.6 2.1 3.5 0,6 1.0 0.5 0.8 0.83 Ostlund, 1969b
10 » 5.0 i,v, 6 3.3 9.8 3.0 4,0 1.2 3.7 1.1 0.93 Ostiund, 1969b
2 MeHgCl 1.0 i.v, 22 0.37 0.7 2 2.7 7 0.5 1.3 0.14 Norseth, 1971
Rat 10 " 0.1 i.v. 32 0.02 0.08 4 0.26 13 0.05 3 0.19 Swensaon, Lundgren and
Lindstrém, 19%9b
5 " 3) or, 21 1.6 7.0 4.4 18 1 19 11 1.06° Swensgon, Lundgren and
Lindatrém, 1959b
5 " 3) or. 21 0.5 2.3 4.6 46 93 9.0 18 0,20 Swensson, Lundzren and
Lindatrém, 19590
6 MeHg dieyan- 1 8.c. 10 3.0 14 4,7 52 17 48 16 6.92  Friberg, 1959
diamide
5 MeHgOH 3) or. 21 1.7 7.2 4.3 24 14 21 12 0.88  Ulfvarsom, 1962
4 " 0.05 8.cC. 13 0.19 0.92 4.8 4,6 24 3 16 0,65 Ulfvarson, 1962
6 Melig dieyan- 0.65 8.c. 42 4 16 4 51 13 ~4a0?) 20 ~0.78  Gage, 1964
diamide
5 Heligoll 0,1 i,v, 4 0,04 0,17 4,2 .59 15 0.43 11 0.73 S-Z;uon and Ulfvarson,
19
5 " 0.5 i.v, 4 .13 0.52 4.0 1.7 13 2.2 17 1.29 s'znsson and Ulfvarson,
1967
3 * 0.5 i.v, 16 0.17 0.48 2.8 2.6 15 1.8 1t 0.69

Swensson and Ulfvarson
1968 ’



Table 4:4. Continued

Mercury exposure

Morcury concentration in organs

Goegt  ibrated ed- ety
g Bg/kg tion, ng Adminis- Ezposure posure to Brain Liver Kidney Whole blood
. ¥o, of 1) Compound/  body ‘Hg/kg body tration time, sacrifice, ng/g  pg/g  liver/ pg/g  kidney/ pg/g  blood/  blood/
Species a.nil'als source weight weight/day route days days brain brain brain kidney References
Rat 3 MeHgOH 0.04 i.v, 6 0.01 0,04 ] 0.49 50 0.14 14 0.29 Ulfvarson, 1969a
3 " 0.4 i.v. 3 0.14 0.41 2.9 2.2 15 1.7 12 0.77 Ulfvarson, 1969a
3 " 4.0 i.v. é 1.5 4.2 2.8 22 15 19 13 0.86 Ulfvarson, 1969a
20 u 40 s.c. 3 - 88 - 140 - - - - Ulfvarson, 1969b
20 " 40 s.8. 3 21 7 3.7 98 4.7 290 14 2.96  Ulfvarson, 1969b
20 » ~ 0,01 or, 180-210 0.2 - - - - 1.2 6.0 - Ablborg et al., to be
published
0 " ~ 0,06 or. 180-210 1.2 - - - - 7.8 6.0 - Ahlborg et al., to be
published
20 " ~ 0.3 or. 180-210 7.0 - - - - 45 6.5 - Ahlborg et al., to be
published
Perret  2° 6) 5) or. 35-367) 37 61 1.6 73 2.0 - - - Hanko et al., 1970
2 6) 8) or. 589 16 a7 2.9 65 4.0 - - - Hanko et al,, 1970
Rabbit 3 Melig dicyan- 1.5 i.v. n 1.5 2.9 2 2.9 2 - - - Swensson, 1952
dianide
Cat 3x Shellfish ? or. ? 9 52 5.8 15 1.7 - - - Takeuchi, 1961
4% o ? or. ? 14 82 6.0 - - - - - Takeuchi, 1561
3% MeHgC1 1.4 or, 32 12 90 7.5 1 0.9 - - - Yamashita, 1964
2 MeHgI 1.1 or. 33 9 79 8.8 30 3.3 - - - Yamashita, 1964
3* Shellfish ? or. 100 5 77 15 12 2.4 - - - Yamashita, 1964
3 MeHg3Hg 0.9 or. 36 15 100 6.7 2 1.4 - - - Yamashita, 1964
4 MeligSHgNe 1.5 or. 22 26 75 2.8 22 0.8 - - - Yanashita, 1964
% ﬁ:ﬁ + shell- ? or. ? 9.2 62 6.7 20 2.1 13 1.4 0.65 Kitamura, 1968
9* e ? or. ? 13 74 5.8 20 1.6 - - - Kitanura, 1968
h L ? or, 7 10 48 4.8 16 1.6 - - - Kitamora, 1968
?X Shellfish ? or, ? 19 96 5.0 88 4.6 - - - Kitamura, 1968



Table 4:4, Continued

Kercury exposure

Mercury concentration in organs

Single Repeated ad- Time sin~
doge ministra- gle ex~ i Kidi Whole blood
ug He/kg tion, mg Adminis-Exposure posure to Brain Liver idney ole
o No. of | Compound/ body Hg/kg body tration time, sacrifice pg/e  pa/g  liver/ pe/e  kidney/ pefg  blood/  blood/
Species animals / source weight  weight/day route  days days brain brain , brain  kidaey References
Cat 4 Fish + shell- ? or. ? 2,2 57 26 3.6 1.6 - - - Kitamura, 1968
fish
" "o ? or. ? 1.6 26 16 3.6 2,2 1.7 1.1 0.47 Kitamura, 1968
2* 10) 1 or. 37-45 28 100 2.6 62 2.2 61 2.2  0.98  Rissanen, 1969
2* NeHgoH 0.2-0.4  or. 76126 9 3 3.5 19 2.1 19 2.1 1.0 Albanus et al,, 1969
Dog 3% MeHg thio- 21 i.v. 5 33 - - - - 12 0.36 - Yoshino, Mozai and l%‘
acetamide 19662
Pig 1 Melig acetate 1.0 i.m. 7 0.53 2,2 4,2 1.2 2.3 - - - Platonow, 1968a
1 e 1.0 i.m, 7 3.7 22 6.2 12 3.2 2,0 0.5 0.17 Platonow, 1968a
1 -~ 5.0 i.m. 7 4.3 17 4.0 1 3.6 - - - Platomow, 1968a
1 e 5.0 i.m, 7 13 50 3.8 57 4.3 7.0 0.5 0.12 Platonow, 1968a
2 . 5 or, 7 3.9 1 2.8 7.2 1.8 - - - Platonow, 19680
2 . 5 or, 7 14 80 5.7 52 3.7 - - - Platomow, 1368b
2 MeHg dicyan— 1.7 or, 32 0,45 2.0 - 1.6 = - - - Piper, Miller and
diamide Dickinson, 1971
2 "~ 27 or, 7 23 83 - 54 - - - - Piper, Miller end
Dickinson, 1971
Monkey 2F MeHgOH 0,3-0.7 or, 35-36”) 18 9.8 0.5 6.0 0.3 1.5 0,1 0,25 Nordberg, Berlin and
{Saimiri Grant
sciureus) 12) !
1 " 0,3~0.7 or. 28 14 24 1.7 12 0.9 1.9 0.2 0.16 Nordberg, Berlin and
Grant,
1x " 0.3-0.7  or. 2813) 73 7.3 1.0 13 1.8 - - - Nordberg, Berlin and
Grant,
4
2 " 0.3=0.7 or. 21! ) 2,5 2.7 1.1 4.9 2,0 0.3 0.1 0,06 Nordberg, Berlin and

Grant,




Table 4:4, Continued

1) Asterisked figures indicate symptoms of poisoning inm all or some animals in the group

2) Values read in dimgram in original papsr

3) Supplied in drinking water 2 mg Hg/1,000 ml

4) Level in whole blood caleulated from level in blood ocells and plasma, with a presumed hematoerit of 50
5) Total dose  35-45 mg/kg. Exposure varied between 0 and 1.5 mg Hg/kg/day. Meau exposure ~0,5 mg/kg/day
©) Musculature and liver from intoxicated hens whose food was mixed with Mellg dicyandiamide

7} Onset of symptoms after about 14 days, Until then meau exposure about 1.4 mg/kg/day

%) Total dose 20-27 mg/kg. Exposure varied between O and 0.6 mg Hg/kg/day. Mean exposure 0.5 mg/kg/day

Onset of sympioms after about 21 days, Until then mean exposure about 0.5 mg/kg/day

< O
—

Homogenate of liver incubated with MeHgOH
11) Sywptoms O and 6 days respectively and killed 1 aud 9 days respectively aftier completion of exposure

Killed 4 days after completion of exposure

-
~N
[

13) Sywptoms 37 days and killed 63 days after completion of exposure
14) Eilled 85 days after completion of exposure. One animal showed histopathological damage in the CNS,



‘l.bh 4:5, DISTRIBUTION OF NERCURY IN ORGANS APTER ADMINISTRATION OF ETHYL NERCURY (EtHg) COMPOUNDS 70 MAMMALS

Mercury exposure

Mercury levels ia organs

Single  Repsated ad-
::.l'm/ kg :i::..t:- Adminis- Exposure gt::r:x;o Brain Liver Kidney Whole blood
ipscies ::in:{s’) Compound ::ght ]:E{:gt} ;:)y' :::::on ;1;:’ ::;:in“’l e/ 'lg/g ﬁ;::/ 'xg/g l_;:gg;y/ PG/B :::gg/ :i::g References
touse 5 EtHg acetate 0.5 s.C. 1 - - 25 - 44 - - - i:::}:i‘;.:i:v?;zsnd
lat 6 EtHgCl 3 i, 7 {0.7) 5.3 (7.6) 69 (99) 14 {50) 0.20  Miller, Klavano and
Csonka, 1960

5 EtHgod 2) or. 20 0.32 4,5 14 30 94 8.4 2 0,28  Ulfvarson, 1962

2X EtHg salts 10 or, 46 22 25 1.1 93 4,2 - - - Itsuno, 1968

e (Ethg) 8 ~10 or. 23 100 4.4 89 3.9 - - -

3 EtHgC1 10 s.c. 8 1.4 1 9.2 110 79 27 19 0,25 Takeda et al,, 19682

3 EtHg cysteine 10 B.C, 8 1.4 12 8.6 95 é8 23 16 0.24

3 EtHgCL 20 s.c. 8 - 30 - 110 - - - - Takeda and Ukita, 1970

? EtHgC) 1 i.p. 8 0.3 3.3 M 18 60 - - - Takahashi et al., 1971
lat 3t EtHgl 1.0 or. 27 14 . 200 14 60 4,2 - - - Yamashita, 1964

5% (BtHg) PO, 1.2 or, 25 10 130 13 120 12
Jalf 1 EtHg-p-toluene 4,7 or. 38 29 50 1.7 60 2,1 7 0.24 0,12  0Oliver and Platonow, 1960

sulfonanilide

" " 23 or, 25 18 108 6.0 120 6.7 - - -

* " 47 or, 9 12 58 4.8 62 5,2 23 1.9 0.37

1 L 120 or, 3 3.2 46 18 29 9.1 5 1.5 .17
Monkey 1 EtHgCl 0.8 i, 8 1.3 3.0 2.3 8.6- 6,6 - - - Takahashi et al,, 1971

[) Dccurrence of gigus of intoxication im some or all animals is indicatad with an astaerisk

QAL 2 mg Heg/l drinking water



?able 4:6, DISTRIBUTION OF MBRCURY IN ORGANS AFTER ADMINISTRATION OF ALKYL MERCURY COMPOUNDS OTHER THAN METHYL AND ETHYL MERCURY
Mercury exposure Mercury levels in organs
§1n¢10 R;p;atod ad- )
ose sinistra- Time ex-  Brain Live Kidne Whole blood
mg Hg/kg tlon, mg  Adeinis- Exposure posure to ul z
No. of body Hg/kg body tration  time, saorifice, ng/g /e liver/ ug/e  kidney/ pg/g  blood/ blood/
: 5 5 . |) 2) ’ A ’ e
ipecies animals'’ Compound weight  weight/day route days days brain brain brain  kidney Reference®
Nouse S n-Prolg acetate 0.5 s.c. 1" - - 5.2 - 13 - - - Suzuki, ¥iyama and
Katsunupe, 1963
3 3 8.0, 7 0.2 15 5 32 160 1.1 5.5 0.03 Suzuki, Miyamg and
Katsunuma, 1964
3 iso-Prolig 3 8.6, 7 0,14 16 1 22 16 0,33 2.4 0.02
acetate
Rat 5 n-ProHgOH 3) or. 21 0.21 6.1 29 21 100 9.4 45 0.45 Ulfvaraon, 1962
1 n~ProlgBr ~10 or. 46 25 32 1.3 67 2.7 - - - Itsuno, 1968
1 igo~Prolghr ~10 or. 10 38 197 5,2 22 0.6 - - -
2 (n-Prng)2$ ~10 or, 21 2-32 28-170 14-5.3 10-~110 5=3.5 = - -
1 (iso-Prng)zS ~10 or. 66 15 30 2.0 72 4.8 - - -
Mcuse 3 n~Bullg acetate 3 a,.c. 7 0,23 1 48 19 83 0.86 3.7 0.05 Suguki, Miyama aad
Katsunuma, 1964
3 iso-Bulig 3 5.6, 7 0.24 16 66 21 87 0.80 3.3 0.04
acetate
Ret 1 n~-BuHgBr 0 or. 86 8.2 10 1.2 31 3.8 - - - Itsuno, 1968
1 (n—Buﬂg)zs ~A0 or, 66 7.2 8.2 1.1 35 4.9 - - -
1 iso~BuHgBr ~10 or. 88 7.0 7.0 1.0 30 4.3 - - -
Mouse 3 n-Aulig acetate 3 8.C. b 0.12 6.3 53 17 140 0.46 3,8 Q.03 Suzuki, Miyama and
) Katsunuma, 1964
Rat 1 n-AuHgBr ~10 or, 152 2.2 5.0 2,3 37 17 - - - Itsuno, 1968
1 iso-AnHgBr ~10 or, 152 2,0 4.6 2.3 36 18 - - -
1 (n-Hexiig) 8 ~10 or. 156 4.5 7.2 1.6 43 9.8 - - -

1) Cccurrence of signs of intoxication in some or all animals is indicated with an asterisk

2) Prolig
Bulig
AuHg
HexHg

= propyl mercury
= butyl mercury
= amyl mercury

= hexyl mercury

3) 2 sg Bg/iiter drinking water



t {2)

Table 4:7. DISTRIBUTION OF NERCURY IN ORGANS AFTER ADMINISTRATION OF PHENYL MERCURY (Philg) COMPOUNDS
Mercury exposure Mercury levels in organs
sdi:fl’ l:;g;.::;:-ad‘ Tige ex- - :
ng Hg/kg tion, mg Adminis~ Exposure posure to Brain Liver Kidney Fhols blood
No. of body Hg/kg bedy tration  tinme, sacrifice, »g/g pefg  liver/ jpg/g  kidney/ jug/g  blood/ blood/
Species animals Compound weight weight/day route days days brain brain brain kidney References
dat 5 Phlig acetate 1) or, 365 - 0.05 - 1.7 - - - - Fitzhugh et al., 195C
52) "~ 3) or. 365 - 1.5 - 40 - - - -
54) " 1) or. 540-730 - 0.25 - 2.3 - - - -
550 . 3) or. 540730 - 33 - 3 - - - -
4 "o 0.2 i.v, 1 0.51 0.52 1.0 9.1 18 0,22 0.4 0,02 Prickett, Laug and
Kunze, 1950
8 - 0.5 i.v, 4 0.6 14 -
3 e 0.5 or, 2 0.10 16 ~
4 LA 3 i.m, 2 1 11 11 19 79 - - - Miller, Klavano and
Miller, 1960
4 PhEgOH 0.05 8.¢. 18 0.03 0.36 120 33 1100 0.039 1.3 0.001 Ulfvarson, 1962
6 Philg acetate .65 8.c. 42 <1 1.3 213 90 2100 0,5 <2 0.006  Gage, 1964
2 " 1 o.c 7 - - 208 . 10008) - 56} 0,01  Susuki, Miyama and
Katsunoma, 1966
2 Ve 3 or. 2 0.06 0.58 10 27 45 0.74 12 0,03 Ellis and Pang, 1967
3 PhHgOH 0,05 i.v. 4 0,004 0,081 20 1.7 400 0.006 1.2 0,004 i;z;uon and Ulfvg.rsc
3 " 0.5 i,v. 4 0.017 0.33 20 15 880 0.04 2,4 0,003
4 PhHg acetate 7) or, 180 0.13 0.52 2.5 16 120 0.22 1.7 0.01 Piechocka, 1968a
24 n, 8) or. 180 0.29 4.3 15 42 140 0.48 1.7 0.01
3 PhRg0H 0.5 16 0.018 0,083 4.6 16 890 0.047 2,6 0.003 !:;zguaon and Ulfvarso
3 PhHgG1 10 8.c. 8 0,16 1.3 8.1 18 110 0.29 1.8 0.02 Takeda et al,, 1968a
3 PnligOH 5 iwv. 3 0.47 1 23 42 89 4.4 9.4 0.1 Ulfvarson, 1969a
20 " 25 8.c. 3 0.5 19 52 6 12 0,1 Ulfvarson, 1969b



Table 4:7, Continued

Mercury exposure Mercury levels in organs
Single Hepeatsd ad- - . ,
dose ninistra- Time ex- s s
mg Hg/kg tion, mg  Adminis~ Exposure posure to Brain Liver Kidusy ¥nole blood
No. of body Hg/kg body traiion time, sacrifice, ug/g pe/g  liver/ ypg/g  kidney/ pgfg  blood/ blosd/
Species animwals Conmpound weight vuight/day route days days brain brain braia kidney References
Guinea 2 PhHg dinaphiyl- 0.2 or, 180 3.5 - 68 - - - - Goldberg and Shapers,
pies mnethane di- 1957
sulphonate
2 n. 0.02 or, 180 0.5 - 7 - - - -
Rabbit 2 Phig mcetate 2 8.6, 40 0.010 0,6 60 [3 600 0,01 1 0.002 Friberg, Odeblad and
forssman, 1957
i " 0.4 s.c. 7 205) 200%) 2 A Susuki, Miyana and
Katsunuma, 1966
Dog 1 L 3 i.v. 1 0 25 - 100 - - - - Miller, Klavane and

Miller, 1960

Qccarrence of signs of intoxication in some or all animals is indicated with an agterisk
1) 0.1 og Hg/kg food

2) Promounced histological changes in kidney in females, none in nales

1) 10 mg Hg/kg food

4) Slight histological lesions in females, very slight in males

5) Promounced histological changes in females, slight in males

€) Read from disgran

7) 1 »g Hg/kg food

§) 8 mg Hg/kg food



Tabie 4:3.

DISTRIBUTION OF MERCURY IN RAT ORGANS AFTER ADMINISTRATION OF METHOXYETHTL MERCURY HYDROXIDE COMPOUNDS

Mercury exposure

Mercury levels in organs

Single Rgpgated ad- .
izsgg/kg :;:::t::- Adminis- Exposure ;:::r:x;o Brain Liver Kidney ¥aole biou:
No. of body ig/kg body tration  time, sacrifice, ug/g mg/g liver/ wmg/g  kidney/ wmglg blood/ tioad/
anibals weight weight/day route days days brain brain brain kidpey efer:nses
3 0.5 s.c. 12 0,009 0.25 28 27 3000 0.633 3.7 0.5 Uifvarsen, ‘yhe
a 2.5 i, 4 0.018 0.3 17 17 940 0,068 3.8 -+ 0.004 !‘;;z;ssoﬁ ans Tlfvaricn
s 0.5 i.v. 4 0.022 Q.24 1" 12 550 0.054 2.% 7,005
¢ 0.05 i.v. 4 0.009 0.061 6.8 2.4 270 0.009 1 0,004
3 3 i.v. 3 0.1% 4.0 27 19 120 1.1 75 0,06 vifvarsiz, 9o9s
0.3 i.v. 3 0.036  0.17 4 7.6 210 0.082 2.3 6.0t
) 0.03 i,v. 3 0.027 0.047 1.7 1.2 45 0.044 1.6 C,04
3 3 i.v. 12 0.076  0.51 6.7 0.73 9.6 0,066 0.9 0.09
3 0.3 i.v. 12 0.007  0.021 3 3.4 490 0.004 0.6 0.001
3 0.03 i.v. 12 0.002 0,005 2.5 0.42 210 0.001 2 0.002
23 20 s.c. 3 0.2 44 220 29 140 1 55 0.4 Ulfvarcon, 3.3




Qo Units in kidneys

14-

Qg = daily injected dose.

[P Theoretical curve.
o RS S Ulfvarsson 1962

*—eo— Friberg 1956

Figure 4:1 Accumulatioen
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Figure 4:2 Theoretical Course of Accumulation for
the Total Bedy Burden of Man at Steady
State after Beginning of Exposure to
Methyl Mercury (from Berglund et al.,
1971).



CHAPTER 5
SYMPTOMS AND SIGNS OF INTOXICATION

by Staffan Skerfving and Jaroslav Vostal

5.1 INORGANIC MERCURY
5.1.1 Prenatal intoxication

Although elemental mercury probably penetrates the pla-
cental barrier more easily than poorly penetrating mer-
curic ion (see section 4.1.1.1.4), no experimental or
clinical evidence is available on effects of either
elemental or ionized mercury on the fetus. Lomholt,
1928, stated that mercury could be detected in still-
born babies from mothers acutely exposed to mercury
inunctions against syphilis and mercury poisoning

has been suggested as causing abortions. However, only
a faw cases were reported in the old literature (Thomp-
son and Gilman, 1914, quoted by Benning, 1958) and a
correct evaluation of the exposure to mercury during
pregnancy in sporadic observations published in more
recent times (Benning, 1958) is difficult.

5.1.2 Postnatal intoxication

The fact that postnatal exposure to metallic mercury va-
pors, fumes or dust of ionized mercury salts may produce
specific symptomatology of mercury poisoning has been
known since ancient times and repeatedly described by
classic authors. In modern times, poisoning by all forms
of inorganic mercury is usually separated into at least
two clinical entities: (1). Acute poisoning caused by
inhalation of high concentrations of mercury vapors or



5'2.

caused by accidental ingestion of mercuric salts, usual-
ly chloride or cyanide, commonly used as antiseptics

in the early decades of this century; (2). Chronic poi-

soning caused exclusively by long-term occupatiaonal &x-

posures.
5.1.2.1 Acute poisoning

5.1.2.1.1 Elemental mercury vapor

5.1.2.1.1.1 In human beings

Cole, Gericke and Sollmann, 1922, reported in their stud-
ies on the use of mercury inhalations in the treatment

of syphilis that single exposurss to high concentrations

of mercury vapors in the inhaled air cause bronchial ir-

ritation and varying degrees of salivation. Since that
time only a few cases have been reported in the litera-
ture, showing that this form of peracute effect of mer-
cury vapors is rare and usually results from an accident.

Hopmann, 1928, observed four persons accidentally exposed
to high mercury concentrations in industry. The clinical
symptoms involved mainly the respiratory tract and were
mabifested as coughing, signs of acute bronchial in-
flammation and chest pain in addition to excitement and
tremor. The symptoms persisted for two weeks, followed

by a spontanecus complete recovery.

Campbell, 1948, reported dyspnea and cyanosis to be the
main symptoms in a four-mouth old infant after massive
exposure to mercury vapor. Cough, dyspnea, cyanosis,
exudative bronchitis and vomiting were the symptoms in
an adult patient described by King, 1954, without
details on the lsval of exposurs.



A detailed analysis of the clinical sym>dtomatolegy can
be found in the descriptions by Matthes et al., 1958,

of an accident involving 12-hour exposure to vapors

from a space heater freshly painted with a mixture of
metallic mercury (65% by volume) with aluminum paint

and turpentine. Respiratory difficulties and irrita-
bility were the first symptoms in three children imme-
diately after the exposure. The course of the disease
was characterized by lethargy, followed later

by restlessness, diarrhea, cough, tachy-

pnea and respiratory arrest. Necropsy in three fatalities
from this accident revealed erosive bronchitis and bron-
chiolitis with interstitial pneumonitis and resulting
pneumathorax. Although the participation of turpentine
fumes and aluminum products could not be excluded from
the pathogenesis of the disease, the authors claimed
that the mercury inhalation played a major part in pro-
ducing the histological changes.

A fatal case in an adult was described by Tennant, John-
ston and Wells, 1961, after five hours' expasure to mer-
cury vapor from a ruptured hot mercury vapor boiler. Dif-
fuse pneumanitis with marked interstitial edema and alveo-
lar exudation dominated in the microscopical post-mortem
examination. Severe respiratory symptoms or slight symp-
toms cembined with increased urinary excretion of mercury
characterized other cases, reported by Haddad and Stern-
berg, 1963, Hallee, 1969, and Milne, Christophers and
deSilva, 1970.



5.1.2.1.1.2 In animals
No detailed information exists on similar effects in
experimental animals. Microscopical evidence of mild

damage tc the brain, kidney, heart and lungs was found

in rabbits exposed to mercury vapor at 29 mg He/m
for only one hour and severs changes were induced af-

ter a period of four hours or more (Ashe et al., 1953).

5.1.2.1.2 Inorganic mercury salts
5.1.2.1.2.1 In human beings

Highly dissociated inorganic salts of bivalent mercury
have an intense local corrosive action. Ingestion of

these salts or of concentrated solutions of them causes
extensive precipitation of proteins at contact with mu-
cous membranes of the gastrointestinal tract and is im-
mediately followed by a characteristic symptomatology:
local pain and gray appearance of oral and pharvngeal
mucosa, gastric pain and vomiting. 1f the ingested amount
1s minimal and/or the first reactive vomiting effective
enough to empty the stomach, the symptomatolopy is re-
stricted to the proximal parts of the gastrointestinal
tract. Lf larger amounts of dissociated salts are ingested,
high concentrations of ionized mercury occur in the small
intestine causing another symptomatology: abdominal pain,
and severe protrusive bloody diarrhea, containing necrotic
parts of the intestinal mucosa. A profound circulatory
collapse and sudden death may occur.

The most charcteristic organ chanpge in acute mercurv

poisoning is acute renal failure (Smith, 1851) including
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oliguria or complete anuria with azotemia and retention
of metabolic waste products in the body. Prior to the
treatmant by artificial kidney, mortality was high. Hull
and Monte, 1934, studied a group of 300 intoxications

by mercuric chloride. About 2 percent of all patients
died in sarly traumatic shoeck, 9 percent had oliguria
or transient anuria (mortality was 55 percent), in 13
percent anuria lasted more than 24 hours (mortality 92
percent).

Another group of 46 intoxications with acute renal fail-
ure after ingestion of mercuric chloride was reported by
Valek, 1965. Inflammatory changes in the oral cavity
were registered in 23 patients (50 percent), epigas-
tric pain and vomiting in 44 patients (96 percent),
and hematuria in 27 patients (58 percent). Thirty-three
patients had severe diarrhea and 21 had blood in feces.
Anuria developed in all cases within 24 hours after in-
toxication. Its duration (4-29 days) was not related to
the ingested amount of mercury (0.1 to 8.0 grams). Pa-
tients were treated by extracorporeal hemodialysis and
BAL. Mortality was approximately 20 percent, but none

of the patients died of uremia.

Microscopically, necrosis of the proximal tubular epi-
thelium was seen in the first days (Stejskal, 1965).
Buring the second week of therapy desquamation of the
necrotic epithelia, with <transport into the more distal
parts of the nephron and the first signs of regenerative
processes in the form of flat cells underneath the ne-
crotic masses were ohserved. In the third to fifth weeks
regeneration progressed with unsqual rates in individual
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cases depending upon the success of treatment.

Cell necrosis of the renal tubular epitﬁelium may develop
either by direct toxic action of mercuric ions on the

cell proteins or hy disturbances in the renal circulation.
Since disturbances of circulation in peritubular capillaries,
caused by vascular spasms, develop immediately after the
poisoning (Oliver, MacDowell and Tracy, 1951) experimental
evidence is available for both mechanisms. Intestinal

changes are probably caused by similar mechanisms occur-

ring in the capillaries of intestinal villi mucosa and

in submucosal vessels (Schimmert and Wanadsin, 1350]).

5.1.2.1.2.2 In animals

Edwards, 1942, administered mercuric chloride to rabbits,
guinea pigs and frogs and described development of acute
total or segmental necrosis in the terminal portions of
renal tubules. Mustakallio and Telkkd, 1955, observed
cellular changes in the straight terminal portion of
Henle's loop 24 hours after subcutansous injection of mers
curic ions into rats. At higher doses, the initial and
middle portions of the proximal tubule were also affected
and changes in the succinic dehydrogenase activity wers
observed. Bergstrand et al., 1959a, observed electron
microscopical changes in the mitochondria of the proximal -
tubule in the rat kidney after repeatsd subcutaneous ad-
ministration of mercuric chloride.

Gritzka and [rump, 1968, observed renal tubular lesions
in rat kidney by elsctron microscopy 3-6 hours
after subcutaneous injection of 4 mg HgCl?/kg-body walght,



Rodin and Crowson, 19652, found similar histological changes
in rats. Taylor, 1365, in studies on the time course of

thae development of renal damage, reported changes in the
lowsr segment of the proximal tubule 24 and 36 hours af-
ter intramuscular injection of 1.25 mg Hg as mercuric
chloride/kg body weight in female rats. With a higher dose,
5 mg Hg/kg, changes were observed already after 6 hours

and more prominently after 12 hours.

Oliver, MacUowell and Tracy, 1951, studied renal effects
of inorganic mercury. In the dog, five hours after in-
travenous injection of 24 mg HgClz/kg body weight, typi-
cal signs of cortical ischemia wers revealed by flores-
cence techniques. The results were similar in rabbits

18 hours after administration of 15 mg HgClz/kg body
weight. The patchiness of the cortical ischemid after
nephrotoxic doses of mercuric salts suggests that the
effects are caused more by local disturbances of blood
flow within the cortical tissue than by overall reduction
of the circulation in the entire kidney.

Flanigan and Oken, 1955, postulated that acute renal
failure and anuria in rats 24 hours after injection of
18 mg HgClz/kg resulted from a primary decrease in glo-
merular filtration rate dus to afferent arteriolar con-
striction. On the other hand, Bank, Mutz and Aynedjian,
1967, stated that anuria after 4 mg Hg/kg body weight
occurred in the presence of normal glomerular filtration
rate and was the result of & complete absorption of the
filtrate through an excessively permeable damaged tu-
bular epithelium.
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Biber et al., 1964, combined microdissection techniques
with studies of functional changes in the damaged neph-
ron by micropuncture 72 hours after administration of

5 mg Hg as mercuric chloride/kg in rat subcutaneously.
This type of administration permitted slow development

of renal damage without complicating vascular disturbances.
Simple necrosis of tubular epithelium limited to lower
portions of the proximal tubules was the principal micro-
scopical finding. Microdissection techniques localized

the necrotic changes into the distal three-fourths of the
length nf the proximal tubule.The authors did not observe
anuria or oliguria in the experimental animals. It was
therefore concluded that anuria or decreased inulin clear-
ance with or without oliguria can be a result of several
possible mechanisms including increased tubular leakage
and reabsorption of inulin through an abnormally perme-
able tubular epithelium whentthe tubular lumen is com-
pletely obstructed by necrotic cellular masses. Or, pri-
mary reduction of glomerular filtration rate may be caussd
by preglomerular vasoconstriction or decreass in arterial
pressure. Relative importance of the individual types of
mechanisms probably varies with the severity of anatomic
damage produced.

3.1.2.2 Chronic poisaning

Chronic poisoning is caused almost exclusively by oc-
cupational inhalation exposures. Usually various combina-
tions of mercury vapors and dust of inorganic salts or

elemental mercury alone are the source of mercury esxpo-
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surs. Occupational exposures to mercuric dust alone are
uncommon. The classic symptomatology of chronic mercury
poisoning is reported in the literature without any dis-
tinction as far as the form of inhaled mercury is con-
cerned. No attempt will be made for the purposes of this
section to separate the chronic effects of elemental mer-
cury vapor from the effects of inorganic mercury dust.

5.1.2.2.1 Non-specific signs and symptoms

Weaknaess, fatigue, anorexia, loss of weight and distur-
bances of gastrointestinal functions have always been as-
sociated with fully developed clinical forms of chronic
poisoning following long-term exposures to inorganic mer-
cury vapors and dusts. The specific symptomatology usual-
ly dominatss the subtle signs of mercury exposurs (e.g.
Neal et al., 1937, 1941, and Neal and Jones, 1938). In

maodern timaes, industrial mercury exposurs has daclined to
substantially lower levels and the importance of subtle

signs might be emphasized, sinee they precede specific
symptoms of mercury poisoning. The thorough analysis of
clinical symptomatology reported by Smith et al., 1870,
clearly documents this conclusion. Loss of appetite and
loss of weight were predominant symptoms in exposed groups
and correlated well with the exposures. Gastrointestinal
symptoms were reported more frequently in the exposed
group than in controls, but they did not reveal a direct
dose-response relationship with the exposurs.

Rinrhemiral efferts of mercury have also been studied.

Webb, 1966, has published an extensiva raview of studies
on biochemical inhibitory effscts in vitro and in vivo.
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Rentos and Seligman, 1968, did not find any relation
between red blood cell glutathione levels or plasma al-
kaline phosphatase and exposure. On the other hand,
clinical evidence for changes in serum enzyme activity
with respect to lactic dehydrogenase (LDH), alkaline
phosphatase and cholinesterase has been reported
(Kosmider, 1864). Singerman and Catalina, 1970, examined
154 mercury miners and controls in Spain to detect en-
zymatic alterations attributable to mercury exposure.
Changes of LDH isoenzymograms in serum, inhibition of
LOH isoenzymes in urine and inhibition of Na/K ATPase
in erythrocyte membrangs were found among exposed peo-
pie. The significance of these biochemical indices for
the diagnosis of mercury poisoning has not yet been
shown,

5.1.2.2.2 Oropharyngeal syndrome

Changes and symptoms in the oral cavity have often been
quoted as a prominent and early symptom {(Hamilton, 1925).
Among other reported oral symptoms in chronic exposure

to mercury as described by the classic authorities were -
queer metallic taste, sensation of heat in the oral mu-
cosa, and increased flow of saliva. However, these obser-
vations are mainly dated to the time at whiech industrial
exposures were often high and standards of hygiene law.
Inflammatory changes of the gum with swollen and bleeding
margins were usually not easily distinguishable Ffom the‘
pyorrhea of neglected oral hygiene. The degree of pytalism
varied. In extreme cases several liters of saliva were
collected per day, while in other cases salivation was
not observed. ' |
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West and Lim, 1968, in their study of high exposures in
mercury mines and mills observed soreness of mouth with
spongy gums as the most common symptom among the exposed
workers. Other oral signs were loose teeth, bleeding
gums, sore throats, dry mbuth or salivation and black
lines on the gums. Smith st al., 1970, in their study
of pesople chronically exposed to mercury vapors, did
not find any objective'abﬁérmalities of teeth and gums
related to exposure. In fact, the controls showed a
higher incidence of abnormal teeth than the exposed
workers. |

5.1.2.2.3 Symptoms related to central nervous system
The first scientific daScription of these symptoms was
written by Kussmaul, 1861, in Germany. Today, the fol-
‘lowing are the most common manifestations: (1).asthenic-
vagetativalsyndrome known as micromercurialism, (2).
characteristic mercurial tremor involving the hands

and subsequently other parts of the body, and (3).
personality changes known as srethism (erethismus mer-
curialis Kussmaul).

5.1.2.2.3.1 Asthenic-vegetative syndrome

The asthenic*yagetatiVQ syndrome, or micromercurialism,
originally described by Steck, 1326, was based on the
observatibn of psychological changes in persons exposed
for long'pariods of time towlow concentrations of atmo-
spheric mercury. The.symptomatclogy was later charactsr-
ized by decreased productivity, incréased fatique and’
nervous irpitability, loss of memory, loss of self-con-
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fidence, and ultimately, by miniature symptomatology of
classical mercurialism: muscular weakness, vivid dreams,
pronounced decrease of productivity, depressions, etc.
Lvov, 1939 (quoted by Trachtenberg, 1969) mentioned that
in many cases the symptomatology of micromercurialism

may be falsely diagnosed as neurasthenic syndrome or hys-
teria, etc. Matusevic and Frumina, 1834, (quoted by Trach-
tenberg, 1969) showed that the chronic effects of low con-
centrations of mercury may be manifested by functional
changes in the vegetative nervous system. Trachtenberg,
1969, stated that the clinical picture of micromercuri-
alism is based not only on a minor intensity of classic
symptoms of chronic mercury poisoning, but alsoc might

have its own characteristic symptomatology originating
fraom disturbances in the cortical centers of the cen-

tral nervous system and manifested by functional changes
of organs of the cardiovascular, urogenital or endo-

crine systems. DOetails concerning this syndrome, now

used in the diagnosis of micromercurialism by Russian
authors, are dicussed in section 7.1.2.1.2.

5.1.2.2.3.2 Mercurial tremor

Mercurial tremor is usually preceded by other minor ner-
vous symptoms of mercurialism such as insomnia and irprit-
ability. However, the presencs of tremor in clinical symp-
tomatology is one of the most characteristic features of
mercurialism. With the continuation of exposure to mer-
cury vapors or dust, the tremor develops gradually in

the form of fine trembling of the muscles interrupted

by coarse shaking movements every few minutes. The trem-
or usually begins in the fingers but it might Jjust as

well be seen on the closed eyglids, lips and on protruded
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tongus. The frequency of the tremor in mercury intoxication
cannot be generalized. Taylor, 1901, traced a freguency

of B cycles per second and Kazantzis, 1968, found around

5 cycles per second. The tremor is intentional. It stops
during slesep even in extreme cases. Psychotherapy cannot
cure the tremor; it disappears gradually after cessation

of exposure.

Classical authors reported that in progressive cases

of mercury intoxication with continuing exposure the
tremor could spread throughout the limbs and they might
jerk and jump. In extreme cases there might be a gen-
eralized tremor involving the whole body, even in the
form of chronic spasms which could not be stopped by the
strength of several men. Hamilfon, 1925, described a
patient with violent clonic spasms of the entire leg, un-
controllable by morphine. The spasms stopped only at
surgical anesthesia. Similar symptomatology was recently
described by Pieter Kark et al., 1971.

The mercurial tremor is central in its origin. Already

the classical authorities emphasized the systemic char-
acter of the symptoms and localized the lesions to the
cerebellum or cerebellar regions. In a recent experimental
study two of six male rabbits, exposed intermittently to
mercury vapors 4 mg Hg/m3 for 13 successive weeks, developed
fine tremor and clonus in the fore and hind legs. Concen-
trations of mercury in the cerebellum were determined by
neutron activation analysis at 1.8 to 3.0 pg Hg/g wet

tissue (Fukuda, 1971).
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Recaently Wood and Weiss, 1971, analyzed the tremor in-
duced by industrial exposure to inorganic mercury by
measuring the discriminative motor control. They showed
that the tremor decreased in magnitude parallel with a
fall of blood levels of mercury and with cessation of
exposure. Neither therapy with N-acetyl-penicillimine
nor propranolol administration produced marked improve-

ment in performance.

5.1.2.2.3.3 Mercurial erethism
The classic syndrome of erethlsm described originally by
Kussmaul, 1861, is characterlzed by changes in behavior

and personality, symptoms which appear late in long-term

exposure to high concentrations of mercury. Increased
excitability as well as depressive symptoms were reported.
The final clinical symptomatology might depend upon the
personality of the exposed worker. Loss of memory, in-
somnia, lack of self-control, irritability and excita-
bility and/or timidity. ahkiety, loss of self-confidence,
drowsiness and depressions constitute only a part of the
rich spectrum of symptoms. Delirium with hallucinations,
suicidal melancholla or even manlc depressive psych031s
were described in the most severe cases w1th exc9531ve
exposure (Hamilton, 1925). In recent times only minor
psychic disturbances, e.g. insomnia, shynégs, nervous-
ness and dizziness are clinically observed in workers
with high mercury exposures (Smith et al., 1970). Major
disturbances were not reported sven in severe exposufés
with milligram/liter amounts of mercury excreted in the
urine (West and Lim, 1968).
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5.1.2.2.4 Renal effects

Although acute renal effects of mercuric ion are well
known, long-term effects of small doses of mercury on
renal function and morphology have been denied for many
years. In early descriptions, proteinuria in workers with
massive exposures to mercury was usually ascribed to be
a consequence of an acute phase of chronic mercury in-
toxication and not to be a specific feature of the clin-
ical picture of chronic intoxication. Classic descrip-
tions of chronic mercury poisoning do not usually men-
tion proteinuria at all. ’

Later, transient kidney injury, with much better progno-
sis than acute renal failure, was included-in descrip-
tions of chronic exposures to mercury vapors or dust.
Neal and Jones, 1938, and Nsal et al., 1941, faund in-
ceased incidence of proteinuria in workers exposed to
mercury vapor in concentrations up to 0.7 mg Hg/ma. Riva,
1845, and Jordi, 1947, mentioned for the first times
investigations on the clinical symptomatology of the
nephrotic syndrome (edema, massive albuminuria, hypo-
proteinemial) in workers exposed to mercury vapors in

an ammunition factory and explained the syndrome as
manifestations of hypersensitivity to mercury. Similar
findings were-published by Ledergerber, 1943, in eight
workers with high levels of mercury in the urine.

Friberg, ‘Hammarstrom and . Nystrbm, 1953, reviewed the 1it-
erature -and published clinical details of another two
cases .of a transient -nephrotic syndrome among workers .ex-
posed to ,elemental mercury.vapors-in the chlorine-alkali
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industry. Normal blood pressure, normal glomerular fil-
tration rate, edema and high proteinuria (1-2 g/100 ml
urine) with low levels of plasma albumin dominated the

clinigcal description.

In 1960, Smith and Wells described three cases of pro-
teinuria among workers exposed to mercury vapors with
urinary levels of mercury between 180 and 1,000 ME Hg
per liter. Protein concentrations in the urine were 0.03
to 0.13 g/100 ml. The patients had no signs of mer-
curialism other than proteinuria. Removal from exposure
resulted in cessation of proteinuria. Upon separation

of urinary proteins by electrophoresis, albumin, oA-Z,
and [S-globulin with normal amino acid composition were
highly prevalent. No attempts were made to analyse serum
proteins or lipids. Earlier, Goldwater, 1953, reported
two similar cases with reduced plasma proteins, disturbed
albumin/globulin ratio and elevated plasma cholesterol.

Kazantzis et al., 1962, analyzed the clinical status and
occupational history of three workers exposed to mercury
vapors and inorganic mercury salts. Their urinary levels
of mercury were about 1 mg Hg/liter. The syndrome was
characterized by edema and ascites, high urinary losses
of protein, hyaline casts in urinary sediment and normal
glomerular filtration rate. Plasma albumin levels were
low (1.2-1.3 g%) and serum cholesterol was higher than
500 mg%. Electrophoresis of urinary proteins revealed
the presence of albumin, an electrophoretic pattern unlike
that found in tubular defects. Percutaneous renal biopsy

was performed in two cases and showed abundance of lipids
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and vacuolization in the epithelium of proximal tubules.
No abnormalities were seen in the glomeruli. Renal concen-
trations of mercury ranged between 10-20 pp/g fresh
tissue.

Clennar and Lederer, 1958, reported similar cases. They
analyzed ths renal tissue for mercury and found 15

MR Hg/g fresh tissue. Burston, Darmady and Stranack, 1958,
supplemented the clinical picture with the microscopical
finding of fatty degeneration and necrotic changes in
tubular epithelium in a similar patient. The evaluation

of these cases is difficult because congestive cardiac
failure may be responsible for a similar morphological
picture.

No satisfactory evidence on the long-term effects of mer-
curic salts on the renal function is available for ani-
mals. Morphological findings in the kidney tissue, asso-
ciated with edema and ascites were observed in hamsters
after repeated subcutaneous injections of mercurous chlo-
ride (Zollinger, 1955).

In conclus.2n, the exposure to inorganic mercury may pro-
duce proteinuria in exceptional cases. At continued expo-
sure, the proteinuria can lead to excessive losses of

s m albumin with the development of a nephrotic svndrome
(Squire, Blainey, and Hardwicke, 1957). The mercury-in-
duced nephrotic syndrome has several specific characteris-
tics. It does not occur in all members of expesed popula-
tions and is not directly dose-related (see section

7.1.2.2). As repeatedly shown, mercury-induced protein-
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uria is transient and the prognosis of the nephrotic syn-
drome is good. With cessation of exposure or specific
therapy the recovery is usally complete. The proteinuria
is characterized by massive losses of albumin and
C?(-Z-globulin with electrophoretic mobilities identical
with those of corresponding serum proteins. However, in
the microscopical picture the glomeruli do not show any
abnormalitiss and tubular origin of protein is improbable.
The fact that the mechanisms of this proteinuria are com-
pletely unknown lends support to the existence of a hyper-
sensitivity or idiosyncracy to mercury in persons showing
this symptomatology, which is similar to the symptoma-
tology in acrodynia (see section 5.1.2.3).

5.1.2.2.5 Ocular symptomatology (Mercurialentis)
Atkinson, 1943, examined a group of 70 workers with dif-
ferent types of exposure to inorganic mercury and in

all 37 workers with exposure times longer than five
years, he observed a colored reflex from the anterior
capsule of the lens. This grayish brown or even ysllow
reflex was not easily seen except in the slit lamp beam.lt
was most prominent in the center o+ the lens and faded
toward the periphery with small cracks and defects.

The reflex was present in all patients who revealsd

other symptoms of mercury poisoning butl was also present
in persons without symptoms of mercury poisoning. The
author concluded that the occurrence of this symptom

is an indication of a hazardous mercury exposurs. Later,
Atkinson and von Sallman, 1945, expressed the belief that
the reflex is caused by an actual deposition of mercury
on the lens. Abramowitz, 1946, reported similar observa-
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tions after local application of mercurial ointment to
the lids over long periods of time. In 1350 Rosen intro-

duced a new term for this reflex, mercurialentis.

Among repairers of direct-current meters, Locket and
Nazroo, 1952, showed that the brown reflex was not re-
lated to age. Ths reflex did not cause any visual symp-

toms or other ocular disturbamces. In accidental per-
oral intoxication by inorganic mercury, no reflex was
observed in spite of diplopia, nystagmus and retinal
edsma.

Burns, 1962, examined 70 workers in a thermometer fac-
tory where 57 persons were constantly exposed to hechry
vapors for periods ranging between 1 and 48 years. Defin-
ite mercurialentis was present in_SB of them. Thezautﬁor
pronased that mercury is absorbed from the atmosphere
or from local applications, through the cornea, and éb-.
cumulates over the years on the anterior surFace;df thé
lens in the pupillary arsa until a visible, permanent
deposit is formed. He alsp considered mercurialentis as
a symptom of exposure not related to chronic mercuri-
alism.

5.1.2.3 Hypersensitivity or _idiosyncracy

m-—-—-——-————— ———————— - e — - — ) ‘
Individual variability in the tolerance to exposure to
mercury has been observed repeatedly in-occupationa11y=
exposed adults. In the first decades of this century
more attention was directed toward the suspected hyper-
sensitivity to mercury in relation to the extensive 'use

of mercury compounds in therapy, especially in children.
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In 1947 Fanconi, Botsztaein and Schenker reviéwed 56
cases in which people had reacted to trace amounts of
mercury with pathological manifestations such as skin
rash, stomatitis and gangrene of mucous membranes in

the mouth. They concluded that some persons might have

a lower tolerance to mercury than others. Idiosyncracy
to mercury, in contrast to classic symptoms of mercury
poisoning, was reported mainly in connection with lo-
cally applied preparations of mercury. The first reports
of cases have been ascribed to Deakinn, 1883, and Green,
1884, (quoted by Gibel and Kramer, 1943), who observed
idiosyncracies in adults exposed to 5 to 10 percent prep-
arations of ammoniated mercury ointment. Idiosyncracy

in children was described in the 1930°'s (Harper, 1934)
and 1940's (Bass, 1943). Gibel and Kramer, 1943, col-
lected reports of 14 cases published between 1883 and
1942 of idiosyncratic reactions following the use of
mercurial ointments (1-15% mercury), mercurous chloride,
metallic mercury and diaper rinses containing dilute mer-
curic chloride. Reactions varied from mild erythema to
morbilliform rash and severe papulovesicular eruptions
covering the entire body, followed by scaling and ex-
foliative dermatitis. Cutanecus reaction appeared 1 to
11 days after the application was started.

A more specific form of disease, described as an un-
toward systemic reaction to mercury, is acrodynia, var-
iously known as pink disease, erythredema, Feer's veg-
etative neurosis and erythredema polyneuritis. Selter,
1903, was probably the first to describe the character-
istic symptomatology. The disease affects only childran
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between the ages of four months and four years. The namse
"pink disease” is derived from the rash, the color of

raw beef. Dther symptoms are coldness, swelling and irri-
tation of the hands, feet, cheeks and nose, usuvally fol-
lowed by desquamation, loss of hair and ulceration. The
onset of the disease is characterized by gradually in-
creasing irritability, photophobia, sleeplessness, and
profuse per5piration, particularly in the extremities,
leading rapidly to signs of general dehydration. Neuro-
logical symptoms include tremor, decreased tendon reflexes,
marked hypotonia, muscle weakness and ligament relaxation,
permitting the typical "salaam position” of the child in
bed. The profuse perspiration is accompanied by enormous-
ly dilated and enlarged sweat glands and desquamation

of the soles and palms. Fingers and toes are edematous be-
cause of hyperplasia and hyperkeratosis of the skin, and
the pain leads the child to rub his hands and feet in a
characteristic fashion. The prognosis is usually good.

In several cases of acrodynia changes in the peripheral
nerves characterized by demyelinization of fine nerve bun-
dles were described (Patterson and Greenfield, 1923).
Secondary changes found in anterior horn cells were in-
terpreted as a retrograde reaction to the degeneration of
motor nerves (Orton and Bender, 1331).

The pathogenesis of acrodynia was originally ascribed to
different toxins. Mercury has been suspected as a causa-
tive agent since 1922 (Zahorsky). Subsequently, the dis-

ease was suggested to be an allergic reaction to mercury.

The importance of mercury as a cause of the disease re-
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ceived strong support from Warkany and Hubbard, 1948,
who found increased concentrations of mercury in urine
in ons of their patients during an investigation of the
presence of toxic metals in the urine. The authors re-
veiwed 20 cases of florid acrodynia and proved that in
18 patients the concentration of mercury in the urine
was higher than Solﬂg/liter. There was no detectable
mercury in the urine in 40 out 8f 49 controls. Ons con-
trol child excreted 50-100 pg/liter. This child had

been treated earlier with calomel tablets. Three other
mercury?éxcreting controls had considerably lower levels
in subsequent samples. Active search for acrodynic
childraen during the following years revealed that 64 per-
cent of 189 urine samnles fram children with acrodynia
contained over 50 mpg Hg/liter whevreas onlv two  sam-
ples with mercury concentrations above 50 pg/liter were
found among 87 control children. Moreover, previous ex-
posure to mercury was also discovered in the few cases
of acrodynia in which the urinary spot samples were free
of mercury (Warkany and Hubbard, 1351, and 4953),

In England, Holzel and James, 1952, compared two areas,
Manchester and Salford counties, where acrodynia was re-
latively common, and Warwick where the frequency of the
disease was low. A positive correlation was found betwesn
the use of a mercury-containing teething powder and the |
frequency of the disease. Skin sensitivity tests performed
on 10 patients with florid acrodynia were positive in only
oné case. One case of skin hypersensitivity was registered
also in the wontrol group of 30 children. The results were
considered as evidence against an allergic character of
the disease. Urinary levels of mercury were considebéd
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abnormal in only 65 percent of 894 patients examined. The
authors regarded increased urinary excretion of mercury
as proof that mercury is an etiological agent in infants
with temporarily decreased tolerance due to an unknown
factor. This factor was assumed to be independent of ex-

posure to mercury and contributive to the provocation of
the dissasae.

Several authors concentrated their attention on the
symptoms of increased sympathetic activity. Cheek and
Hicks, 1950, found hemoconcentration and low levels

of plasma sodium in children with acrodynia and revived
an older theory that acrodynia is a disorder of the veg-
etative nervous system. In latser studies (Cheek, Bondy
and Johnson, 1853) it was suggested that mercury poten-
tiates the action of epinephrine in the body and that
coexistence of sympathetic stress and exposure to mercury
can give rise to the specific symptomatology. Experi-
mental results of Axelrod and Tomchick, 1958, gave evid-
ence that methyl transferase in biotransformation of
epinephrine can be blocked by the mercuric ion. Over-
activity of the sympathetic nervous system in acrodynia
was also confirmed by the studies of Farquahar, 1953,
and Farquahar, Crawford and Law, 1356. These authors
reported higher urinary excretion of catecholamines

in acrodynic children -than in normal control infants
suhimcted to stress during the time of urine collec-

tion.

The mercury theory received support from Bivings and lLewis,
1948, who used dimercaptopropanol for the treatment of
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one patient who showed remarkable improvement after sev-
eral days. The same treatment was used successfully in a
number of other cases by Bivings, 1949. However, results
of other studies were not always equally favorable
(Fanconi and von Murait, 1953, and Baumann, 1954), and
BAL was replaced by N-acetyl-penicillamine as the thew-
apeutic agent of choice in later studies (Hirschman,
Feingold and Boylen, 1363, and Bureau et al., 1970).

In conclusion, there is no doubt today that exposure to
mercury was related to some degree to acrodynia especial-
ly since the disease was almost eradicated after the with-
drawl of mercury from the common therapeutic agents used
for children. Today, acrodyna is reported only sporadi-
cally (Hirschman, Feingold and Boylen, 1963, and Bureau

et al., 13970).

The disease almost disappeared, without proper analysis
or elucidation of the mechanisms that induced it (Warkany,
1966). The disease was never produced in animals. Simul-
taneous administration of mercurous chloride and sym-
pathetic stimulation in rats only potentiated the effects
of epinephrine on insensible perspiration, hemocon-
centration, and sustained hypertension. The animals dev-
eloped weakness and coldness of the extremities but did
not exhibit the full symptomatology of the disease (Chaek,
Bondy and Johnson, 1353).

5.1.3 Summary

Acute intoxication by inorganic mercury can be provoked
by: (1). Accidental inhalation of high concentrations of
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elemental mercury vapors, causing bronchial irritation,
erosive bronchitis, and diffuse interstitial pneumonitis,
(2). Ingestion of dissociable inorganic salts of bivalent
mercury that can produce local necrotic changes in the
gastrointerstinal tract, circulatory collapse or acute
renal failure with oliguria or anuria.

Early stages of chronic poisoning by inorganic mercury,
usually by industrial exposure to elemental mercury vapor
alone or in combination with dust of mercuric salts, are
characterized by anorexia, loss of weight, and minor symp-
tomatology of the central nervous system (the asthenic-
vegetative syndrome; micromercurialism). The symptoms

are increased irritability, loss of memory, loss of self-
-confidence and insomnia. Later phases are characterized
by mercurial tremor, psychic disturbances and changes

in personality (erethismus mercurialis).

In exceptional cases, chronic exposure to ineorganic mer-
cury may produce transient proteinuria and a benign form
of the nephrotic syndrome. Deposition of mercury in the
anterior surface of the eye lens (mercurialentis) is only
a sign of exposure, not a symptom of chronic mercurialism.

Idiosyncracy to trace amounts of inorganic mercury was
reported in the older literature, mainly in connection
with local application of mercury preparations. A speci-
fic form of systemic reaction to mercury, acrodynia
(pink disease, erythredema) has been described. There
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is no doubt that this systemic reaction was related
in some depree to exposure to mercury, but because the
disgase was almost eradiacted before a prooer analysis
of the mechanisms inducing it had been completed, a
definite relation to mercury exposure has never been
established.

5.2 ORGANIC MERCURY COMPOUNDS

5.2.1 Alkyl mercury compounds

Exposure to alkyl mercury compounds may occur within the
uterus (prenatal intoxication) or it may occur after birth
(postnatal intoxication). The symptoms and signs in vie-
tims of prenatal intoxication show certain dissimilarities

to those present in intoxicated adults.

5.2.1.1 Prenatal intoxication

. wwe SR WS e me  mme e mem AR e

5.2.1.1.1 In human beings
From Minamata 22 cases of prenatal methyl mercury intoxicat

tion have been described (Harada, 1968bJ}. In connection
with the Niigata incident, no proven case was found but
one suspect case was noted (Tsubaki, 1971). Engleson and
Herner, 1952, reported on one case in a newborn whose
mother during pregnancy had eaten porridge containing

seed dressed with methyl mercury. Snyder, 1971, descri-
bed a case of prenatal poisoning in an infant whose mother
had consumed during pregnancy meat from hogs which had
been fed seed grain treated with methyl mercury.

The prevalence of symptoms in prenatal intoxication in
Minamata is shown in table 5:1. The clinical picture was
that of an unspecific infantile cerebral palsy. All pa-
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tients had motor disturbances, mainly ataxic, and mental
symptoms. Murakami, 1971, reported that 14 patients had
malocclusion and two had other congenital malformations.

The prognosis is poor. Two of the Minamata patients died.
Medical and physical treatment had only a slight effect
(Tokunaga, 1966, and Kitagawa, 1968).

Post-mortem pathological findings have been reported

for two cases from Minamata (Matsumoto, Koya and Take-
uchi, 1865, and Takeuchi, 1968a). The brains were hypo-
plastic with a symmetrical atrophia of cerebrum and cere-
bellum involving both cortex and subcortical white matter.
Microscopically, a decreased number of neurons and dis-
tortion of the cytoarchitecture were noted in the total
neocortex. In cerebellum the cell loss was seen mainly

in the granular cell layer. The pathological changes
observed cannot be distinguished from those often seen

in cerebral palsy of unknown etiology.

Ten cases of prenatal intoxication with ethyl mercury

have been reported by Bakulina, 1968. The mothers had
shown symptoms of poisoning up to three years before preg-
nancy. In three of the prenatal cases, severe mental

and neurological symptoms in accordance with those seen
in Minamata were described. The symptomatology in the
other seven children was only briefly mentioned. In some
of them, born one and a half year or more after the onset
of symptoms in the mother, decreased wesight and floppi-
ness at birth were the only symptoms reported. Msrcury
was found in the breast milk of 3 of the mothers (see
section 8.1.1.1). The author emphasized the possible
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importance of the postnatal exposure from this source.

5.2.1.1.2 In animals

Spyker and Sparber, 1971, have reported behavioral dis-
turbances (low activity, backing, inappropriate gait
and difficulties in swimming) in 30-day-old offsprings

of rats injected with methyl mercury during pregnancy.

Neurological signs with disappearance of righting re-

flexes occurred 2 1/2 months later. Okada and Oharazawa,
1967, found a decrease in weight in litters of mice giv-
en ethyl mercury phosphate during pregnancy. A high fre-

quency of cleft palate in the litter was reported by
Oharazawa, 1968, (quoted by Clegg, 1971). Ataxia was ob-
served by Morikawa, 1961b, in a newborn kitten whose
mother had been given bis-ethyl mercury sulphide during

pregnancy. No study allows definite conclusions about
the clinical picture.

A few papers have been published on the morphological
changes in prenatal methyl mercury intoxication in mam-
mals (Matsumoto et al., 1967, Moriyama, 1968, and
Nonaka, 1968). None of these reports allows for defin-
ite conclusions regarding the morphology.

Morikawa, 1961b, and Takeuchi, 1968b, have described the
neuropathology in one kitten of a cat poisoned with bis-
ethyl mercury sulphide. The main finding was cerebellar
hypoplasia of granular cell type. Seven additional kit-
tens in the litter were said to have had similar brain
damage.
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3:.2.1.2 Postnatal intoxigcation_

5.2.1.2.1 1In human beings

5.2.1.2.1.1 Local effects

Dermatitis and eczema were reported after cutaneous con-
tact with methyl mercury (Dillon Weston and Booer, 1935,
Lundgren and Swensson, 1960a, and Berkhout et al., 1961),
ethyl mercury (Dillon Weston and Booer, 1935, Vintinner,
1940, Goldblatt, 1945, Ritter and Nussbaum, 13945, Schulte,
1946, Ellis, 1947, and Cohen, 1958) and tolyl mercury
(Goldblatt, 1945) compounds.

At inhalation exposure to alkyl mercurv compounds, irri-
tation of the mucous membranes of the nose, mouth and
throat occurs (Koelsch, 1937, and Lundgren and Swensson,
1849). The symptoms start after a short exposure and
usually disappear soon after the termination of exposure.

Sodium ethyl mercury salicylate (Merthiolate, Thimeresal),
formerly used extensively as a topically applied anti-
microbial agent, caused hypersensitivity reactions (Ellis
and Robinson, 1942, lLane, 1945, and Underwood et al.,
1946). The compound is used widely at present as a preser-
vative in solutions for parenteral injection. Epicutaneous
tests in persons with (Epstein, Rees and Maibach, 13968)

or without (Hansson and Mdller, 1970, and 1971) skin dis-
orders have revealed 7-35 percent positives, with higher
percentages in young people than in old. The reaction is
neither clearly allergic nor clearly irritant (Hansson

and M8ller, 1970). Positive reactions have been stated

not to be caused by earlier exposure by injection (Hansson
and M6ller, 1971). The frequency of cross-sensitivity with
inorganic mercury or other organic mercury compounds is
low (Fregert and Hjorth, 19638). The sensitizing properties
have been claimed to be due to the salicylic acid part

of the molecule (Ellis, 1947, and Gaul, 1958).
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5.2.1.2.1.2 Systemic effects ‘

The description of methyl mercury intoxication in this
report is based mainly on observations from the epidemics
in Minamata 1953-1960 and in Niigata 1964-1965. Methyl
mercury poisoning is often referred to as the Minamata
disease. In Minamata a total of 98 patients was diag-
nosed (Tokuomi et al., 1964, Harada, 1968a, Tokuomi,
1968, and Takeuchi, 1370} and in Niigata, 48 patients
(Tsubaki, 1971).

About 80 more cases of intoxication with methyl mercury
have been reported in subjects exposed occupationally
(Hunter, Bomford and Russell, 1940, Herner, 1945, Ahl-
mark, 1948, Ahlborg and Ahlmark, 1948, Ahlmark and Tun-
blad, 1951, Lundgren and Swensson, 13948, 1948, and 1960a,
Koelsch, quoted by Zeyer, 1952, H86k, Lundgren and Swens-
son, 1954, Prick, Sonnen and Slooff, 1367a and b), exposed
through medical treatment (Tsuda, Anzai and Sakai, 1963,
Ukita, Hoshino, and Tanzawa, 1963, Okinaka et al., 1964,
and Suzuki and Yoshino, 1969}, exposed through consump-
tion of methyl mercury dressed seed (Engleson and Hernsr,
1952, and Ordonez et al., 1966) or exposed through meat
from swine fed such seed (Storrs et al., 1970a and b)}.

Systemic intoxication may occur after a short or long
exposure time. In regard to the clinical picture, there
does not seem to be any clear difference between acute

and chronic poisoning. A characteristic feature is the
latency period of weeks to months between a single dose
exposure and the onset of symptoms. Time differences in
onset of symptoms can be helpful in differential diagnosis
between methyl mercury and inorganic merciry poiscning
(Pieter Kark et 'al., 1971).
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When fully developed, the clinical picture contains three
main symptoms:{(1). sensory disturbances in the distal
parts of the extremities, in the tongue and around the
lips, (2). ataxia and(3). concentric constriction of

the visual fields. Hearing loss, symptoms from the auto-
nomic and extrapyramidal nervous systems and mental dis-

turbances also occur.

The relative frequency of symptoms reported in some adult
patients from Minamata (Tokuomi, 1968) and from Niigata
(Tsubaki, 1971) is given in table 5:2.

Morphological changes in methyl mercury poisoning have
been reported by Hunter and Russell, 1954, Tsuda, Anzai
and Sakai, 1963, Okinaka et al., 1964, Oyake et al.,
1966, Hiroshi et al., 19687, Prick, Sonnen and Slooff,
1967b, and Takeuchi, 1368a. A review of the findings
was made recently (Berglund et al., 1971). A neuron de-
generation and loss with gliosis occur mainly in the
cerebral cortex in the calcarine area and in the pre-
central and postcentral areas, superior frontal gyrus
and frontal areas. In cerebellum there is a granular
cell loss leading to atrophy. Takeuchi, 1970, mentioned
damage in peripheral nerves. Other reports have denied
such changes (Hunter and Russell, 1954, and Prick, Sonnen
and Slooff, 1967b).

Extensive laboratory examinations gave few positive find-
ings. There were unspecific changes in the electroen-
cephalograms in most of the examined patients (Harada

et al., 1968). Some cases were reported to have changes
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in electromyopraphy and electroneuregraphy (Muron2 et
al., 1367, and Tsubaki, 1963). Proteinuria (e.g. "r-
donez gt al., 1968) and porphyrinuria (Matsuoka et al.,
1957, and Tokuomi, 1968) have also bzen noted. Taylor,

Guirgis and Stewart, 1389, have found an inhibition of

serum phosphoglucose isomerase and an increased urinary
protein excretion in subjects occupationally exposed

to one or more of the compounds used for seed dressing,
such as methyl, phenyl, alkoxyethyl or tolyl mercury,

though there was no clinical evidence of poisoning.

In severe cases, the prognosis was bad. Some regression
of the sensory symptoms occurred and physical treatment
relieved some of the motor disturbances (Tokunaga, 1966,
and Kitagawa, 1368), but in most cases the symptoms re-
mained. In Minamata 43 out of 9B patients had died in
1968 (Takeuchi, 1970) and in Niigata, 6 out of 48 had
died in 1971 (Tsubaki, 1971).

Some 250 cases of poisoning by ethyl mercury compounds

have been reported. Most of them have not been described
in detail. The majority of patients had eaten seed dressed
with various ethyl mercury compounds (Jalili and Abbasi,
1361, Kantarijan, 1961, Hag, 1963, and Dahhan and Orfaly,
1864). A few cases due to occupational exposure by in-
halation or dus to medical treatment with mercuric oint-
ments have also been reported (Prumers, 1870, (quoted

by Swensson, 1952) Veilchenblau, 1932, Merewether, 1945,
Pentschew, 1858, Hddk, Lundgren and Swensson, 1954,
Drogtjina and Karimova, 1356, Saito et al., 1859, Hay

et al., 1963, Katsunuma et al., 1963, and Schmidt and
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Harzmann, 1470), Guzuki et al., In prows, mentionad, with-
out describing tho symptomatolopy, a caus of polsoning hy
infusion of plasmn solutlien containlng sodium athyl mercury
salicylata as a prosarvatlive.

The clinical picture in athyl mereury polsaning has ahown
a similarity to that ssan in mathyl mereurv poisening
with some possible differsnces., Moter wsakness of the
extremities with prograssiva muscular atraphy and wide-
spread fasclculationa, a syndrome similar te that of
amyotrophic latersl esclarosls, was reported by Kantariian,
1961, in pesrsons polsoned by sthyl mersury B-teslusne
sulfonanilide tresated sead. A carrdliac affsetion with
changes in the electrocardiogram was desoribad in some
cases (Welter, 1948, quoted by Schmidt and Harzmann, 1870,
Jalili and Abbasi, 1961, Dahhan and Orfaly, 1964, and
Mnatsakonov et al., 1968). Such changes wara associataed
with hypokalemia (Mnatsakonov st al., 1888).

Ethyl mercury exposure has bsen associated with symptoms
from the gastrointestinal tract, including abdominal
pain, vomiting and diarrhsa (s.g.,, Vellchenblau, 1932,
and Jalili and Abbasi, 1861)., It is not cleer whether
these symptoms are local or systemic. In some of the
reports on sthyl mercury poisoning, albuminuria has been
mentioned (Jalili and Abbasi, 1861, Hay st al., 1963,
Haq, 1863, and Dahhan and Orfaly, 1864).

There have been a few reports on the morphological changes
in ethyl mercury poisaoning (Hay et al., 18963, and Schmidt
and Harzmann, 1970). The findings are in accordancse with
those described in methyl mercury poisoning.

A few cases of di-rbthyl mercury intoxication have bean
publishaed (Hill, 14473, Drogtjina and Karimova, 1944,
and Aahbel, 154, quoted by Meshkov, Glezer, and Panov,

13613)., From the scanty descriptions of aymptoms available,



there does not seem to be any clear difference between
mono-ethyl mercury poisoning and di-ethyl mercury 1in-~

toxication.

5.2.1.2.2 In animals

Symptoms which might be of local origin were noted after
inhalation or oral exposure to methyl (Hunter, Bomford
and Russell, 1940, Hagen, 1955, Saito et al., 13861, and
Takeuchi et al., 1962) or ethyl (Oliver and Platonow,
1960, and Palmer, 1863) mercury compounds.

Systemic intoxication by methyl mercury compounds in

mammals has been described in mice (Hagen, 1355, Gage

and Swan, 1361, Saito et al., 1961, Takeuchi et al.,
1962), rats (Hunter, Bomford and Russell, 1940, Swensson,
1952, Hagen, 1955, Kai, 1963, Takeuchi, 1868b, Berglund,
1969), ferrets (Hanko et al., 1970), rabbits (Swensson,
1952, Kai, 1963, Irukayama et al., 1965), cats (Takeuchi,
1861,Kai, 1963, Yamashita, 1964, Pekkanen, 1963, Albanus,
Frankenberg and Sundwall, 1970), dogs (Kai, 1963, Irukayama
et al., 1965), swine (Storrs et al., 1970a, Piper, Miller
and Dickinson, 1371), and monkeys (Hunter, Bomford and
Russell, 1340, Nordberg, Berlin and Grant, 1971, and
Berlin, Nordberg, and Hellberg, in press).

In most species, anorexia and weight loss were the first
signs of intoxication. However, neurological symptoms
dominated the clinical picture in all of the species
studied. The symptoms have shown a definite similarity.
The most prominent sign first seen was an ataxia, inclu-
ding weakness and clumsiness in the hind legs. In swine

(Storrs et al., 1i70a) and monkeys [(Nordherg, Berlin



and Grant, 14971, and Berlin, Nerdberg and Helibterg, in

press)} blindness was noted.

Morphological changes in methyl mercury intoxicatian

were reported in mice, rats, ferrets, cats and monkeys.

A review of the findings was given recently (Berglund

et al., 1971). Damage was noted in cerebral and cerebel-
lar cortex and in peripheral nerves with their dorsal
roots separately or in combination. The pattern is similar

to that observed in human beings.

In rats peripheral nerve damage has been reported to

be the first lesion present (Miyakawa et al., 1970).

Grant (in press) observed peripheral nerve damage in

rats without neurological signs of poisoning. Grant also
reported clinically silent CNS damage in monkeys. Mivakawa
et al., 1971a, gave some evidence of regeneration of
peripheral nerve lesions in rats. The same authors (1971b)
observed slight muscle lesions in rats. Fowler (in press)
reparted tubular kidney damage in rats.

Ethyl mercury poisoning has been described in rats
(Takeuchi, 1968b, Itsuno, 1968, and Krylova et al., 1970]),
rabbits (Schmidt and Harzmann, 1970), ceats (Morikawa,
1961a, Yamashita, 1954, and Takeuchi, 1968b), sheep (Pal-
mer, 1963), swineg (Taylor, 1947} and calves {Cliver and
Platonow, 1960).

The symptoms wers similar to those in methyl mercury
poisoning. Oliver and Platonow, 1960, reported that heavy oral
erposure produced predominantly gastrointestinal distur-

bances in calves, while prolonged administration of lower



dosas pave rise Lo mainly neurological symptoms. They

also found elsctrucardiographic disturbances and changas
in the serum protein pattern. Kidney damage was reportad
in rabbits (Schmidt and Harzmann, 14970) and calves (IJliver
and Platonow, 1960). Cardiac lesions werz noted in mice,
rats and rabbits (Trachtenberg, Goncharuk and Balashov,
1956, krylova et al., 1970, Schmidt and Herzmann, 1370,
and Verich, 1971). Blindness may occur in swine (Taylor,

1947).

Morphological changes in CNS in cats poisoned by six
different ethyl mercury compounds were reported by Morikawa,
1961a. The general pattern was in accordance with that

seen in methyl mercury poisoning. Powell and Jamiesson,
1931, and Schmidt and Harzmann, 1970, found kidney damage

in rabbits exposed to ethyl mercury compounds.

The symptoms in di-ethyl mercury intoxication (Hepp,
1887, and Welter, 1943, quoted by Tornow, 1953) seem
to be similar to those in mono-ethyl mercury poisoning.

Of the other alkyl mercury compounds, only n-propyl mer-
cury has been associated with this kind of intoxication
(Itsuno, 1968, and Takeuchi, 1968b).

5.2.2 Aryl mercury compounds

Murakami, Kameyama and Kato, 1956, found malformation
in litters of mice exposed to phenyl mercury acetate
during pregnancy. No other study has indicated pre-
natal effects.

Becauss of the instability of aryl mercury compounds,

there is an obvious accompanying risk of exposure to



inorganic mercury.

.1 Lucal effects

Phenyl mercury compounds are well known to cause
dermatitis in skin exposure (Levine, 1933, Dillon
Weston and Booer, 1935, Gross, 1338, Wilson, 1933, Vin-
tinner, 1940, Mclord, Meek and Neal, 1341, Goldblatt,
1345, Cotter, 1947, Rost, 1953, Massmann, 1957, Morris,
1860, Ladd et al., 1864, Hartung, 1965, Sunderman, Haw-
thorne and Baker, 1965). Some of those reactions have
been claimed to be allergic (Mathews and Pan, 1368).

5.2.2.1.2 Systemic effects

Only a few poisonings have been blamed on exposure to
aryl m2rcury compounds. The clinical picture is not at
all as uniform as in alkyl mercury poisoning and the
causal relationship to the exposure to mercury is often
doubtful.

Birkhaug, 13933, reported slight abdominal pain and diar-
rhea after ingestion of about 100 mg of mercury as phenyl
marcury nitrate during 24 hours. No albuminuria was noted.
Koelsch, 1337, reported in three persons who had inhaled
phenyl mercury unspecific symptoms, such as fatigue,
dyspnea, edematous inflammation of mucous membranes,
increased body temperature, and pain in the chest and

in the extremities. In one ctase, there might have been
kidney damage with proteinuria and edema. Bonnin, 1951,
observed headache, vomiting, abdominal pain, signs of
meningism and paresthesia in one person exposed through

inhalation of phenyl mercury and methoxyethyl mercury



compounds. The symptoms remained for several days.

Cotter, 1947, described the symptoms of 10 subjects said
to have been exposed to various phenyl mercury salts.
The exposure was not very well defined. It was not clear
whether exposure to other substances had also occurred.
Most of the patients showed evidence of liver damag=.

Anemia and other blood changes were also present.

A case of nervous system involvement was reported by

Brown, 1354, The patient had been exposed to phenyl mercury
acetate through inhalation. The symptoms consisted of
gingivitis, with a possible mercury line and dysphagia,
dysarthria, motor weakness in arms and legs, abnormal
tendon reflexes and muscular fasciculations. There were

no sensory disturbances (8ee also ssction 8.2.2.1).

Goldwater et al., 1964, found a transient albuminuria
without other symptoms in a subject exposed heavily by
having phenyl mercury acetate sprayed on his skin.

5.2.2.1.3 Hypersensitivity or idiesyncracy

In a child exposed to mercury from bedroom walls painted
with a paint containing phenyl mercury propionate, Hirsch-
man, Feingold and Boylen, 1963, described the syndrome

of pink disease (acrodynia). Mercury vapor detector measurse-
ment showed that elemental mercury was emitted from the
freshly painted wall. It is not known whether exposure

to phenyl mercury had also occurred. Goscinska, 1965,
reported a similar case in which a child had been sprayed

on the face, lips, hands and clothes with phenyl mercury
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acstate. The symptoms, which occurred 2 months after
the exposure, were convulsions, tremor, ataxia, visual
and aural impairment, abnormal electroencephalogram,

mental retardation, acrodynia and aminoaciduria.

Mathews and Pan, 1368, reported a case of severe asthma
and urticaria probably caused by exposure to phenyl mer-
cury propionate in hospital linens. There was a positive
skin test reaction to phenyl mercury compounds. No skin
irritation or sensitization or other clinical manifesta-
tions were observed in 1,500 hospitalized patients who
had come in contact with phenyl mercury propionate-
treated fabrics over a period of six months (Linfield

et al. 1960).

5.2.2.2 1In_animals

Only a few reports have described the symptoms of phenyl
mercury intoxication and a typical symptomatology cannot
be stated. Hagen, 1855, found pulmonary symptoms in mice
exposed through inhalation to a dust of phenyl mercury
salts. Renal damage was observed in mice, rats and rabbits
given phenyl mercury salts intraperitoneally or intra-

venously (Weed and Ecker, 1933).

Fitzhugh et al., 1950, found a decreased weight gain,
histopathological kidney damage and reduced survival
period in rats exposed to phenyl mercury acetate in the
diet at varying levels for 12-24 months. After oral ad-
ministration, Tryphonas and Nielsen, 1970, observed ano-
rexia, diarrhea, weight loss and renal damage in swine.
At repeated administration .of phenyl mercury acetate

to mice, Gage (in press) did not observe paralysis of
the type seen at methyl mercury administration.
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Morphological investigations in phenyl mercury poisoning
are incomplete. Kidney damage has been reported in mice
(Wien, 1939) and rats (Weed and Ecker, 1933, Wien, 13339,
and Fitzhugh et al., 1350). Wien, 1939, observed gastro-
intestinal lesions after parenteral administration in

rats and mice. Morikawa, 1961a, found no neuropathological

changes in heavily exposed cats.

5.2.3 Alkoxyalkyl mercury compounds
0f the alkoxyalkyl mercury compounds, only methoxyethyl
mercury has been experimentally investigated and asso-

ciated with clinical intoxication. No cases of prenatal
poisoning have been published. As in the case of aryl
mercury compounds, the relative chemical instability

of alkoxyalkyl mercury compounds indicates a possible
mixed exposure with inorganic mercury in experimental

and clinical cases.

Substituted alkoxyalkyl mercury compounds (mercurial
diuretics) will be discussed in section 5.2.4.

5.2.3.1 In_human_beings

Msthoxyethyl mercury silicate has a local irritating
effect on the skin (Wilkening and Litzner, 1952). A few
cases of systemic poisoning after inhalation of methoxy-
ethyl mercury compounds have been published (Wilkening
and Litzner, 1852, Zeyer, 1952, Dérobert and Mapcus.

1856, and Strunge, 1970).

Most cases have shown symptoms from the gastrointestinal
tract (gingivitis, abdominal pain, vomiting, diarrhea
or constipation) and/or kidneys (albuminuria and red



cells and casts in the urinel), and/or unspecific symptoms,
such as ersthism, fatigue, headache, anorexia. One pa-
tient had a nephrotic syndrome (Strunge, 1970). Two per-
sons showed pulmonary symptoms after inhaling methoxyethyl
mercury oxalate or silicate (Zeyer, 1952, and Dérobert

and Marcus, 1956). Only one patient had objective neuro-
logical signs with tremor, dysgraphia and motor and sen-
sory disturbances in legs, but no definite ataxia (Zeyer,
1952]).

No report is available on the morphological changes in
alkoxyalkyl mercury poisoning.

$5.2.3.2 In_animals_

Methoxyethyl mercury acetate is a vesicant when applied in
concentrated soclutions onto the skin (Lecomte and Bacq,
1949). Inhalation exposure of mice and rats to methoxy-
ethyl mercury silicate dust produced severe pulmonary

involvement (Hagen, 1355).

Lehotzky and Bordas, 1968, exposed rats to methoxyethyl
mercury chloride intraperitoneally. The animals showed
evidence of impaired weight gain, renal damage and ner-
vous symptoms ataxia, tremor and palsy). Gage (in press)
at repeated administration of methoxyethyl mercury chilo-
ride to mice, did not observe paralysis of the type seen
at methyl mercury administration.

No report is available on the morphology of alkoxyalkyl
mercury poisoning.
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5.2.4 0Othsr organic mercury compounds

Intoxication by organic mercury compounds, which were

not clearly specified, has been described in pigs (McEntee,
1950, and Loosmore, Harding and Lewis, 1967), in cattle
(Boley, Morrill and Graham, 1941, Herberg, 1954, and
Fujimoto et al., 1956) and in a horse (Edwards, 1941).
Generally there wers symptoms from the nervous system,

the kidneys and the gastrointestinal tract.

The toxicity of mercurial diuretics is generally low

but cardiac toxicity, nephrotoxicity and hepatic toxicity
were reported (e.g., Hutcheon, 1965) as well as allergic
reactions (e.g. Brown, 1857).

5.2.5 Summary

Alkyl, aryl and alkoxyalkyl mercury compounds may cause
local effects on the skin and mucous membranes.

Prenatal intoxication with methyl and sthyl mercury may
give rise to severe mental and motor symptoms in man.

Short chain alkyl mercury compounds such as methyl and
ethyl mercury give rise to poisonings dominated by neu-
rological symptoms such as sensory disturbances, ataxia,
concentric constriction of visual fields and hearing
loss. In some cases gastrointestinal and pulmonary symp-
toms and albuminuria have bsen reported. In ethyl mercury
poisoning cardiac symptoms have been observed. In clini-
cally manifested poisonings severs morphological damage
to the cerebral and cerebellar cortex and peripheral
nerves has been reportsd.
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The number of poisonings due to aryl and alkoxyalkyl mer-
cury is very limited and the description of the symptoma-
tology is often contradictory. Both phenyl mercury and
methoxysethyl mercury poisonings have bsen reported to
produce various forms of kidney damage and neurological

symptoms. Gastrointestinal and pulmonary symptoms have
also been reported.



Table $:1 PREVALCNCE NF SYMPTOMS IM 22 CASES OF PRENATAL
METHYL MERCURY INMTOXICATION IN MINAMATA (from
Harada, 1968 b)*

Symptoms Prevalance
percent

Mental disturbance 100
Ataxia 100
Impairment of gait 100
Oisturbance in speech 100
Disturbance in chewing and

swallowing 100
Brisk and increased tendon

reflex 82
Pathological reflexes 54
Involuntary movement 73
Salivation 77
Forced laughing 27

Xvisual field and hearing not examined.



Table %:2 PRULVALENCE OF SYMPTOMS If ADULT CASES NF MLIHYL
MERCURY INTOXICATION FROM MINAMATA (34 caces)
AND [IIIGATA (40 cases), (from Tokuomi, 1967,
and Tsubaki, 1971).

Percent of cases

Symptom Minamata fliigata
Constriction of visual fields 100 74
Hearing impairment A5 68
Disturbance of sensation 85
Superficial 100
Deep 100
Ataxia
Adiadochokinesis 94 72
Dysgraphia 94
In buttoning 94
In finger~finger, finger-~
~nose tests 81
Impairment of gait 82
Dysarthria 88
Rombergs sign 43
Tremor 78
Extrapyramidal symptoms 15
Muscular rigidity 21
Ballism 15
Chorea 15
Athetosis 8
Contractures 9
Tendon reflexes
Exaggerated 38 8
Weak 3 50
Pathologiv reflexes 12 14
Hemiplegia 3
Salivation 2
Sweating 24

Slignt mental aisturbance " A3




CHAPTER 6
"NORMAL” CONCENTRATIONS OF MERCURY IN BIOLOGICAL MATERIAL

by Staffan Skerfving

6.1 INTRODUCTION

All human beings are exposed to small amounts of mercury
through food, water and air. Many are also exposed in
other ways, e.g., by odontological and medical treatment
or occupationally. Exposure might also occur through
cigarette smoking (Maruyama, Komiya and Marnri, 1970).
It is not possible to make a clearcut distinction betweaen
"normal” or "non-exposed” people and exposed ones. In
this chapter, only data concerning persons reported not
to have been subjected to any special kind of exposurs
will be presented. Levels in exposed persons without evi~
dence of intoxication are dealt with in Chapters 7 and

B8 in connection with levels in cases of intoxication.

The intake of fish is a main source for the general popu*
lation. Only a few studies have taken this into account.

From what has been said in Chapter 4 about the possible
indices of mercury exposure in critical organs, it is
obvious that levels in blood (cells and plasma), hair
and urine are of the greatest interest. Data will also
be presented on the levels of mercury in some other tis-
sues and organs.

6.2 BLOOD
6.2.1 Data on fish consumption not available

In an international study (WHD, 1966, partly reported by
Goldwater, Ladd and Jacobs, 1964), 812 samples of whole
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blood were collected by 18 laboratories in 15 different
countries and analyzed in one laboratory by atomic ab-
sorption according to the method of Jacobs et al., 1960.
The specimens obtained did not represent the population
of any country. Information about the subjects who con-
tributed the samples was limited to age, sex and resi-
dence, rural or urban. The working definition of "normal”
meant persons with no evident occupational, medical or
other unusual exposure to mercury.

Some of the results are shown in table 6:1. Seventy-seven
percent of all samples had concentrations below 5 ng/ml,
which was the analytical zero, 85% below 10 ng/ml and

95% below 30 ng/ml. In 1.5% of all samples the level was
100 ng/g or more. There were certain variations among
countries but no difference in relation to age, sex or
residence, urban or rural. In the report it was proposed
that the 95th percentile (about 30 ng/g) should be regarded
as the upper limit for "normal” concentrations.

6.2.2 Data on fish consumption available

Data on mercury in blood csells and plasma in persons in
Sweden with no occupational exposure, with none or low
to moderate consumption of fish and with predominantly
low mercury levels (one meal per week of salt water fish
or less) are given in table 6:2. As seen, psople from
Sweden who do not usually eat fish have mercury levels
in blood cells in the range 2-5 ng/g. Persons having

one meal a week of salt water fish have somewhat higher
levels ranging to about 20 ng/g with a mean of about 10
ng/g. The levels in plasma ars generally 3-5 times lower
than those in blood cells.
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Birke st al. (to bs published) studisd total mercury
lavels as well as methyl maroury cencentrations in blood
cells of 10 Swedas. The methyl merocury serraspondsd to
€ 10-50% of the total marcury.

Tejning, 1968a and 1970b, has investigated blood marcury
levels in pregnant Swedish women immsdiately besfere de-
livery and then, in their newborn bahiea. Tha umbilical
cord blood cell levels were statistically signifiecantly
higher than those in the mothera, whereas the plaama lev=
els were lower in the children. The studiea show that
mercury passes the placenta, though the blological signig-
icance in the differsnce of levals in the mothers and

the newborns is not clear. The results of Tejning have
recently bsen confirmed in Japan by Suzuki, Miyama and
Katsunuma, 1971b. They found in an examination of 8 sub*
jects mean values for maternal red cslls of 22.9 ng/ml
(S.D.: 11.9) and for umbilical cord red cells, 30.8 ng/ml
(5.D0.:21.6). Corresponding valuss for plasma were 12.4
(S.D.:7.3) and 11.2 (S.D.:7.2) ng Hg/ml.

6.3 HAIR |
In table 6:3 some reported levels of mercury in the haip
are presented. These subjects have not besen exposed occus
pationally to mercury. Data on their fish consumption
habits ars not available. In the two studies with the
largest samples, Perkons and Jervis, 1865, founa in Cana-
dians a mean concentration of about 1.5 pg/g, whersas
Coleman st al., 1967, found in Englishmen an average lasv-
el of 5.1 pg/g inlman and 6.9 rg/g in women. In both
studies there was a skew distribution toward low valuss.
The Japanese studies indicats an averages level of about
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Two Japanass studiss on methyl mercury in the hair have
been published. Sumino, 1968b, reported that 37 men had
an average lasvel of 2.8 pg Hg/p and 2B women, 1.7 ug
Hg/g. Usda and Aoki, 1968 (table in Usda, 1968) found
an average lsvel of 2.4 pg/g in 21 persons (all levels
below 5 Fg/g). In 6 subjecta who ate only unpolished
rice, the averags total mercury level was 7.0 Pg/g, of
which a mean of 44% was msthyl mercury.

6.4 BRAIN, LIVER AND KIDNEYS

The levels that have bsen found (ses table 6:4) vary con-
siderably among different materials. Besides differances

in expoéure, methodological differences must be considered.
Since the levels are near the analytical zaero of the method
employed in many cases, great caution must be takaen in
estimating "normal” levels from data in this table.

In a recent report Glomski, Brody and Pillay, 1971, analyzed
different regions of brain in seven specimens of autopsy
material from the eastern part of the USA for marcury

by neutron activation analysis. Mercury concentrations
varied between 20 and 2,000 ng/g tissue, with the majority
of the samples below 300 ng/g tissue. Trace concentrations
of mercury were present in all examined regions of brain;
the highest concentrations were generally found in cere-
bellar cortex and the lowsst concentrations, in cerebral
white matter.

6.5 URINE -

As stated in Chapter 4, mercury concentration in urine is
an unreliable index of an individual’s exposure to mercury,
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espacially an exposure to the alkyl mercury compounds.
Howesver, urinary levels have often been used to control
exposure and to evaluate risks of intoxication in exposed
subjects. In view of the wide use, surprisingly faw in-
vestigations of "normal” concentrations of mercury in
urine have been reported.

Because only small amounts of mercury are excreted in
the urine after mathyl mercury exposure, there is little
need to take fish intake habits into account. Table 635
presents data from the international study mentioned

in section 6.2.1 (WHO, 1966, partly reported by Jacobs,
Ladd and Goldwater, 1964, atomic absorption method).

Of the total of 1,107 samples, 79 percent had lsvels be-
low 0.5 pg/liter, which was the analytical zeroc of the
method used, 86 percent below 5 pg/liter, 89 percsnt
below 10 pg/liter and 95 percent below 20 Fg/liter. 1.6
percent of the samples had concentrations higher than
SOvFglliter. No systematic influence from age, sex or
residence (urban or rural) could be detected. In accord-
ance with the general proposal, the 95th percentile, s.g.,
20 Pg/liter. was regarded as the upper limit of "normal”
concentrations.

6.6 SUMMARY |
All human beings are exposed to small amounts of mercury
through food, water and air. Fish intake habits seem

to be an important factor for this "background” exposure.
Some people are also exposed occupationally, by medical
or odontological treatment or through consumption of
contaminated food other than fish.
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Many of the published investigations en "normal' mereury
levels in "nen-sxposed” subjeets de net give adequate
definitions in regard to representatien, pessible 6B6uUFEsES
of sxposurs, sampling prosedure amd analytisal metheds,
and thus do net allow for definite svaluatien and sem-
parison.

The gensral reportad level of mersury is belew er abeut
5 ng/g 1n whele blogd in a "normal” subjest, & persen
witheut any knewn special expesure. Censiderably highsr
levels havs besn reported, hewsver,

Data from Scandlnavia indleate a ratie of 3=5 between
concentratione in bload pells and plasma.

Thare is a considerabls variation ameng reperted levels
of mercury in hair in different investigations and in
different parts of the world, One study frem Canada in-
dicatss a median lsvel of about 1.8 pg/g while ansther
from the United Kingdom and some from Japan indisate lev=
els 2-3 times as high.

The reported investigations of "normal” mereoury levels

in other organs ars quite contradictory and de not allew
for definite conclusions,

The general level of mercury in urine im "non-expossd”
subjects seems to be below or about 0.5 Pg/litar. Hare
again, however, much higher values have besn reported,



Table 6:1 "NORMAL"” MERCURY LEVELS (atomic absorption
spectrometry) IN WHOLE BLOOD. IN SAMPLES FROM

DIFFERENT COUNTRIES (data from WHO, 1966).

Total Percent Highest
Country number of samples level

of <5 ng Hp/ml ng Hg/ml

samples
Argentina 49 80 30
Chile 35 69 30
Czechoslovakia 20 60 21
Finland 46 70 75
Israel 67 90 39
Italy 27 78 30
Japan 40 80 30
Netherlands 60 93 21
Peru 58 29 200
Poland 85 72 370
Sweden 30 90 90
Yugoslavia 67 72 270
UAR (Egypt) 28 93 10
United Kingdom 30 g3 75
USA 160 82 240
California 33 79 51
New York 87 83 45
Ohio 40 85 240
Total 812 77 370




Table 6:2 TOTAL MERCURY LEVELS IN BLOOD IN SUBJECTS IM SWEODEN WITHOUT OCCUPATIONAL
EXPOSURE AND WITH NONE (sbove line) OR LOW TO MODERATE FISH INTAKE (below 1ine)-

Hercury level ng/g

Blood cells (C) Plaswa (P) Ratio

Number of | Analyti- Mean (- SE) Range fean (- SE) Range ce Reference

samples cal method*

24 At 3.8 (£ 0.16) 1.3-4.8 | 1.3 1% 0.15) D.3-4.D 3.9 Tejning, 1970a

10 Ac 9.9 (% 1.6) 2.8-21 3.3 (5 20) 1.B-8.7 3.3 Birke et al. (to be
published)

83 Ac 10 (%0.3) 5.4-17 |2.3 (0.1 1.1-7.5 4.5 Tejming, 1967a

23 At 6.9 1.9-14 1.6 0.8-3.4 Tejning, 1969c

14%% Ac + At 8.6 (% 0.8 4.8-15 2.5 (% 0.25) 1.3-4.5 Tejming, 196B8a, 1970b

1475 Ac + At 12 (* 1.2) 6.0-21 1.8 (> 0.17) 1.1-3.0 Tejwing, 1968a. 19706

L)

XAc = Neutron activation analysis;

xxPregnant women. Sample taken immediately before delivery

XXX

Umbilical blood from newborn children to the women under™™.

At = Atomic absorption spectrometry



Table 6:3

TOTAL MERCURY LEVELS IN HAIR FROM THE SCALPS OF SUBJECTS WITHOUT
REPORTED OCCUPATIONAL EXPOSURE (No data on fish intake available):

Mercury level pg/g

Country Number Analytical Mean Standard Range Reference
of mathogd”™ daviation
samples
Canada 776 Ac ~1.5 o0 - 19 Perkons and Jervis, 1885
England 840 Ac 5,4%% 0.98 Coleman et al., 1967
6.9%%X 0.37
Japan 94 D 4,2 <0.99-< 12 Yamaguchi and Matsumoto,
1966
73 D 8 2.9 0.98-23 Hoshino et al., 1866a
New Zealand 33 Ac 2.2 1.3 0.3- 34 Bate and Dyer, 1865
33 Ac 1.8 0.88 0.5- 5.3
Scotland 26 Ac 8.8 Nixon and Smith, 1965
70 Ac 5.8 0.03-24 Howie and Smith, 1867
USA 33 Ac 7.8 11 g.1- 33 Bate and DOyer, 1965

X

XX Males

XXX omales

Ac = Neutron activation analysis;

0 = Dithizone method



Table 6:4 TOTAL MERCURY LEVEL (wet weight; mean or range) IN DIFFERENT ORGANS
FROM "NON~EXPOSED” SUBJECTS

Mercury level ng/g

Country Number Analytical Brain Liver Kidney Reference
of methodX
subjects
Sermany 11 M 10-1,200 60~ 460 30-5, 100 Stack, 1940
Jacan 15 D 0- 500 0-3,000 0-2,000 Takeuchi et al., 1962, Takeuchi,
1861, 1968a
10 400 600 Fujimura, 1964
17 D 100- 400 600-1,000 700-3,000 Matsumoto, Koya and Takeuchi, 186¢
Scotland 20-22 Ac 590** 730** 1,800%% Howie end Smith, 1867
24-3,000 3-4,000 2-16,000
Sweden 5 Ac 20 Samsahl, Brune and Wester, 1965
Ac 33
uSA 69 0 60 750 Butt and Simonsen, 1950
15 D 740%% 4,200 Griffith, Butt end Walker, 1954
33 At 100 300 2,800 Joselow, Goldwater and Weinberp,
0- 600 0- 980 0-26,000 1967
7 Ac 3507** Glomski, Brody and Pillay, 1971

40-1,300

*M « Micrometric method; 0O = Dithizene method; Ac = Neutron activation analysis; At = Atomic absorption
spectraometry

**values converted from dry weight to approximate wet weight by division by a factor of 5.

¥*Xcalculated from mean af all analyzed areas in each brain



Table 6:5 "NORMAL” MERCURY LEVELS (atomic absorption

spectrometry) IN URINE IN SAMPLES FROM
DIFFERENT COUNTRIES (data from WHO, 1966).

Total Percent of ‘Highest value
number samples

Country Zﬁmples <0.5 pg Hg/1l pe He/l
Argentina 49 84 21
Chilse 35 69 21
Czechoslovakia 20 85 11
Finland 48 67 30
Israel 83 87 95
Italy 25 786 37
Japan 40 85 45
Netherlands 60 87 15
Peru 64 50 107
Poland as 71 158
Sweden 30 80 74
Yugoslavia 65 83 69
UAR (Egypt) 14 64 12
United Kingdom 30 87 38
USA 308 75 221
California 31 87 15
New York 363 80 97
Ohio 40 93 221

Total 1 107 79 221




CHAPTER 7
INORGANIC MERCURY - RELATIUN BETWEEN EXPOSURE AND EFFECTS

by Lers Friberg and Gunnar F., Nordberg

As criteria for thes evaluation of effectas the classic
symptoms and signs of mercurialism have been employed.
More subtle changes, called micromsrcurialism in

the studies from the USSR, hava also bsan taken into
the account.

The emphasis in this review will be on dose-responss
relationships found in chronic exposure, but a few
data will be given referring to acute exposure. Acro-
dynia has not bsen treated bescause no dose-respbnse
relationships seem to exist.

7.1 IN HUMAN BEINGS

A considerable number of studies relating exposures
and effects has been published. The exposure has
usually been evaluated through air measurements but
often also through analysis of mercury in urine or
blood. Most data are from exposure to mercury vapor
but often it is not possible to decide to what ex-
tent also exposurse to aerosols of other forms of in-
organic mercury is involved. It has not been deemed
possible to treat the different exposure forms sepa-
rately.

7.1.1 Acute effects
The main acute manifestations of inorganic mercury

poisoning, as have been discussed in Chapter 5, are



pulmonary irritation after exposure to mercury vapor

and kidney injury after exposurs to mercuric salts.

The concentration needed to give rise to acute pul-
monary manifestations in human beings is not known.
They have appeared after accidental exposure to very
high concentrations. In a recent report by Milne,
Christophers and deSilva, 1970, it was estimated
that only a few hours'exposure to between 1 and 3

mg Hg/m3 had caused four cases of acute mercurial

pneumonitis.

A detailed dose-response curve for acute poisoning
with mercuric salts is also not known. Most reported
cases are brought about by ingestion of bichloride
of mercury with suicidal intent. Often several grams
of mercury have besn taken but severe poisoning has
been rsported after ingestion of less than one gram
of mercuric chloride. All of the classic symptoms
have been described in a woman who took only two
tablets of bichloride of mercury (a total of 1 gram)
by mistake and immediately spat them out (Sollmapn
and Schreiber, 1836, Treen, Kaufman and Katz, 1951,
and Sanchez-Sicilia et al., 1963).

There is some information in the literature about
mercury content in organs in human beings fatally
intoxicated by mercuric mercury. Sollmann and Schreiber,
1936, reported 7 fatal cases in which the median
concentrations in kidneys were 38 (range: 16-70)

ppm wet weight and in liver, 20 (range: 3-32) ppm.

wet weight. In three fatal cases described by Sanchez-
Sicilia st al., 1963, kidney values ranged from |
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9-19 ppm and liver values from 10-63 ppm. The last
mentioned cases had been treated with BAL.

7.1%.2 Chronic effects

7.1.2.1 Relation between mercury_in air and effects
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7.1.2.1.1 Studies in general

Neal et al., 1937, and 1941, made early but comprehensive
efforts in the felt-hat industry to study relationships
between esxposure and symptoms. The data have served as
basis for establishing the industrial MAC-value for
mercury in the United States.

Although these studies have provided valuable information
in regard to many aspects of mercury poisoning, several
drawbacks and inconsistencies lessen their suitability

as a basis for establishing MAC-values. For example,

the air analyses of mercury were spot samples which
cannot be used for scientific evaluation of concentrations
below which symptoms of mercury poisoning will not

occur. Apart from this, the authors’ conclusion in

the 1941 report that 0.1 mg Hg/m3 "probably reprssents
the upper limit of safe exposure” is not warranted,

even by the data presented in their studies as cases

of mercurialism occurred also at just that exposure.

This is confirmed further by the 1937 report in which
they reported mercury poisoning among 6 percent of
workers exposed to less than 0.09 mg Hg/m3 of air.

Vouk, Fugas and Topolnik, 1950, and Kesic and Haeusler,
1951, reported on mercury poisoning in a survey of
130 workers in a mercury mine, 59 workers in a smelting
works and 70 female workers in a felt-hat factory.

Mercury concentrations in air (spot samples, dithizone
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method) varied between 1.2-5.8 mg/m3 in the mine,
0.25-0.85 mg/m> in the smelting works, and 0.25-1.0
mg/m3 in the hat factory. About one-third of the
workers in the mine and smelting works and about two-
thirds of the female workers in the felt-hat factory
showed pronounced symptoms of chronic mercury intoxica-
tion. The authors compared all three groups of workers
with a control group of 466 persons and did nat find

significant blood changes.

Bidstrup et al., 1951, found 27 cases of mercury poi-
soning among 161 workers in workshops for repair

of direct current meters. The atmospheric mercury
concentrations (spot samples, dithizone method) were
summertime low, usually less than 0.05 mg/ma. Winter-
time values of between 0.1-0.3 were common. Over the
work desks values of up to 1.6 mg/m3 could be found.
Friberg, 1951, reported seven cases of pronounced trem-
or among 91 workers in a chlorine plant. The mercury
exposure was usually below 0.1 mg/m3 (spot samples,
dithizone method) but could be as high as about 1 mg/mS.
Even these last mentioned studies do not provide suitable
data for establishing a "safe” exposure to mercury. Thsy
tend to show that values around 0.1-0.2 mg Hg/m> of

air can give rise to a considerable risk of chronic
mercury poisoning. Turrian, Grandjean and Turfian. 1956,
examined 58 workers in a rectifier factory, a thermome-
ter factory and a chemical works in Switzerland. In 15
workers they observed tremor and mental disturbancss.

In two of those cases the average exposure (spot samples,
dithizone method) was only betwsen 0.01-0.06 mg Hg/ma.
The exposure for the rest of the workers varied bstween
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0.1-0.6 mg Hg/ma. In several workers a tendency toward
hyperchromic anemia was sesn. The value of the studies
is limited, chiefly because only spot samples were taken

for analysis and no controls were clinically examined.

Rentos and Selipman, 1968, reported six cases of suspect or
definite mercury poisoning among 13 workers with an average
daily exposure of between 0.08-0.68 mg Hg/m3 {mean: about 0.5)
but observed no symptoms among 9 workers with average daily
exposures of 0.02 mg/m3. Exposure was evaluated partly as
8-hour average values and partly as spot samples. Mercury va-
por meters and dithizone methods were used. The authors con-
cluded that a TLV value of 0.1 mg Hg/m3 was suoported, esven

if the data show that this level contains a safety factor of
no more than 2. It seems, however, more justified to conclude
from the study that mercury poisoning occurred after exposure
to concentrations above 0.2-0.3 mg Hg/m3 and that mercurv poi-
soning was not seen in a small number of the examined individ-
uals after exposure to about 0.02 mg Hg/ma. No conclusions at
all can be drawn in regard to exposure to concentrations be-
tween 0.02 and 0.2.

A comprehensive study has been reported by Smith et al., 1970.
They examined 567 workers exposed to mercury (in general, more
than 99 percent as mercury vapor) in the manufacture of chlorine
and a control group of 382 persons. More than half of the study
group, all males, had worked between 6 and 14 years in the in-
dustry and they came from 21 different plants. Every worker was
examined once during a one-vear period (not necessarily at the
same time) by plant physicians according to a predetermined pro-
cedure. At least four times a year blonod and urine samples were

examined for mercury (the methods used were those by Campbell



and Head, 1955 and Jacobs, Goldwater and Gilbert, 1961, resnec-

tively). The mercury concentrations in air were measured at dif-

ferent sampling places at least six times a year by means of

ultraviolet meters. Time-weiphted averages were calculated for

each worker.

The methods used made it possible to correlate symptoms with

air, blood and urine concentrations of mercury, as well as to
correlate air data with blood and urinary values. In this sec-
tion, only correlations between air mercury concentrations and

symptoms will be dealt with.

In table 7:1 the mercury exposed workers have besn grouped
according to their time-weighted average exposure levels. The
prevalence of certain medical findings in relation to mercury
exposure is illustrated in figure 7:1. As can be seen from the
figure, several findings reveal a clear dose-related response
to mercury exposure, including signs and symptoms from the ner-
vous system expected in mercury poisoning. For diastolic blood
pressure there was a negative correlation with mercury exposure.
For several findings there is no indication that even the low-
est exposure (time-weighted averape: < 0.01-0.05 mg/m3 ) took
place without effect. This demonstrates potential effects of
even minimal exposures.

The authors reported several other results in which a signi-
ficant correlation with mercury exposure was not found. Such
findings included oropharyngeal signs, i.e., abnormalities of
teeth and gums. The authors’ general conclusions are, "The da-
ta presented here show no significant signs or symotoms in per-

sons exposed to mercury vapor at or below a level of 0.1 mg/ma-
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However, the data do raise a question regarding the ade-
quacy of the safety factor provided by a TLV of this
magnitude.”

What should be considered of importance from the point
of view of industrial TLV values is of course always

a matter of judgment. The published data, however, no
doubt point to the conclusion that a no-effect level

for mercury exposure was not found and that time-weighted
average exposures to belaw 0.05 mg Hg/m> may pro-

duce medical effects. In interpreting the data, a prob-
lem arises regarding the comparability of the two groups.
The authors were of the opinion that the study group

and the control group were comparable. There is no reason
to doubt their opinion, age distribution included, when
the control group is compared with the study group as

a whole. Unfortunately, there is no information con-
cerning the comparability when the study group is bro-
ken down into subgroups. Further, a possible bias, the
"interviewer effect”, in interpreting minor signs and
symptoms should be mentioned. In all the studies the
medical examinations were made by the factory physicians
who might have had some knowledge of the exposure situa-
tions for the different categories of patients. On the
other hand one has to appreciate the well-standardized
questionaire employed.

7.1.2.1.2 Russian studies - including studies on
micromercurialism

The data in this section are taken partly from transla-

tions of Russian publications and partly from informa-



tion obtained by personal contacts (by GFN) with scien-
tists in the USSR. It should be emphasized that data
from the Soviet Union are often presented in an abbre-
viated way compared to the usual format of the Western
countries. Materials and methods are often so stan-
dardized that they are not presented in detail at the
publication of the results. Much work is described in
complete form in unpublished doctorial theses and only
summarized in published articles. Such factors make a

correct evaluation of the data difficult.

Extensive clinical studies performed by Trachtenbsrg
and his collaborators in Kiev have been published in

a monograph in 1969. One study covered 574 people from
Kiev, from 20 to over 50 years of age and 50 percent
of both sexes. Approximately 500 of the studied persons
had been exposed to low concentrations of mercury in
their professions {(in research institutes, industrial
plants, hospitals, etc.) for more than one year (group
A). The control group consisted of 6B persons, mostly
clerks and service personnel working at similar places
but without any direct contact with mercury (group B).
The medical examinations wers carried out by plant
physicians.

Mercury concentrations in air of the subjects’ working
places were determined by a colorimetric method described
by Poleshajev, 1956. The accuracy and precision of this
method are not known but might be influenced by sub jec-
tive factors (Chapter 2). In each workroom a number of

spot samples (usuvally more than 60, 10-20-minute values)



had baen made. In this way, a number of minimum, maximum
and average values was obtained for the different rooms.

In table 7:2 the exposure conditions are pgiven.

Trachtenberg found an asthenic-vegetative syndrome in
51.2 percent (259 persons) in group A. Of thess syn-
dromes, he considered that 13.6 percent had an unspecific
etiology while 37.6 percent could be traced to the mer-
cury exposure. The asthenic-vegetative syndrome is not
clearly defined but includes several neurasthenic symptoms.
Trachtenberg is of the opinion that there is a difference
between the asthenic-vegetative syndrome caused by mer-
cury and that caused by some other etiology. The latter
kind is generally not accompanied by the emotional labil-
ity predominant in patients displaying the syndrome with
a mercury etiology. The emotional lability included

as a rule increased excitability and susceptibility,
mental instability, apathy and a tendency to wesp.

For the diagnosis of an asthenic-vegetative syndrome

as a nosological unit of mercury etiology, other clin-
ical findings such as tremor, enlargement of the thyroid,
uptake of radiocactive iodine, hematological changes and
excretion of mercury in urine were also used as supporting
evidence. There is no mention in the monograph if, and

to what extent, such findings were obligate for the
diagnosis of the asthenic-vegetative syndrome as mercury
induced. By personal discussions with Trachtenberg, it

was established that the following criteria were applied:
a mercury value in the urine exceeding the normal limit
(0.01 mg Hg/liter) or at least 8-fold increases in urinary
concentrations after medication with unitiol. If these
criteria were not fulfilled, the finding of thres or
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more of the following objective symptoms was enough for
a classification of "mercury stiology”: tremor, thyroid
enlargement, increased uptake of radioiodine in the thy-
roid, hematological changes, hypotension, labile pulse,

tachycardia, dermographism and gingivitis.

The prevalence of medical findings in groups A and B,
respectively, is shown in table 7:3. According to Trach-
tenberg, the findings come early, often within the first
years of exposure. No differences batween the groups
which could be related to differences in exposure (table
7:2) are seen. That Trachtenberg reported that he ob-
served mercury-induced asthenic-vegetative symptoms

in 40 percent of the controls (exposed to less than 0.01
mg Hg/m3] is very surprising. Trachtenberg also found
nearly the same prevalence of asthenic-vegetative symp-
toms caused by mercury in workers exposed for less than
4 years as in workers exposed for longer periods (34.6
versus 40.6 percent). The comparability of groups A and
B cannot be evaluated; it is known, though, that the
workers in group B were generally somewhat older.

Another study referred to in the monograph is that re-
ported earlier by Trachtenberg, Savitskij and Sternhartz,;
1365, covering workers involved in the production of
vacuum tubes in Moscow. Apart from mercury, the workers
were exposed to high temperatures. By consulting the
original publication and by discussing the study per-
sonally with Drs. Trachtenberg and Savitskij, the fol-

lowing details were obtained.
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The data wers taken from the yearly examinations of
the workers in the industry. Three groups of workers
were selected. One group was exposed to average mer-
cury concentrations between 0.03 to 0.04 mg/m3 and
normal temperatures (26-31° C in the summer and 16-
24° C in the winter). Group 2 was exposed to yearly
averages between 0.006 and 0.01 mg/m3 and temperatures
of 40-42° C in the summer and 28-38° C in the winter.
A control group was not exposed to mercury, but to
high temperatures, 38-42° C.

The study covered the period of 1855-1962. In group

1 42-93 subjects were included and in group 2, 49-208.
The control group consisted of 60-80 subjects.x In all
three groups, about 70 percent of the workers were wom-
en. The age distribution within the groups varied some~
what from year to year, but was considsred approximately
the same for the different groups. About 45 percent

of the subjects were between 30 to 40 years old and
about 30 percent between 40 and 50 years old.

The prevalence of medical findings is seen in table

7:4. In contrast to the earlier mentioned study by Trach-
tenberg, differences between the exposed groups and the
control group were found. Concerning the Teleky symptom,
some researchers in the USSR belisve that the relative
strength of the extensors of the right hand compared

with that of the left hhand will decrease under the in-
fluence of toxic substances.

xThe number of members in the groups depended upon

the presence of the worker in a certain area. If

he changed to another area or to another job, he was

no longer included. Likewise, all new arrivals to the
area were included in the study. Hence, the fluctuation
in the number of participants was great and here is
presented summarily the range for the entire 7-vyear
span.
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Trachtenberg and his collaborators studied the func-
tion of the thyroid by means of radicactive iodine.
The results from an exposed group and a control group
are given in table 7:5. The workers in the exposed
group were part of those workers in the production

of measuring instruments mentioned in table 7:2. As
can be seen, the differences in uptake of radicactive
iodine between exposed workers and controls are sube

stantial, both for men and for women.

Different blood examinations were made. No controls
were examined but in the exposed workers, an anemia,
increasing with time after exposure was indicated
(figures 7:2 and 7:3). No age distribution was given
but the workers who had been employsed for the longest
time probably were older than those employed only a
short time. This might have had an influence on the
results.

Certain studies were made concerning the odor perception
of exposed workers and controls. Differences were found
for odor thresholds, adaptation times and recovery

times between the groups. No data concerning methodology
have been available to us and knowing the methodologi-
cal difficulties with odor studies, we shall not comment
further upon the results.

e v s G—A v e et Gy emm e S wmmT MmN s e e came e e mem e

or exposure
7.1.2.2.1 Mercury in urine and effects
Several studies have related mercury excretion via urine
with symptoms of mercury poisoning. In some early data
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reported by Neal st al., 1937, and 1941, some 30 per-
cent of persons with mercurialism did not have mercury
in urine at all. The validity of these data must be
questioned, partly in view of the fact that mercury
could be detected in only less than half of all sub-
jects examined (all exposed to well above 0.1 mg-Hg/mal.

Friberg, 1851, in the above mentioned study of 91 workj
ers in a chlorine plant, reported 7 cases of pronounced
tremor. Four workers with pronounced tremor had been
exposed to mercury vapor for about 25 years but had
mercury levels in urine (dithizone method) of only
0.2-0.3 mg Hg/liter. The other 3 had between 0.7-1.3

mg Hg/liter urine. Moderate tremor (10 cases) occurred
without any clearcut association with urinary mercury
levels (figure 7:4). Several workers had a high mer-
cury excretion without symptoms.

The study by Bidstrup et al., 1951, of 27 pgrsons with
mercury poisoning showed that as a rule those with
clinical evidence of mercury poisoning had a high ex-
cretion of mercury (dithizone method), often more than
1 mg of mercury in 24 hours. A low excreticn was also
seen, however. Three out of the 27 workers excreted
less than 0.1 mg per 24 hours. Sixteen out of 101 work-
ers without symptoms excreted more than 300 pg of mer-
cury per 24 hours against 21 out of the 27 cases with

signs of mercurialism.

Among 120 exposed workers in a thermometer workshop,
Seifert and Neudert, 1954, reported eight suspect and
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one definite mercury poisoning at very low urinary con-
centrations of mercury (0.04-0.06 mg Hg/liter, dithizone
method). The validity of the diagnosis of mercury poi-
soning in the study seems questionable, though. In sev-
eral cases no diagnosis of mercury poisoning was made,
despite symptoms, while in other cases the opposite

was true. One suspect case, e.g., was diagnosed based
only on a history of stomatitis, without any objective
finding at the examination. No controls were examined.
Also Turrian, Grandjean and Turrian, 1856, did not

find a correlation between urinary mercury levels (dithi-
zone method) and symptoms. Neither did they find a cor-
relation betwsen urinary values and exposure. Ladd

et al., 1966, made investigations on miners. Their
findings led them to the conclusion that symptoms of
poisoning can occur at low urinary mercury levels but
will not necessarily occur, even when concentrations

of mercury in urine are high.

Rentos and Seligman, 1968, reported high mercury con-
centrations (probably dithizone method) in the urine

of six workers with suspected or definite symptoms

of poisoning (0.34-4.3 mg Hg/liter). In seven workers
with a high exposure to mercury but without symptoms,
the mercury concentration in urine was 0.2-2 mg/liter.
No mercurialism was reported among 9 controls, only
slightly exposed and with a mercury excretion averaging
about 0.05 mg/liter urine.

Positive correlation between severity of poisoning
and urinary concentrations (dithizone method) was ob-
served by West and Lim, 1968, in 13 mill workers ex-

posed to mercury vapor concentrations exceeding 1.2
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mg Hg/ma. The exposure, however, must have been extremely

high. The median urinary level in this group of 13 cases

of mercury poisoninpg was 1.2 mg Hg/liter and the highest
concentration, 7.1 mg Hg/liter. On the other hand, the authors
observed low urinary levels (0.1 mg Hg/liter) in a worker with
typical symptomatology of mercury intoxication, and l=vels be-
tween 0.2-1.1 mg Hp/liter urine in workers without symptoms.
West and Lim concluded that urinary concentrations below 0.8

mg Hp/liter do not correlate well with presence of clinical
symptoms of mercurialism; at levels above 0.8 mg Hp/liter, how-

ever, the ssverity of manifestations correlates well with urin-
ary lesvels.

Trachtenberg, 1969, expressed the opinion that mercurvy concen-
trations in the urine are of limited value in the individual
case. Oespite this, as was mentioned in section 7.1.2.1.2, mer-
cury concentrations above the normal valuve, 0.01 mg/liter urine,
were considered by him as a supporting criterium for mercury

etiology in clinical diagnosis of the asthenic-vegetative syn-
drome.

El-Sadik and El-Dakhakhny, 1970, reported on svmptoms (mercury
neurasthenia) in workers employed in a sodium hydroxide produc-
ing plant for periods from less than 6 months to more than 3
years. They did not find any correlation betwsen symptoms and
urinary mercury levels. One worker with a mercury concentration
in urine of only 4upg/1 was reported to have manifestations

of mercurialism. Mercury levels (dithizone method) in urine
were higher among those exposed for less than 6 months (48-

132 Fg/l] than among workers exposed for more than 3 vears
(38-66 pg/l1). Air concentrations of mercury (dithizone method)
ranged in 36 samples between 0.072-0.88 mg/m3, with an average
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of 0.3 mg/m3 . Svmptoms were also found in a control grcup of
10 peonle but to a lesser degree. Urinary mercury levels among
the controls varied between 32-40 Fg/l. The renort does not give

sufficient information for an evaluation of the medical findings,

The relation between exposure and urinary excretion of mercury
di ffered considerably from what has been renorted in the study

by Smith et al., 1970 (see figure 7:5).

In their extensive study, Smith et al., 1970 (see section
7.1.2.1.1), looked into associations between urinary mercury
levels and medical findings. They did not give prevalence data
for medical findings for different urinary mercury levels, but
did mention that in spite of the strong correlations between
time-weighted averages for the exposure and urine levels (sge
below), the correlations between urine levels and medical find-
ings were in general much weaker, and usually were clear only
in specific findings which most strongly correlated with air
levels.

In summary, it can be stated that although on a proup basis,
high mercury levels lead to higher probabilities of mercury poi-
soning, in the individual case, high values of mercury can occur
without symptoms, while symptoms can occur also in assaociation
with low levels of mercury in the urine.

As has been mentioned earlier (Chapter 5) chronic exposure to
inorganic mercury can cause proteinuria, including a nephrotic
syndrome. A clear dose-response relationship which would show
that workers with proteinuria have had a higher exposure to
mercury than workers without proteinuria has not been demon-

strated. In reported cases with the nephrotic syndrome the

urinary excretion of mercury has been high, as a rule 0.5-1 mg
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Hg/liter or evan more. On the other hand several workers
without proteinuria excreted similar or higher amounts

of mercury (Ledergerber, 1949, Friberg, Hammarstrdm and
Nystrom, 1953, Goldwater, 1953, and Kazantzis et 2l., 1962).
Proteinuria has also been reported to have occurred after
the use of mercury-containing ointments (see e.g. Young,
1860, and Silverberg, McCall and Hunt, 1967). The mercury
excretion in urine was high but no evidence ot a dose-re-
lated effect has been reported. It has been suggested that
the nephrotic syndrome may arise because of an idiosyncracy
to mercury (sesg s.g. Kazantzis et al., 1962) but this ques-
tion is by no means settled.

Joselow and Goldwater, 1367, found that a group of workers ex-
posed to vapors and dust of phenyl and/or inorganic mercurvy
excreted more protein on an average (9 mg protein/100 ml) than

a control group (5.3 mg/100 ml). They alsc found a statistically
significant correlation between excretion of protein and mer-

cury. A wide individual scatter was evident, however.

Goldwater and Joselow, 1967, .reported about an association
between excretion of mercury and coproporphyrin. Wada et al.,
1969, found a correlation with coproporphyrin excretion and

a negative correlation between urinary levels of mercurv and
levels ofug‘~aminolevulinic acid (ALA) dehydratese in erythro-
cytes and cholinesterase (ChE) in serum. Particularly the cor-
relation with .ChE activity may serve as an early sign .of a
biological effect of mercury, even if the data presented thus

far do not allow any conclusions of a critical value.

Kosmider, Wocka-Marek, and Kuiawska, 1969, reported on the

usefulness of biochemical tests in the early detection of
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intoxications with metallic mercury. They examined 101 i
tients exposed to metallic mercury from 1-26 years and 1170
controls in similar age groups not exposed to mercury. The
patients were divided into one group with a mercury excration
in urine (dithizone method) aof 40-120 Pg/liter (group A} and
another group with mercury excretion te¢ss tnan 40 wpg/liter
(group B). Several biochemical tests were carried out

e.g. lactic acid dehydrogenase (LDH), aitkaline phosphatase,
pseudocholinesterase, alanine-aminotransferase, electro-
phoretic protein studies in urine, lipoproteins in serum,
cholesterol, and liver function studies (thymol and brom-
sulfalein tests).

The results of the clinical studies are given in table 7:6.

As can be seen the prevalence of several symptoms is higher

in the group with the highest urinary levels of mercury. There
is no information in the report about the criteria used for
the clinical damage beyond the statement that "liver damage”
was the diagnosis when at least two liver function tests were
positive. The group comparability is also not clear.

Several biochemical findings were observed which were associated
with the exposure to mercury. The lactic acid dehydrogenase

in 50 controls was on an average 295 units (range: 240-350)
compared with 232 units (range: 122-288) in group A. Alka-

line phosphatase was an average of 1.6 (range: 1.0-2.5) com-
pared with 1.3 units (range: 0.6-1.8) in group A, The alanine-
aminotransferase in the controls was an average of 19 units
(range: 6-40) compared with 42 (range 12-94) in group A. All
these findings were reported to be statistically significant
(p < 0.01).
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7.1.2.2.2 Mercury in urine and exposure

Urinary mercury measurements are used not only for diagnosing
mercury poisoning but also for evaluating mercury exposure.
There exists an abundance of data in the literature pointing
to a positive association betwsen occupational exposure and
urinary mercury levels on a group basis (see e.g., Goldwater,
1964).

The data from the study by Smith et al., 1970, ars the most
comprehensive and elucidative and are given in table 7:7 and
figure 7:5 (for methods, see section 7.1.2.1.1). As can be
seen, there is a correlation on a group basis but with a wide
individual dispersion. The averapge ratio between urinary(mg/1)
and atmospheric (mg/m3) mercury as seen in figure 7:5 is of
the same order of magnitude (about 2) as reported in early
studies by Storlazzi and Elkins, 1941. They found an average
ratio between urinary mercury and atmospheric mercury of 2.6.
For urinary mercury analyses, a modification of Stock's meth-
od (Stock and Lux, 1931) was used and could show a good re-
covery of added known amounts of mercury.

Armeli and Cavagna, 1966, showed a positive relationship
between exposure and urinary excretion, but only for the
first period of the workers' employment. They reported mer-
cury levels in 94 percent of the workers exposed to air
concentrations below 0.1 mg/m3 to be 1lsss than 0.15 mg/l
urine. Air concentrations were not determined as time-
weighted averages.

Trachtenberg and Korshun (personal communications) have pro-
vided some data on associations between mercury in air (the
Poleshajev method) and mercury in urine (the Ginzburg method).
The data, given in table 7:8, are from 195 subjescts randomly
chosen from exposure group A in table 7:2 and from 50 workers
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in a chlorine producing plant. If the values are compared with
those reported by Smith et al., 1870, it can be seen that the
urinary values given by Trachtenberg and Korshun for the same
exposure are lower. A detailed comparison, however, is imposs-
ible as no similar breakdown of the urinary values as shown in
the Russian studies was attempted in the American studies. Fur-
thermore, the data from the USSR are not based on time-weighted
averages. In view of these barriers, the values agree reason-

ably well.

A problem in studying the associations between exposure .and
urinary mercury levels is the degree to which urinary excre-
tions of mercury may fluctuate, independently of exposure.
Data by Friberg, 1861, (figure 7:6) show that such fluctua-
tions can be considerable. Wide diurnal and day to day varia-
tions have also been reported by Jacobs, Ladd and Goldwater,
1964. Adjustment of urinmary concentrations for specific grav-
ity or creatinine excretion may help, but only to a8 very lim-
ited degree (Elkins and Pagnotto, 1365, Molyneux, 1866, and
Smith et al., 1970).

In summary, available data show an association between mercury
exposure and mercury concentrations in urine on a group basis.
A concentration of about 0.1 mg/m3 in air with a weekly  expo-
sure of 40 hours should correspond to about 0.2 mg Hg/l urine.
On the other hand, it is obvious that a urinary mercury level
can not be predicted on an individual basis, even if exoosure

is measursd as time-weiphted averages.

7.1.2.3 Relation between mercury in blood and effects

. e eaw ame e v e e mex mem e

Or sxposure_
7.1.2.3.1 Mercury in blood and sffects

— A e Gt e G i et o s omm

There are few convincing studies relating mercurv levels in

blood with symptoms. Published data tend to point in the same
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direction as for urinary mercury levels, meaning that
blood is not a good indicator for a quantitative evalua-
tion of risks in the individual case. Some of the informa-
tion at hand, both published and unpublished, could be
commented upon.

Joselow and Goldwatsr, 1867, found a possible association
on a group basis, but not for the individual subjsct, be-
tween mercury in blood and slight proteinuria. In a report
by Benning, 1958, no association between blood levels

and symptoms was reported in workers exposed toc about 0.2-
0.4 mg Hg/m3 (mostly vapors of metallic mercury). Similar
lack of svidence of an association comes from a report on
an investigation of miners by Ladd et al., 1966. The study
by Smith et al., 1970, was reported to have shown a corre-
lation on a group basis between blood values and symptoms.
As for urinary levels (section 7.1.2.2) the correlations
were weaker than the correlation between air values and
symptoms.

Vostal and Clarkson (unpublished data) observed a group
of 6 women working in glass pipette calibration by me-
tallic mercury. The working conditions allowed the trans-
fer of mercury into their homes and consequently, 24-hour
continuous exposure. All of them showed typical symptoms
of mercury poisoning. Their levels of mercury were 15.8,
13.9, 10,3, 4.8, and 4.1 ug Hg/100 ml red cells and cor-
related with the severity of the symptoms. Comparative
levels of unexposed persons from the same localities were
lower than 1 ug Hg/100 ml red cells.
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7.1.2.3.2 Mercury in blood and exposure
Reports by B8eani, 1955, and Goldwater, 1964,
cated a positive group correlation between exposure to
mercury and blood levels. This association was found
also in the extensive study of Smith et al., 1970 (table
7:9), but there ssems to be a considerable dispersion.

have indi-

On a group basis an association between mercury levels

in blood and in urine has been shown by Ladd et al., 1966,
Joselow, Ruiz and Goldwater, 1968, and Smith et al., 1970.
The last mentioned data (for methods, see section 7.1.2.1.1)
point to a ratio of about 0.3 between blood mercury (ug
Hg/liter) and urinary mercury (ug Hg/liter). This is in
good agreement with data by Benning, 1958 (dithizone meth-
od) from which a median quotient of 0.31 can be calculated
between blood and urinary levels from 2B subjects from
whom blood and urinary samples were taken at the same

time for analysis. The individual variation was great,
with the range varying between 0.01-10.7 and the semi-
quartile range between 0.11-0.66.

It should be mentioned that Joselow, Ruiz and Goldwater,
1968, showed a positive correlation between mercury in
blood and mercury in parotid saliva.

7.1.2.4 Relation_between mercury_in organs and effects

or exposure_

There are no data that give dose-response relationships

and it is not possible to relate a certain gxposure or
effect to certain concentrations in organs. A recent article
by Takahata et al., 1370, can be mentioned, however. They
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examined the mercury content (neutron activation) in brain
of two deceased persons with mercurialism who had been
exposed for several years to high concentrations of mer~
cury in a mercury mine (in one case, continuously to 0.9-
2.7 mg Hg/ma). Before they died they had been away from
mercury exposure for some years, the number of which was
not specified. In the one case the mercury content in
diffsrent parts of the brain varied between 4-34 ppm and
in the other, between 3-18 ppm wet weight. Even if the
data do not give information about relations between
dose and response, they are of value in showing that the
biological half-life in the brain with all probability

is long and that the distribution in this organ is unsven
(see also section 4.3.1.2).

7.1.3 Conclusions

Though a large number of studies has been published on

the relation between exposure and effects in human beings,
data giving valid information on both sxposure and effects
are unfortunately not at all so numerous. It seems reason-

able to conclude, however, that prolonged exposure to mer-
cury vapor at around 0.1 mg/m3 can give rise to mercury
intoxication. There is also evidence from studies both

in the USA and in Eastern countries that concentrations
below this value may not be without effect. In fact, medi-
cal findings have been reported at considerably lower
concentrations, but it is difficult to know the significance
of such findings on the basis of published data. New, ex-
tensive epidemiclogical studies using better epidemiologi-
cal techniques and more unconventional methods are strongly
needed. Of particular importance would be to try to study
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effects at very low exposures as Seen in the USSR, using

the same or improved methods. It might well be that con-
centrations considered without medical significance today

will have to be re-evaluated considerably.

Data concerning urinary and blood levels of mercury do

not lend themselves to a quantitative evaluation of expo=
sure or effects on an individual basis. On a group ba-

sis, however, there is a quantitative correlation between
exposure (probably recent exposure) and urinary and blood
levels. An evaluation of exposure and also of risks can

be achieved through repeated urinary or blood analysis.

The average ratio bstween urinary (mg Hg/liter) and atmo~
spheric mercury (mg Hg/m3) during industrial exposure seems
to be 2-2.5.

7.2 IN ANIMALS
7.2.1 Acute effects
Many reports on the acute toxicity of mercury are available

(see Chapter 5) but only a few give a careful description
of the relation between dose and toxic manifestations.
Some investigations compare a group of animals given mer-
curic salt only with another group given an additional
drug or treatment which influences the acute toxicity.
Work aiming at the selection of the most effective drug
for the treatment of mercury poisoning is bsyond the scope
of the present report (see reviews by Swensson and Ulfvar-

son, 1967, and Winter et al., 1968) and it will not be
taken up here.
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7+2.1.1 Injection

The classic way to evaluate the acute toxicity of a com-
pound is to find the LDSD value. For water soluble salts
of mercuric mercury this value is 5-6 mg Hg/kg if the sub-
stance is injected as a solution by the intravenous or
the intraperitoneal route to mice (Wien, 1933, Swensson,
1952, and Hagen, 1955) and about 12 mg Hg/kg by the sub-
cutaneous route (Eberle, 1951, and Reber, 1353)., The tox-
icity for rats is probably similar, as indicated by the
results of e.g. Swensson and Ulfvarson, 1967, and Parizek
and Ostadalova, 1967. Somewhat lower valuss have been re-
ported by Lapp and Schafé, 1960, who considered 1.5 mg
HgC12 i.p. (about 1.1 mg Hg/kg) as the minimal lethal
dose and by Surtshin, 1857, who found 3 mg HgClz/kg to

be a lethal dose. For rabbits about 3-10 mg Hg/kg has “
been reported to be a lethal dose (Menten, 1922, and

Hesse, 1926).

For a comparison with LD50 for other mercury compounds,
see table 8:3.

Changes in the kidneys and other organs have been ob-
served after injection of both lethal and sub-lethal
doses of mercuric mercury. Alterations in the proximal
convoluted tubule of the kidneys have bssn reported af-
ter intravenous injection of 0.1-0.2 mg HgClZ/kg (Menten,
1922). As has been mentioned already in Chapter 5, the
effect of intravenously injected HgCl2 is very much de-
pendent upon factors such as the rate of injection. It

is therefore difficult to give a clearcut dose-response
relationship. As further examples, however, it can be

mentioned that Mudge and Weiner, 1958, have reported a
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diuretic action in dogs after the injection of 1 mg Hg/kg
and that Simonds and Hepler, 1945, found an i.v. injec-
tion of 2 mg Hg/kg to be necrotizing to the renal tubule
in dogs. Haber and Jennings, 1964, showed a sex differ-
ence in the sensitivity of the kidney of rats injected
intravenously with HgClZ. Male rats injected with 0.4

mg Hg/kg had histological changes in the proximal kid-
ney tubules to a greater extent than female rats given
the same dose. Lapp and Schafé, 1960, studied three
groups of rats given (I) 0.5 mg HgCIZ/kg; (II) 1.0 mg
HgClz/kg and (III) 1.5 mg HgClZ/kg, respectively, as a
single intraperitoneal injection. In groups I-1II there
was an incresse in urinary volume after the injection.

No animal died in these groups. In group III the animals
developed anuria a few days after the injection and died,
if not killed. Histological examination of the kidneys
two days and longer after the injection disclosed changes
in all groups, the severity of which was dose-related.
The changes were reversible in groups I and II and were
not seen at survival times exceeding 7 days. Changes in
the uptake of trypan-blue in the kidney tubule were also
observed in all groups. As mentioned in Chapter 5, func-
tional impairment and concommitant histological changes
in the proximal convoluted tubules have been detected at
dose levels of 1.25 mg HgClzlkg and higher (Mustakallio
and Telkkd, 1955, Rodin and Crowson, 1962,and Taylor,
1365).

Davies and Kennedy, 1967, detected an increased number of
cells in the wurine concommitantly with mild histological
lesions in the kidney tubules in rats given a s.c. injec-
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tion of 0.75 mg HgClz/kg and more pronounced changes
at 0.9 and 2.4 mg HgClZ/kg. Similar studies with re-
peated doses were performed by Prescott and Ansari,
1969 (see section 7.2.3.1).

Kosmider, Kossmann and Zajaczkowski, 1963, detected en-
zymatic changes in the blood of rabbits poisoned by i.v.
injection of 3 mg/kg of mercuric chloride.

The above mentioned data concern mercuric mercury.

There are not many reliable data on the toxicity of mer-
curous mercury. Injections of suspensions of calomel
(HgCl) in water to animals and man have been described
by Lomholt, 1928, and Rosenthal, 1928. Macroscopical

and microscopical tissue changes were observed in kid-
neys, liver and colon (Kolmer and Lucke, 1321, Almkvist,
1928, and Lomholt, 1928). It is evident from these stud-
ies that by such injections higher doses of mercury can
be tolerated than is the case with injections of mercuric
mercury. This difference is probably due to the slow re-
sorption of the relatively insoluble compound from the
injection site. Injections of finely dispersed metallic
mercury have also been made by Lomhglt, 1928, under
which circumstances much higher amounts of mercury could
be tolerated. However, in this case, a still mors prom-
inent deposition of the mercury at the injection site

was observed. Injections of mercury in the form of mer-
cury vapor directly by the intravenous route have been
performed by Magos, 1968 (see section 4.1.1.1.1.1). Tox-
ic effects of these low dose injections were not reported.
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The LD, for oral ingestion of mercuric mercury has not
been well established. Lehman, 1951, found the LDgg by
the oral route to be 37 mg HgClZ/kg in the rat. For TBP‘
curous mercury Lehman reported symptoms of mercurialism

in rats given 210 mg of calomel per kg body weight, but

no animals died. This finding is in accord with the low

oral absorption of mercurcus mercury (see section 4.1.1.2.2).
Ingestion of large doses of metallic mercury (several
grams/kg) by rats (Bornmann et al., 1870) did not give

rise to any toxic effects. This is probably a result of

the very poor absorption of metallic mercury from the

gastrointestinal tract (see section 4.1.1.1.2).

Skin absorption of mercuric, mercurous and metallic mer-
cury can cause lethal poisoning in animals (Schamberg

et al., 1918, and Wahlberg, 1965a). Wahlberg, 1965a, per-
forming a well contrclled study, found that both the per=:
cutaneous penetration and toxicity of potassium iodomer-
curate (KZHgI4] were somewhat higher than for mercuric
chloride (HgClz). A dose corresponding to 250 mg Hg/kg
was applied to the skin in both cases.

7.2.1.3 Inhalation_

The toxicity of mercuric and mercurous mercury when in-
haled has not been much studied and the existing date
pertain only to the toxicity of Hgo-vapors. Ricker and
Hesse, 1514, exposed mice, guinea pigs, rats and rabbits
to almost saturated mercury vapor at room temperature.
The mice died after 36-50 hours of continuous inhalation,

the guinea pigs after 3 1/2 to 4 1/2 days, the rats after
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6-9 days and the rabbits after 2-6 1/2 days of continuous
inhalation. It is not known whether the mercury vapor con-
centration was the same in all experiments, as it was not
measured. Fraser, Melville and Stehle, 1934, exposed dogs
8 hours daily to 1.9-20 mg Hg/ma. Death occurred after
2-16 days (mean 8 days) in 6 dogs exposed to 12.5 mg/ms.
Ashe et al., 1953, exposed 14 rabbits for 1 to 30 hours
to 29 mg Hg/m3. After 5 exposures of 6 hours each (i.e.,
totally 30 hours) one rabbit died. The others survived
and were killed 6 days after the experiment had been in-
itiated. At histological examination prominent changes
were observed in the lungs, the liver, the colon and the
heart. Still severer changes took place in the kidneys
and brain.

7.2.2 Chronic effects
7.2.2.1 Injection

Kolmer and Lucke, 1921, reported some perivascular in-
filtration in the brain and tubular damage in the kid-
neys but no damage in the nerve cells of rabbits given
6 or more repeated intramuscular injections of mercuric
chloride or mercuric benzoate 0.4-0.5 mg Hg/kg 3 times
a week.,

Prescott and Ansari, 1969, observed no changes in renal
tubular cell counts in urine when they administered s.c. 0.1
mg HgClz/kg daily to rats for 7 days. When they gave rats
0.5 mg HgClz/kg daily for 4-14 days they observed an ab-
normally large amount of renal tubular cells in the urine
and also elevated levels of urine glutamic oxalcacetic

transaminase {(GOT) activity. The changes were also seen



in yroups of animals given greater amounts of mercury. In

a group given 2 mp Hgﬁl?/kg elevation of serum GOT-activity
was also saen. Histological changes appeared in the animals
given repeated doses of 0.5 mg HgClz/kg but not in animals
given 0.1 mg HgClz/kg. The histological changes, the urine
GOT-activity and the increased number of renal tubule

cells in urine were most marked during the first days of
treatment and later diminished in spite of continued expo-

sure.

7.2.2.2 Q0Oral and percutaneous expoSure_

Enders and Noetzel, 1955, reported microscopically evident
calcification foci in the brain and histological kidney
damage in rats given daily oral doses of 100-200 mg HgClz/kg.
The rats were kept undernourished at a body weight of only
50 g during the experiment (up to 10 months' sxposure). Sev-
eral animals were reported to have died from the treatment.
It is indeed strange that any of the animals could survive
such enormous daily doses, exceeding considerably the dose
which has been reported by others to be the LD50 (see sec-
tion 7.2.1.2):! Fitzhugh et al., 1850, reported on rats giv-
en 40 ppm of mercuric acetate (about 323 ppm Hg2+] in the
diet for one year. Slipght light microscopical changes were
cbserved in the kidneys, which contained 16 pg Hg/g wet
weight. In another group, given 160 ppm (about 130 ppm ng’)
for one year, mederate changes occurred in the kidneys. The
mercury concentration in the kidneys of this group was 49
Pg/g. Weight changes of males were seen after 12 weeks and
cnward in relation to the control group. Studies on percu-
tanaous e2xposure up to 4 weeks have been reported by Wahl-
varg, 196%a (see sechtion 7.2.1.2). Further reports covering
#rrk on ahronic percutancous toxicity from which the

rostibility af similtoneous inhalation of mercurv has
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been excluded are not availahle.

7.2.2.3 Inhalation

7.2.2.3.1 Studies in general

Fraser, Melville and Stehle, 1934, exposed dogs to mercury
8 hours a day and observed that deaths resulted from about
40 days' exposure to concentrations of 6 mg Hg/m3. Symptoms
of mercurialism such as gingivitis, diarrhea and loss of
weight developed after about 15 days of exposure to 3 mg
Hg/m3. One dog was exposed much longer to that concentra~
tion and died after a period of 20 weeks. Preceding his
death, the dog suffered gum ulcerations, ataxia, tremor,

weight loss and diarrhea.

Ashe et al., 1953, studied rats and rabbits exposed to
different concentrations of mercury vapor for differing
lengths of time up to 83 weeks. They used a colorimetric
method (Cholak and Hubbard, 1946) to control the exposure
and to analyze the mercury concentration in tissues and
urine. As discussed in Chapter 2, the precision and ac-
curacy of such methods vary with the concentration in the
tissues. For the lower tissue concentrations reported by
Ashe et al., 1953, a considerable error cannot be excluded.
The animals were exposed 7 hours/day, 5 days/week. The
results of histological examination and determination of
mercury concentrations in tissues of rabbits are seen from
table 7:10. It is evident from the table that the severest
tissue damage was found in the kidney and the brain. Less
severe damage was chserved in the lung, the liver and the
heart. At concentrations of 0.9 mg Hg/m3 and higher, damage
was observed in the kidney and brain already after a few

weeks of exposure. However, even after the most extended



exposures to 0.1 mg/mB. there were no micrascopically
detectable injuries. At the last mentioned exposure lev-
el and time, the mercury concentration in the kidneys
was. about 4 ppm and in the brain, about 0.3 ppm wet welght.
A large individual variation was evident in the original
values, but appears less prominent in table 7:10 where
only mean values are given for groups of animals repre-
senting certain time intervals. In the rabbits exposed
to 0.9 mg/m3 and in which microscopical evidence of in-
toxication was present, values of about 20-50 ppm were
found in the kidneys, and 1-2 ppm in the brain. It ap-
pears from table 7:10 that there is a reasonably good
correlation between exposure and blood as well as urine
values. In addition, the correlation is good between
blood and urine values and the extent of tissue damage.
These aspects of the data as well as complementary data
reported by Ashe et al. have been discussed in section
4.5.1. Ashe et al. also used rats in studies similar

to those mentioned above for rabbits. At exposure to 0.1
mg Hg/m3 for 67-72 weeks, the kidney concentration was
about 10 ppm. The brain concentration was not given. No
pathological changes were observed. In two dogs exposed
according to the above mentioned weekly schedule for 61
and 83 weeks to 0.1 mg Hg/m3, the kidney concentration
was also about 10 ppm and no pathological changes were
seen. Neither the behavior of the animals nor the renal

function was studied in any of the experiments bv Ashe
et al., 1953.

A number of enzymatic changes in the blood, the heart,

the liver and the kidneys of rabhits has been described
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by Jonek, kosmicor and their associates (Jonek, 14,
Janek and Lrzybek, 1364, Jonek and Kosmider, 1964, lJoner,
fachelek and Jez, 1964, Kosmider, 1364, 1965, and 19641,
Exposure was carried out for 30 days, 1.5 hours/day, 11.6
mg/mB. The authors did not describe how the mercury vacor
concentration was measured during exposure, but did state
that the urinary mercury level was measured by a dithizone
method (Rolfe, Russell and Wilkinson, 1355). The 24-hour
mercury excretion in urine was 117-125 ug during the last
part of the exposure. Three out of 12 énimals died during
the exposure and all animals showed salivation and apathy.

Some weight loss was also noticed during the exposure.

Behavioral effects on rats have been observed by Beliles,
Clark and Yuile, 1968. They exposed rats to 17 mg Hg/m3
for a total of 22 exposures of 2 hours each during 30 days.
They recorded an increase in escape response latency and
a decrease in avoidance response. Forty-five days after
termination of exposure the rats resumed a normal per-
formance of the test. Histological changes in the CNS with
perivascular infiltration of lymphocytes in the medulla
oblongata were observed in the exposed group. No changes
"which could be attributable to the experimental proce-
dure” were observed in lungs, kidnev or liver.

7.2.2.3.2 Russian studies - including studies on micro-
mercurialism

In the Russian literature, a number of effects on various
organs and functions has been reported for different animal
species. Many experiments have included exposure to verv
low concentrations of mercury vapor for considerable peri-
ods of time. Since such work is urgent, an attempt will

be marde below tn give an account of it, but the same dif-
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ficulties in evaluating the data as were mentioned 1n
section 7.1.2.1.2 on human data from the USSR are valid

here (i.e., concerning how the data were obtained, etc.).

Trachtenberg reported on extensive animal experiments in
his menogranh of 1369. He exposed different groups of ani-
mals to different concentrations of mercury vapor for dif-
ferent periods of time. The exposure was generally for b
hours a day, 6 days a week and the exposure levels were
checked by the Poleshajev method. In addition to gross
observations for evident symptoms, more detailed studies
were performed, such as tests for liver and thyroid func-
tions, changes in the higher nervous activity and morpho-
logical changes.

In guinea-pigs (number of animals not stated) exposure

to mercury vapor (1 mg Hg/m3) caused a steady decrease

of body weight already 5 days after the start of the ex-
posure. A less prominent effect on body weight of white
mice was reported at one month's exposure to 0.04 mg Hg/m3.
In exceptionally sensitive mice, symptoms such as tremor
and paresis of hind limbs were reported after 3.5 months
of exposure to mercury vapor of 0.02 mg Hg/m3. Similar
signs were reported in several of the rabbits exposed

for one year to 0.01-0.04 mg Hg/m3. However, these data
are difficult to evaluate because the number of animals
is not known and the findings are reported only for indi-
vidual animals. Morecver, no comparative study was mads
in relation to control groups.



In another series, 30 mice were expogsed to mercury vapor,
0.45 mg Hg/m3. Nine of the 30 mice showed paresis of the
hind limbs after 55 days of exposure. In these mice some
studies on hemoglobin levels and blood corpuscles were
also performed. Observations included anisocytosis and
Jolly’'s bodies of the erythrocytes but the author stated
that the changes were unimportant.

A number of investigations into the action of mercury

on different reactive groups of tissue proteins has been
made in the USSR (Salimov, 1956, Kostygov, 13857, and
Galojan, 1959). Trachtenberg, 19639, also made such inves-
tigations. In one of his series, 56 white rats (120-150
g) were exposed to mercury concentrations varying from
0.01-0.03 mg Hg/m3, (average: 0.014 mg Hg/ma). Another
54 rats served as controls and were not exposed. The in-
corporation of amino acids into the plasma proteins in
the exposed rats was found to be decreased by measuring
the incorporated activity in aliquots of plasma proteins
(precipitated with trichloracetic acid) at different
hourly intervals after the injection of 358 labelled
methionine. In 16 animals killed after 143 days of ex-
posure, an average value of 4.2 percent of administered
activity per g body weight was found in 10 mg of precip-
itated plasma protein 18 hours after injection of 358
methionine. In control animals the average value was

9.3 percent. Similar results were reported also for
soluble liver proteins. The remaining rats were used

for further studies on the protein synthesis by deter-
mining the rate of incorporation of radiocactivity into
the plasma proteins after 166 days of exposure. The results



7-3b.

presented in fipure 7:8 show not only a decreased level
of 3°S counts but also that the maximum incorporation an-
peared later, reflecting a slower rate of incorporation
in the exposed group. The findings were interpreted as

a disturbance in the liver function in synthesizing plas-

ma proteins.

Another investigation by Trachtenberg, 1969, which is re-
lated to the function of the liver, concerned the increased
frequency of positive thymol tests in guinea-pigs exposed
for 104 days to 0.01-0.03 mg Hg/m3 of mercury vapor (mean:
0.014 mg/ma). In the mercury exposed group, 12 out of 14
animals were positive with a mean value of 12 units (range:
10-16 units). In the control group, 2 out of 14 animals
were positive, with a mean value for the whole group of

5 units. An increased frequency of positive thymol reac-
tions has also been reported in human beings by Kosmider,
Wocka-Marek and Kujawska, 1869.

The same animals were subjects for an investigation of
the ability of the liver to convert dehydroascorbic acid
to ascorbic acid. A statistically significant reduction
in this process was seen, as the mercury exposed animals
had only about 25 percent s percent of the reduction
ability of the control animals. The concentration of
ascorbic acid in the liver was also decreased.

In another study the sulfhydryl (SH) group content in
soluble liver proteins was investigated in rats exnosed
to low concentrations (0.01-0.03 mg Hg/ma) of mercury va-
por for 150-180 days. A decrease in relation to a control

group was seen both for "total” SH group content of de-
naturated (urea treated) proteins and in so-called "free”

or "reactive” SH group content of liver proteins.
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investigations concerning mercury induced changes in the czn-
tral nervous system and the higher nervous activity have Lean
performed (Ivanov-Smolenskij, 1933, 1949, Ochnijanskaia, 1454,
Sadecikova, 1955, Gimadejev, 1958, Drogtjina, 1959, 18962, and
Kournossov, 1362). Trachtenberg's 1969 studies also includaed
the higher nervous activity of mammals under the influence of
long-term exoosure to mercury vapor. In one series of experi-
ments, cats were exposed to 0.085-0.2 mg Hg/m3 (first series);
0.01-0.02 mg Hg/m> (second series) and 0.006-0.01 mg Hg/m-
{(third series). The number of cats in each series was not
given in the monograph, but a minimum number of animals for
the first series is 4 cats, for the second series 4 cats, and
for the third series, 2 cats.

The results varied according to the individual cat's response
to the test situation. For 3 cats in the first series, a clear
effect on several of the parameters measured was observed al-
ready during the second week of exposure. For example, the la-
tent period for response to light was at least doubled. The ex-
posure was continued up to 8 weeks, whereby the effects in-
creased. During the 8th week, the latency period for response
to light was more than 5 times as long as the original period.
Fowever, after termination of exposure, a normalization was
seen. Even at that time, only 5-8 non-reinforced signals were
necessary for the cat to give up the conditioned reflex, whera-

as before the experiment 20-40 such signals had been necessary.

In the second series, 2 cats showed similar but less pronounced
changes than those of the first series. During the first 8§
weeks of expnsure, no changes were observed in the paramsters
measured. In one animal the changes appeared after 10 wseks

!see figure 7:9) and in the other one after 22 weeks. In the



third series some less prominent differences wz2re re-
ported. Whether these were significant in comparison to

original values is not clear from the data given.

Trachtenberg, 1969, stated that his material concerning
changes in the conditioned reflexes of cats was consistent
with observations by Gimadejev, 1958, on rabbits, and

by Kournossov, 1862, on rats. In the last mentioned inves-
tigation, disturbance in the higher nervous function was
seen at concentrations as low as 0.002-0.005 mg Hg/m3.

As this is probably the lowest concentration of mercury
which has been reported to have an effect on mammals,

it seems reasonable to look for more details in the work
by Kournossov. The following data are partly taken from
Kournossov, 1962, and partly from personal discussions
with Kournossov: He exposed rats in 4 groups (5 rats in
each group) to different concentrations of mercury vapor.
I: 0.02-0.03 mg Hg/m3; II: 0.008-0.01 mg Hg/m>, III:
0.002-0.005 mg Hg/m>. IV: 0.0000-0.0003 mg Hg/m>. Expo-
sure lasted 6.5 hours daily, 6 days per week. Mercury
concentrations in chambers were checked by Poleshajev's
method. Tests for conditioned reflexes were performed

for 3 months without mercury exposure. The studies on
changes in conditioned reflexes were performed according
to the technique described by Kotlyarevskij, 1954, in

a8 book on methods generally used in the USSR, and in
Ryazanov's review, 1957. Further details on experimental
conditions and procedures were obtained from personal
contacts with Kournossov.

The temperature in the exposure chambers varied between

20.5-28°C and the relative moisture was 80-90 percent.
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The motor-nutritional reflexes were developed in Kotlya-
revskij's chamber provided with acoustical and light sig-
nals. A plexi-glass door, attached to one of the walls,
had to be raised by the animal to gain access to the
feeding box. As the lower end of the door was forced
forward by the rat's motor activity, a lever attached

to the door bore against a pneumatic system recording

the force of the rat's motor activity. A similar system
connected to the floor of the box permitted the recording
of all of the movements of the rat inside the box. The
animal was trained to discriminate according to a prede-
termined pattern of consecutive bell signals (food re-
inforcement), light signals (food reinforcement) and
buzzers (no reinforcement). More details of the methods
are described in Ryazanov’s paper, 1962.

Changes in several parameters observed when testing con-
ditioned reflexes were seen (fipgure 7:10). During the
first month of exposure, animals from the first group
exhibited an increased pushing strength in the test,

but no substantial changes in the latency periods were
observed. During the second month of exposure, the
pushing strength returned to the original value, whereas
the latency period for one of the stimuli increased. Dur-
ing the third and fourth months of exposure, a diminuation
of the activity as measured by the pushing strength was
seen and the failures to respond to stimuli increased
considerably. The rats eventually refused to perform the
test. Similar but less pronounced changes were observed
in group II. Even in group III there were deviations from
original values but not until 2 1/2 months after the
beginning of exposure (see figure 7:10 III). In group

IV no significant deviations from the original values

occurred.
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At the end of the experiments, morphological examinations
and mercury determinations in organs were performed. An-
alysis of mercury in tissues of 2-3 animals from each
group according to a modification of Poleshajev's method
showed in the kidneys: series I, about 1 ppm wet weight;
ser. 1I, 1-2 ppm; ser. 11I, about 0.6 ppm; ser Iv, about
0.08 ppm; and in an entirely unexposed control (ser V),
about 0.04 ppm. In the brains the following concentrations
were found: ser I, 0.1-0.2; ser I1I, 0.1-0.2; ser I11,0.06-
-0.08; ser IV, 0.00; and ser V, 0.00-0.01 ppm wet weight.
For a comparison of these values with the results of oth-
er studies on the accumulation and retention of mercury,
see Chapter 4.

The data on conditioned reflexes agree with earlier ob-
servations of changes in conditioned reflexes at expo-
sure to mercury vapor at 0.035 mg Hg/m3 (Gimadejev, 1858,
1962). Gimadejev mentioned 2 phases in the higher nervous
activitiss: "In the beginning an increase of the stimula-
tion process, followed by the development of a spreading
cerebral inhibition"” (quoted in Medved, Spynu and Kagan,
1864).

Trachtenberg, 13969, reported on the decline of the concen-
trations of ascorbic acid in the adrsnal glands of rats
exposed to mercury vapor in concentrations of 0.007-0.02

mg Hg/m3. A statistically significant decrease in the con-
centrations was observed B-20 weeks after the beginning of
exposure in young rats and 15-20 weeks after exposure in
older rats. An increase in the weight of the adrenal glands
was also noted and was statistically significant (p< 0.01)

in comparison with a control group in young rats after 15
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weehs of exposure and longer. In the old rats the com-
parative increase in weight of the adrenal glands was
only statistically significant at the longest survival
time (20 weeks). See table 7:11.

Trachtenberg, 1969, reported on studies on the uptake

of radioactive iodine in the thyroid of rats chronically
exposed to mercury vapor at different concentratiaons.
Several experiments demonstrated an increased intaks of
radioiodine in relation to pre-exposure values. Measure-
ments of the uptake of radicactive iodine in the thyroid
were performed according to a method described by Gabe-
lova, 1953. 0.15 microcurie of I-131 was administered
subcutaneously to a rat, whereafter external measurements
of radiocactivity over a window in a lead shield by means
of a G.M. tube were performed. A series of 15 rats ex-
posed to 0.81-0.03 mg Hg/m3 for 105 days showed a signif-
icant and clearcut difference in the iodine uptake compared
to a control group and compared to pre-exposure values
(see table 7:12).

Increased uptake of radicactive iodine in the thyroid

is usually considered an indication of hyperfunction of
the organ. This commonly gives rise to an increased meta-
bolic rate and an increased oxygen consumption. However,
this was not the case in Trachtenberg’'s experiments. He
reported that there was almost no change in the oxypgen
consumption of the animals during the experiment. Befere
the experiment, it was 1.7 ml/hour/kg body weight, whereas
after 3 months of exposure, it was 1.8 ml/hour/kg. The
author proposed the hypothesis that mercury inhibits the
thyroxine activity of the blood. Even if the uptake of
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jedine and production of thyroxine in the thyroid are high,

there will be no effect on metabolism.

All data by Trachtenberg, 1369, on radioiodine in the thy-
roid speak in favor of an increased untake. In contrast to
this observation, there are unpublished results by Dr.
Avetzkaja, Donezk, USSR. During his visit in Kiev GFN had
discussions with Drs. Avetzkaja and Trachtenberg. Dr. Avetz-
kaja spoke of her unpublished observations on 3 series of
rats (10 rats in each series) exposed to mercury vapor for
3.5-5 months. Series I: no exposure; ser.IIl: 0.02 mg Hg/ma;
ser III: 0.2 mg Hg/ma. The animals were given a subcuta-
137; and killed 24 hours later. The thy-

roid was dissected and the radioactivity was measured in

neous injection of

a well-type scintillation detector. The following values
were obtained (percent of injected dose Is8.0.): ser. I:
26
10
crease in the uptake of

2.5 percent; ser,II: 21 T 2.1 percent and ser.III:

I+

> 1 percent. These data demonstrate a dose-related de-
3% in the thyroid, i.e., the
opposite from what was illustrated by several of Trachten-
berg's investigations. It is difficult to account for this
difference. During the discussion in Kiev, Trachtenberg ex-
plained the difference between his results and those of Dr.
Avetzkaja by the differences in exposure time. In some of
his series he did note a tendency to lower values at longer
and more pronounced exposure. As a further example of the
peculiarities observed with regard to the action of mercury
on the thyroid, the reverse relation between Hgo exnosure
and thyroid diseases reported by Baldi, 19439, may be men-
tioned.

Changes in the ECG of rabbits exposed to low concentra-
tions (probably 0.01-0.03 mg Hg/ms) of mercury vapor
have keen reported by Trachtenberg, 1369. During the
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first month, a tendency to tachycardia was noted, a re-
flection of increased sympathic tonus acccrding to
Trachtenberg. After one or two months a change in beat
frequency was noted and after three months of exposure,
all animals had bradycardia (220-250 beats/min. - normal
pre-exposure values about 390 beats/min.). The author
interpreted the bradycardia as due to an increased vagal
tonus. Diminuation of the potentials of the different
ECG waves was also observed (P-wave from 0.12 Volt to
0.05 Volt and R-wave from 0.36 to 0.24 Volt after 70
days of exposure). The mercury exposed rabbits also
showed a different reaction from non-exposed animals
when pituitrin was injected. ST-T changes were seen

then in the ECG of mercury exposed animals.

Trachtenberg, 1969, reported on the following experiments
related to the immunological defense mechanisms of the
body. Groups of white rats exposed for periods up to

246 days to average concentrations of 0.01-0.02 mg
Hg/m3 showed a lower rise in agglutination titer after
immunization than control rats receiving the same immu-
nization but no mercury exposure. In one case a titer

of 1:6880 was found in control rats whereas the titer

was only 1:524 in mercury exposed rats. These data were
considered to indicate that the immune defense properties
in the blood of mercury exposed animals might be differ-

ent from those in the blood .of unexposed animals.

Morpholopical alterations were reported by Trachtenberg,
1363, for a number of organs in animals exnosed to low
concentrations of metallic mercurvy vapor and vapors from

organic mercury compounds, especially ethyl mercury phos-
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phate. In his 1969 monograph Trachtenberg expressed the
opinion that the chanpes were similar repardless of the
chemical form of the mercury and did not group his mate-
rial with regard to the mercury compound. He usually
does not report the frequency of findings in different
exposure grouns. Most of the animals studied were chron-
ically exposed to low concentrations of mercury vapor,
i.e. 0.01-0.05 mg Hg/m3. Because of ths above mentioned
difficulties, it is impossible to draw definite conclu-
sions with regard to dose-response relationships from

this material on morphological alterations.

The following alterations were reported by Trachtenberg
for different organs. In the brain, no clear, specific
picture was seen. Some changes in the endothelium of

the capillaries were reported. Alsoc a slight degeneration
of nerve cells of the cerebellum, including the Purkinje
cells,was reported.

In the myocardium, some dystrophic changes were observed.
Changes in the capillary endothelium, including thickening
and desquamation were also reported. In the lungs, conges-
tion and focal extravasation were seen. A thickening of
argyrophil structures in blood vessels was observed. Simi-
lar changes were also seen intra-alveolarly.

In the thyroid, changes in the follicular size were re-
ported. After 3-4 months of'exposure the follicules were
stated to have been small or medium-sized. At 5.5 months
of exposure they were medium or large and at 10-12 months,
Trachtenberg asserted that there were signs of "increased

£ . Cyity.”
unctional activity The absence of a control group makes
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the evaluation of these findings difficult.

Oedema, dystrophic changes and hyperemia were reported
in adrenal glands and in the pituitary gland. In the
testicles some changes were also reported.:

The action of mercury on the testicles has been probed
by Sanotskij et al., 1967, and Phomenko (unpublished
data). They observed changes in the reproductive function
of male rats after comparatively brief exposure to mer-
cury vapor of high concentrations.

Kournossov, 1962, studied morphological alterations in
different organs of rats chronically exposed (6.5 months)
to mercury vapor in concentrations (Poleshajev's method)
of 0.02-0.03 mg Hg/m> (group I), 0.008-0.010 mg Hg/m>
(group II), 0.002-0.005 mg Hg/m3 (III) and 0.0000-0.0003
mg Hg/m3 (IV). He reported mild changes in the brains

of the animals from groups I,II and to a lesser degree
also in group III. The changes consisted of perivascular
and pericellular oedema and vacuolization of some cells
in the cortex. By Nissl-staining, swelling and vacuolization
of the cytoplasm of nerve cells in the pyramidal and
granular layers of the cerebral cortex were shown. Simi-
lar changes were observed in subcortical nuclei and in
the brain stem. In group IV and group V, a control group,
no changes were observed.

7.2.4 Conclusions

The LD50 for injected mercuric mercury is about 5 mg
Hg/kg and for oral exposure, much higher. Percutaneous
exposure can also give rise to poisoning. For mercurous
mercury compounds the LD50 is higher irrespective of

mode of administration.
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Acute effects of inorganic mercury are primarily on the
kidneys, where acute intravenous doses lower than 0.5

mg Hg/kg give rise to histological changes.and excretion
of renal tubular cells in rats. Effects of injected
doses of mercuric or mercurous mercury on other organs
such as liver.and colon have also been reported as well
as enzymatic changes in plasma. With ingestion of mer-
cury salts higher doses are required to cause poisoning.
Similar changes to those mentioned above occur but ef-
fects on the gastrointestinal tract are more prominent.

When exposure is by inhalation of mercury vapor, acute
effects occur in the lung, the brain, the liver, the
kidney and the colon. Concentrations of about 10 mg/m3
may be fatal or give rise to evident symptoms within
one or a few days' exposure.

A number of effects on various organs has been recorded
as resulting from long-term exposure to inorganic mer-
cury. After long-term oral exposure to mercury salts
damage to the kidneys has been observed at dose levels
in ths diet exceeding 30 ppm Hg2+. Extremely high doses
of mercuric mercury are necessary to cause death at

long-term exposure by the oral route.

By inhalation of mercury vapor a lethal effect on experi-
mental animals has been obtained after a few months of
daily B-hour exposure to concentrations of a few mg

of mercury per cubic meter of air. Pathological changes
in kidneys and brains of animals have been evoked by
similar exposure to concentrations of about 1 mg/m3 and
even lower. Enzvmatic changes in the blood, the heart,
the liver and the kidneys have also been reported bput
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these experiments have only been performed with high

concentrations of Hg-vapor.

In the Russian literature weight loss and toxic signs
in several animal species have been reported at expo-
sure levels comparable to those mentioned above. The
Russian scientists have also described similar but
lgss fregquent changes at much lower concentrations. In
addition changes in the functions of several organs of
rats or rabbits such as CNS (conditioned reflexes),

thyroid (increased uptake of 131

I), heart (changes in
ECG), liver {(changes in the thymol test, protein syn-
thesis, SH-group, and ascorbic acid content), adrenal
glands (diminished ascorbic acid content and a slight
weight increase) and in the immunological response of
the body have been stated to have occurred after expoe
sure for several months to concentrations of 0.01-0.03
mg Hg/ms. Changes in conditioned reflexes have been re-
ported even at concentrations in the air of 0.002-0.005

mg Hg/m3 when rats were exposed for several months.

The significance of the reported changes is difficult

to evaluate for several reasons discussed earlier. Just
as suggested with regard to the human data, it would

be likewise of importance to try to study effects in
animals at very low exposure levels as seen in the USSR,
using the same or improved methods.



Table 7:1 MERCURY-EXPOSED WORKERS GRNUPED BY
TIME-WEIGHTED AVERAGE EXPNSURE LEVELS
(from Smith et al., 1970).

Exposure l%vels Number of Percentage of
(mg/m™) workers exposed workers

<0.01 58 10.2

0.01-.05 276 48.7

0.06-.10 145 25.6

0.11-.14 61 10.7

0.15-.23 - -

0.24-.27 27 4.8



Group A:506 persons

Group B:68 persons

Table 7:2 MLRCURY IN AIR OF WORKSHOPS (from Trachtenberg, 1963)%

Work place Mercury concentration in air (mg/mB)
Minimum Maximum Average
Production of 0.004 -0.008 0.015-0.12 0.01 -0.04

measuring

instruments

Research <  0.01 0.055-0.08 0.02 -0.05
institutes

Higher 0.007 -0.015 0.01 -0.1 0.02 -0.035
education

Production of 0.007 -0.01 0.01 -0.065 0.02 -0.03
rectifiers

Hospitals < 0.025. 0.015-0.17 0.01 -0.04
Unspecified 0.0085-0}ﬁ12”‘ 0.03 -0.15 0.015-=0.05

industries and
institutes

Clerks and ~ =-=-=------- 0.01 or less-------==---~
service personnel

*Four of the values differ from those given in Trachtenberg's
monograph. They are corrections of printing errors, according to
personal discussions with Trachtenberg.



Table 7:3 PPEVALINCE OF MENLICAL FINDINGS IN WORKERG EXYPOSEN

I MERCLURY™  {from Trachtenberp, 1969).
Medical findings Group A Group B
(506 persons) (68 persons)
percent percent

Asthenic-vegetative 14 7

. o .
syndrome with unspecific
etiology
Asthenic-vegetative 38 40
syndrome due to mercury
Chest pains or palpitations 31 28
Enlargement of thyroid 14 4
Hypotension 32 28
Stomatitis 13 16
Liver disorders 19 20

Xsee also table 7:2



Table 7:4 PREVALENCE OF MEDICAL FINDINGS IN EXPOSED GROUPS
AND A CONTROL GROUP (from Trachtenberg, Savitskij,
and Sternhartz, 1965, and Trachtenberg, 13869).

Medical findings Groups 1 and 2 Control group
percent percent

Insomnia, swsating,
emotional lability 28-50 13

Tremor of hands and eyelids 4 )
and enlargement of thyroid 28-37 8-12

Extensor strength of right
hand dominant over that of 51 76
left hand (symptom Teleky)



Table 7:5 RELATIVE NUMBER OF WORKERS (%) WITH UPTAKE OF LESS
AND MORE THAN 25% OF RADIDACTIVE IUDINE (after 24
hours) IN THE THYROID (from Trachtenberg, 19639).
Uptake of Groups exposed to mercury Control groups
radiocactive
iodine Men Women Total Men Women Total
(36 persons) (31) (67) (26) (19) (45)
<25% 39 29 34 84 68 78
>25% 61 71 66 16 32 22




Table 7:6 PRLVALENCE (%) OF MEDICAL FINUINGS IN TWO GROUPS
OF WURKERS WITH DIFFERENT URIMARY MFRCURY LEVELS

Group A: 40-120 ug Hg/l
Croup B: Less than 40 ug Hg/l
(from Kosmider, Wocka-Marek and Kujawska, 13963).

Findings Group A Group B
(40 workers) (60 workers)
Neurclogical disorders 58 23
Kidney damage 22 5
Liver damage 20 15

Disorders of the Cardio-
vascular system 48 20

Complex organ disorders 62 22



Tanle 7:7 RELATIONSHIP NF MERCURY EXPOSURE TO MERCURY LEVELS IN URINE, UNCOPPECTER
FOR SPECIFIC GRAVITY™ (from Smith et al., 1970).

TwWar X Percentage of group within urine level range
Sxaosure levgl Number of
grouns .mg/m") workers {mg/liter)
<0.01 .01-.10 «11-.30 «.31-.60 .61-1.0 2>1.20
Controls 9.00 142 35.2 62.7 2.1 0 0
3.01 28 6.9 86.2 6.9 0 0 0
0.31-0.05 188 6.9 66.0 24.5 2.7 0 N
¢.06-0.10 91 0 62.6 30.8 6.6 8} 0
0.11-0.14 60 3.3 18.3 31.7 16.7 23.3 6.7
0.,24-0.27 27 0 14.8 29.6 44 .5 7.4 3.7

¥ . . .
Expressed as percentage of each exposure level group within desipgnated raneges
of urine mercury levels

*X7ime-weighted averages



Tanle 7:8 RELATIONSHIP OF MIRCURY CAPOSURE T Mir R/ LEyELS 1N
URINF, UNCORRECIFD FOR SPECIFIC GRAVITY (Trachtenbarg

and Karshun, personal communication).

Exposure lev- Number Percentage of group within urine level range
gl (average of of CTYARETI)

at least 60 workers mgsliter

spot_samples,

mg/m>) <0.01 0.011-0.03 0.031-0.05 >0.05
0.01-0.05 195 46 38 g9 3]
0.03-0.04 50 48 36 12 4




lable 7:3 RVLATIUNSHIP OF MERCURY CXPASURE T BLNON MERCURY
LEVELS™  (from Smith et al., 1377).

Percentage of group within
blood level range
T
et Memmer e/ 100 m)
(mg/m=~) workers <1 1-5 6-10 :ﬂU
Controls 0.00 117 69.3 30.7 0.0 0.0
<0.01 27 33.3 63.0 3.7 0.0
0.01-0.05 175 20.6 74 .9 4.0 0.6
0.06-0.10 77 10.4 81.8 6.5 1.3
0.11-0.14 53 3.8 22.6 26.4 47.2
0.24-0.27 26 0.0 19.2 26.9 53.8

*Expressed as percentage of each exposure level group with
designated ranges of blood mercury levels



Table 7:10 CONCENTRATIONS OF MERCURY (mg/100 g*) AND EXTENT OF TISSUE DAMAGE IN ORGANS OF RABBITS EXPOSED TO Hs°~VAPOR
(d2ta from Ashe 8t al,, 1953

Exposure™® Air con-

iizis ce;z;ziion n Kig::i. Damoge Concfivernamage Conc?ralnnamnge Conc,:ung Danage gizz? g;;;: hours

1 6,0 1 7.000 4+ 0,200 + 0,005 4+ 0,760  ++ 0.011. 0.282 g:am:,‘p? ::'tf'lss
23 &0 2 15,115 ++(+) 0.280  +(+) 0,285 4+ 0,402 4+ 0,021 0.376 P Lo
3ub £,0 3 13.417 0,457 4 0,848  ++ 0.641  +(+) 0,052 0,453 vals

63 6.0 4 13,450 44+ 0,495 4+ 1390 4+ 0,380  + 0,202 0,139

10-11 5,0 2 16,000 4+ 0.845  +4(+) 1.700  ++{(+) 1,330 4+ 0.103 0.937

23 2,9 4 1.850  (+) 0,085 = 9.055 (+) 0.112 = 0,014 0,020 222:?: :c: :;:
4w’ 0.9 5 2,820 + 0.156 = 0,079 +(+) 0,405 () 0,021 0,024 seen fren 5tk
Fu8 0.2 1 3.135  ++ 0.271  (+) 0.121 + 0.107 (4} 0,037 6.027

10.12 0.9 4 3.750  ++ 0.480 = 0,136  ++ 0,146 (+) 0,017 0,032

1 0.1 1 0,067 = 0.014 = - - - - - 0,003

4 0.1 1 0.620 - 0.012 = - - 0,051 = 0.003 0,002

8 2.1 1 0,330 - 0,021 = - - 0,023 = 0,005 0,003

a 0,1 1 0,477 - 0,056 = - - 0,075  ~ 0,004 0.003

15=17 0,1 2 0,412 « 0,029 - 0.013 = 0,029 =~ 0,003 0,002

2628 0.1 2 0,760 = 0.115 = 0,005 = 0,051 - 0.009 0.004

30-37 . 0.1 2 0.516 = 0,044 = 0,007 = 0,027 = 0,009 0,002

46 ¢.1 4 0,360 =~ 0,065 = 0,012 = 0,020 = 0,003 0,003

5652 0.1 2 0,356 =~ 0,112 = 0.033 =~ 0,053 = 0,002 0.002

82-83 0.1 2 0,318 = 0,125 = 0.045  « 0,039 = 0,012 0,002

x) probably wei weight - No pathological changes

xX) exgosure was for 7 hrs/day 5 days/v:egk

+

Definite but mild pathological changes
++ Moderate pathological changes
4+++ Marked cellular degeneration with some necrosis



. o
Tabla 7:11 wWiiohT b ADRLGAL GLANDG IN RATG bzb0SiD U He - VAPOR
0.007-¢.02 msz/'m1 (Trachtantery, prrsonal communica-

tion).
wWaeks of Weipht of Adrenal Glands
§xposure o t xposed Controls
n mpg/1N0 g 8.0, n  me/100 g 5.0,
body wt. body wt.
1 8% 24.2 3.8 7% 25.8 5,4
%X 18.7 1.7 7%% 19,7 2.2
2 7 26.8 4.8 8 24 .8 4,7
6 18.2 3.2 7 19.1 2.6
4 7 25.6 5.0 6 25.6 2.5
7 17.2 5.3 7 17.9 4,4
6 5 30.1 4.4 5 26.9 4.6
7 21.2 2.2 5 19.8 5.3
8 6 34.7 10.5 7 26.4 6.1
5 23.3 7.6 5 21.0 4.3
10 5 38.0 7.5 8 27.5 6.2
6 24.0 7.4 6 18.7 5,8
15 6 40.4 9.9 6 26.9 4,4
6 24.1 5.9 7 20.0 4.9
20 7 47.3 5.5 6 25.6 11.4
7 24.9 4.2 7 18.1 4.3

*the first row of values for svery weeks' measurements listed
refersto the younger rats,5-7 months old at the beginning of
the experiment.

*XThe second row of values refers to the older rats 18-20 months old
at the beginning of the experiment.



Table 7:12

UPTAKE OF RADIODACTIVE IODINE IN THE THYROID GLANDS OF RATS AT DIFFERENT

TIME INTERVALS AFTER INJECTION OF RADIOACTIVE IODINE (Exposure: 0.01-0.03

mg Hg/ma. 6 hours daily, 6 days per week)

(from Trachtenberg, 1969).

Group of Number Time of Uptake of I-131 in percent of injection dose (hours after
animals of ami- measure- injection of I-131)
mals ment 2 h & h 12 h 24 h 48 h 72 h 9E h

“ercocury 15 Preexposure 12.6%0,5 14,9%*0,8 18,9%0,7 29.8%*1.,1 27.8%1,1 25,4%1,4 20,.8%*C,9
exposed values

Aftor 105 37,123.3 89,4% 8,1 83.217.5 68.1%3.2 39,2%3,6 20.4%1.7 17,4%1,0

ays exp.

controls 15 Preexposurse

values 10.53059 13.3*1.4 16.7%0,3 25,1%0,9 22,.6%2,1 19,0%1,2 18,3%p,8

After 105 43,1%1,3 14,5%1,1 18,3%1,1 29,8%1,0 23,9%0,9 19,0%0.6 16,7%0,8

days
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Figure 7:1 Percentage Prevalence of Certain Signs and
Symptoms among Workers Exposed to Mercury

in Relation to Degree of Exposure (from
Smith et al., 13870).
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Figure 7:5 Concentrations of Mercury in Urine (uncorrected

for specific gravity) in Relation to Time-Weighted
Average Exposure Levels (from Smith et al., 1970).
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Figure 7:6 Variations within the 24-hour Excretion of Mercury

in Two Workmen with Mercurvy Poisoning (from Friberg,
1961).
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Figure 7:7 Relationship of Concentrations of Mercury in Blood
and in Urine (uncorrected for specific gravity)
(from Smith et al., 1970).
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Different Times after Injection of Radio-
active Methionine S-35 (from Trachtenberg,
1969).
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CHAPTER 8

ORGANIC MERCURY COMPOUNDS - RELATION BETWEEN EXPOSURE AND
EFFECTS

by Staffan Skerfving

8.1 ALKYL MERCURY COMPOUNDS
8.1.1 Prenatal exposure

Cases caused by intra-uterine exposure to alkyl mercury
compounds have mainly shown damape to the nervous system.
It is not known at what stage of pregnancy the lesions
were induced.

8.1.1.1 In_human _beings

8.1.1.1.1 Methyl mercury

The cases of prenatal poisoning with methyl mercury from
Minamata occurred in families with heavy consumption of
fish (Harada, 1968b). Of 22 victims, 17 were born into
families who fished regularly in the contaminated area.
In 14 of the families postnatal cases also occurred. One
child was fed with commercially produced baby food, three

had mixed feedings and the rest were breast-fed.

The frequency of cerebral palsy in the area around the
Minamata Bay was high, 5-6 percent of the total number
of births. In one village, 12 percent of the children
had cerebral palsy. The expected frequency of cerebral
palsy was 0.1-0.6 percent (Harada, 1968b).

There are data on hair total mercury levels of children
with cerebral palsy and of their mothers from the area



8-2.

around the Minamata Bay (Harada, 1968b). The samp les
were taken at the time of the first examination, when
the children were 1-6 years old, and 2-3 years later.
The levels in the children at the first examination were
5-100 pg/g of hair and in mothers, 2-190 pg/g, respec-
tivelj. The method of analysis was not stated. There was
no correlation between the ages of the children and the
levels in the hair or between the levels in the children
and in their mothers. No data on the exposure between
birth and sampling are available. It is not possible to
draw any conclusions about mercury levels in hair of ths
poisoned children at the time of birth. The children
might well have been exposed considerably postnatally.

In a study made sevaral years after the epidemic (19562-
1863) 15 wmothers had neurological signs such as pares-
thesia and positive Romberg sign [Harada, 1964). In the
Minamata Report, 1968b, Harada stated that numbness in
extremities and neurological symptoms had been observed
during pregnancy in only 5 of the mothers. The symptoms
disappeared socon, except in one case. No data are avail-
able on the frequency of similar symptoms in control
groups in Japan. In the Minamata Report none of the moth-
ers was clinically evaluated as having a typical case of
the Minamata disease. Recently, Murakami, 1971, reported

that one of the mothers had been recognized as a victim
of the disease.

An investigation of mércury levels in hair samples from
children was performed in connection with the Minamata
epidemic (Harada, 1968b). The method of analysis was not



stated in the publication. In 2 out of 12 clinically
healthy infants [2-6 months of age) the levels were 893

and 160 pg/g of hair, respectively, and in the others,
22 pg/g or below. Ia the group of 13 children between
1-6 years of age, two had 43 and 48 pg/g, respectively,
and the rest had 25 pg/g or below. In 18 mothers and
their clinically healthy children, concentrations of
0.5-63 and 0-43 Pg/g hair, respectively, were found. The
levels in breast milk from 17 of those mothers were be-
low 0.2 pg/g, which was stated to have corresponded to
levels found in samples from another area. In six
healthy children and in six children and 10 adults with
cerebral palsy from other parts of Japan, levels below
7 Fg/g were found (in one subject, 12 Fg/g).

In Niigata no definite case of prenatal poisoning oc-
curred (Tsubaki, 1371). One case of cerebral palsy was
reported. The mother had consumed fish from the Agano
River during 7-9 months of the pregnancy (Tsubaki et
al., 1967al). The father had symptoms of poisoning
(Matsuda et al., 1967). The infant had 77 jug Hg/g hair
at five months of age. The mother had 290 mg/g hair at
2 1/2 months after the delivery (Matsuda et al., 1967,
and Tsubaki, 1971). Nothing was stated about exposure
between delivery and sampling.

Also in the Niigata area, pregnant women, newborn in-
fants and their mothers were studied (dithizone analyses).
None of 57 pregnant women had levels over 50 pe/g (Mat-
suda et al., 1967). Nine mothers of newborn babies had

levels above 50 fg/g, four above 100 peg/p and one, 200
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pe/g or more. One infant out of 14 had a level in the
interval of 160-150 pp/g, while all of the others had be-~
low 50 Fg/g. Tsubaki et al., 1967a, reported that 81 preg-
nant women had been studied, of whom four had levels in
the range 51-110 pg/g. Nothing abnormal was observed in
any of the children. It is likely that some of the levels
mentioned above were reported twice or thrice. The babies
were studied less than 2 1/2 years after the start of

the epidemic.

Engleson and Herner, 1952, described a case of mental
retardation in a child whose mother during pregnancy had
eaten porridge made from methyl mercury dicyandiamide
dressed seed. While the mother had no symptoms of poi-
soning, the father and a brother had neurological symp-
toms.

Snyder, 1971, reported a case of prenatal intoxication
in an infant whose mother had consumed regularly during
the 3rd to 6th months of pregnancy meat from hogs fed
with seed grain treated with methyl mercury. The mother
did not show any neurological signs or symptoms and had
normal visual fields. Postnatal exposure was excluded as
the child was never breast-fed and recsived only commer-
cially prepared baby food. Some analytical data on the
congenital case reported by Snyder have been provided by
Sedlak et al., 1971, and the Center for Disease Control,
1971. Analyses were made by an atomic absorption method.
The pork contained 28 mg Hp/kg. Amniotic fluid obtained
during the last third of the pregnancy contained less
than 0.02 ppg Hg/g (detection limit of the method emploved).
A hair sample from the mother had a mercury lavel of



310 Fg/g. Two samples of serum were reported to have con-
tained 2.9 and 0.47‘pg/g, respectively. When compared to
the hair level, the serum levels are unexpectedly high.

8.1.1.1.2 Ethyl mercury

Ten cases of prenatal poisoning by ethyl mercury have been
reported from the USSR by Bakulina, 1968. The mothers had
shown symptoms of poisoning by ethyl mercury chloride
during pregnancy or up to three years prior to delivery.
The children showed various degrees of physical and men-
tal rstardation. No detailed medical histories are avail-
able. It is not known to what extent postnatal exposure
to mercury was important for the development of symptoms.
In 2 mothers, however, levels of mercury in breast milk
of 0.3 and 0.75 mg/liter were reported, meaning a possi-
ble exposure for the babies of 0.05-0.1 mg Hg/kg body
weight/day. It is not known in what form mercury was
present in the breast milk.

8.1.1.2 In_animals__

Only a few animal experiments on prenatal alkyl mercury
poisoning have been reported.

8.1.1.2,1 Methyl mercury

Moriyama, 1968, exposed rats to methyl mercury chloride
and methyl mercury methyl sulphide in vafying doses be-
fore and during their pregnancies. The methodology is de-
scribed so superficially that conclusions cannot be drawn.
He also exposed pregnant cats to methyl mercury chloride
and methyl mercury methyl sulphide in doses of 0.5-1 mg
per kg body weight/day for 3-57 days. No controls were
included in the experiment. In spite of weaknesses in



methedology, it is apparent that the highest dose induced
fetal damage if administered late in pregnancy. Poisoned
mothers did not give birth to healthy offsprings.

Murakami, 1969, menticned a study by Tatetsu st al., 1968,
on preghant rats given methyl mercury methyl sulphide.

The mothers were said to have had clinical symptoms but

no morphological changes while the offspring were healthy
at birth but had morphological changes in their central
nervous systems. Matsumoto et al., 1967, and Nakamura

and Suzuki, 1967, reported on pregnant rats given methyl
mercury, but the study does not permit any conclusions.

Nonaka, 1969, reported an electron microscopical study

of full term rat fetuses and 100-day old litters of moth-
ers who had received 2 mg Hg/kg body weight/day as methyl
mercury orally during their pregnancies. Both mothers and
litters were free from clinical symptoms. Although sub-
cellular changes were reported, it is questionable wheth-
er the methods used can allow such conclusions (Berglund
et al., 1971}.

Spyker and Sparber, 1871, reported that, with a dose of
2 mg/kg body weight of methyl mercury dicyandiamide in-
jected on day 7 or 9 of gestation into mice, 490 of 498
surviving fetuses appeared morphologically normal on day
18 of pregnancy. When 4 or 8 mg/kg were injected an in-
creased number of apparently normal neonates was killed
by the mother. Surviving offsprings were tested by be-
havioral techniques on day 30. Open field test revealed
significant effects in many but not in all of tha sur-
viving neonates. Neurological symptoms developed 2 1/2



months later. The reason that the differences in behav-
ior and symptomatology were found only in part of the
exposed offsprings is not clear.

Sabotka, Cook and Brodie, 1971, analyzed eye opening,
righting reflex, general activity and body weight in neo-
natal rats from mothers injected with single doses of

0.1, 0.5 and 2.5 mg Hg/kg as methyl mercury chloride on
days 6-15 of gestation. No major neurotoxic symptoms oc-
curred in mothers or litters, and only subtle developmen-
tal neurochemical changes were observed. The exposed groups
showed. "maturation acceleration” (i.e., earlier eye opening
and enhanced development of clinging ability). Small re-
gional changes in non-specific cholinesterase activity,
serotonin and norepinephrine levels in brain were found

at 28 days of age.

Frlén and Ramel (to be published) administered about 3
mg Hpg/kg body weight as methyl mercury dicyandiamide in-
traperitoneally to mice on day 10 of their pregnancies.
The number of dead fetuses and resorbed litters was sig-
nificantly higher in the experimental group than in a
control group. It must be emphasized that methyl mercury
injected intraperitoneally induces peritonitis.

Khera (quoted by Clegg, 1971) gave mice methyl mercury
chloride orally in doses of 0.1, 1, 2.5 and 5 mg Hg/kg
from day 6 through day 17 of pregnancy. 5 mg/kg re-

sulted in reduced litter size. At 2.5 mg/kg the litter
size was normal but all in the litter died within 24 hours
postpartum. At 1 mp/kg the newborns appeared normal but
the development of the cerebellum was retarded morphologi-



cally days 7-14 of life. The effect was not observed la-
ter in postnatal development. No effects were observed
at 0.1 mg/kg/day.

Oral administration of methyl mercury chloride to pregnant
rats on days 7-20 was reported to have resulted in decreased
weight of offsprings when 6 mg/kg/day was given. Marked
reduction of litter size took place when a dose of B8 mg/kg

per day was administered (Courtney, quoted by Clegg, 1971).

8.1.1.2.2 Ethyl mercury

Morikawa, 1961b, and Takeuchi, 1968b, described 3 cats
given orally 2-3 mg/kg body weight/day of bis-ethyl mer-
cury sulphide (it is not clear whether the dose means mer-
cury or the compound) during the latter part of their
pregnancies. Two of the mothers had clinical symptoms of
alkyl mercury poisoning and all of them had morphological
changes in the central nervous system. One out of 8 kit-
tens was clinically intoxicated and all of them had mor-

pholcgical damage in the central nervous system,

Okada and Oharazawa, 1967, administered subcutaneously
ethyl mercury phosphate in doses of 5-40 mg Hg/