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FORWORD

The many benefits of our modern, deve10p1ng, industrial society are
accompanied by certain hazards. Careful assessment of the relative risk
of existing and new man-made environmental hazards is necessary for the
establishment of sound regulatory policy. These regulations serve to
enhance the quality of our environment in order to promote the public
health and welfare and the productive capacity of our Nation's population.

The Health Effects Research Laboratory, Research Triangle Park .
conducts a coordinated environmental health research program in toxicology,
epidemiology, and clinical studies using human volunteer subjects. These
studies address problems in air pollution, non-ionizing radiation, :
environmental carcinogenesis and the toxicology of pesticides as well as
other chemical pollutants. The Laboratory develops and revises air quality
criteria documents on pollutants for which national ambient air quality
standards exist or are proposed, provides the data for registration of new
pesticides or proposed suspension of those already in use, conducts research
on hazardous and toxic materials, and is preparing the health basis for
non-ionizing radiation standards. Direct support to the regulatory func-
tion of the Agency is provided in the form of expert testimony and prepara-
tion of affidavits as well as expert advice to the Administrator to
assure the adequacy of health care and surveillance of persons having
suffered imminent and substantial endangerment of their health.

Atmospheric sulfur oxides exist in chemically complex particulates
of the respirable size range. Inhalation of these particulates represents
a potential health hazard. Before one can estimate the extent of the
long-term health hazard tO man or espouse a particular strategy for abate--
ment, a clear understand1ng of the mechanism(s) by which sulfates interact
with the mammalian lung is needed. This report provides information
concerning the uptake of sulfate salts by the lung, the interaction of
sulfate salts with specific hormonal systems in the lung and the potential
interrelations between sulfate and heavy metal aerosols as they might
exist in the environment. The data reported here describe the uptake and
elimination kinetics of sulfate ion in mammalian lungs. The release of
histamine by sulfate salts is demonstrated as a potential mechanism of
action and as a means by which the varying potency of different chemical
salts of sulfuric acid may be explained. These studies illustrate that
sulfate aerosols cannot be considered independent of the other inorganic
compounds found in respirable particles. The demonstrated removal of
. sulfate ions from the lung clearly shows that such mechanisms are extant
and adds to our knowledge of the pathophysiology of the lung, as it is_

related .to disease processes (X(\Aﬂx

H. Knelson, M.D.
Director,
Health Effects Research Laboratory
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PRETFACE:

~ The release of'sulfuf‘oxides into the,atmosphere is a most
preséing problem. The use of alternative fossil fnel_soufees
other_than.netfoleum'will.undoubtedly lead to the‘emission»of'
larger emountS'of sulfur into tne atmosphere. Atmospheric sulfur
qxides,exist_in chemically eonplex.particulates Qflfhe,respirable.
.size'rangef Inhalation;of these.partieulates.represents'a'potené
tial health heZar&. Before:one can eStimeteetHe-extent of.the‘long-
term health hazard.to man or espouse e'particnlar st?ategy for-‘“
aBatement; a clear undefstanding efjthe~mechanism(s) by which
sulfates interectfwith,the mammalian lung is needed. This reporf
proﬁideslthe results of a series of ekperiments_into the . uptake
of eulfate salts by ﬁhe 1ung,'the interactionnof'snlfate salts wiﬁh
specifiC'hofmonal systems in the lung and the potential interre-
lations between sulfate and heavy metal aerosols as they might
exist in the environment. The data reported here describe fer the
first time the uptake and elimination kinetics of sulfate ion in
mammalian lungs; The releése,of histamine by sulfate salts is
_demonstreted~as a potentiai mechanism of aetien-and;aS‘a'meané by
which the varying potency of different chemical salts of sulfuric -
acid may be explained. nIn sum, these studies illnstrate that
eulfate aeroselS'can not be considered independent ef the ‘other

inorganic compounds found in respirable'particles. Hopefully,
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these data will aléo provide impetus for detailed studies of
electrolyte transport in the lung and its potential relation to
‘disease in man. The démonstrated removal of sulfate ions from
the lung clearly shows that such mechanisms are extant and adds
to our kﬁowledge of4the_pathophysiology of the lung, as it is

related to disease processes.

Daniel B. Menzel

Director o

Laboratory of Environmental
Pharmacology and Toxicology



ABSTRACT

In XEEEQ studies with unsensitized gulnea p1g lung frag-
ments (ULF) incubated with 10 to 200 mM concentrations of am-
monium 1on demonstrated the release of substantial quantities
of'histamine ~ Of the anions tested sulfate was the most potent
;whlle nitrate and acetate ions were of 1ntermediate potency and
chlorlde less potent An osmotic effect is unlikely 81nce equal
concentratlons of NaCl failed to. release histamine or LDH a.
' cytoplasmlc enzyme into theilncubation.medium. Drugs known to
modulate the anaphylacticvrelease»of hiStamine'througn-the
;cAMP and cGMP‘Systems had no effect‘on the ammonium ion mediated
lrelease'oflhistamine.' | |
Studies in sensitized guinea pig lung fragments (SLF)
demonstrated the known phenomenon of the ability of the cAMP
and cGMP_systems to modulate antigen-antibody release of hista-
mine. - Acetylcholine stimulated the release of histamine while
'epinephrine and. isoproterenol depressed histamine release .in
accordance with previous reports Dibutyryl cAMP and phenyl-
f»ephrine failed to have significant effects. |
| The mechanism of absorption of sulfate ions was investigated

‘The intracellular sulfate ion space in ULF decreased in the
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presence of 50 mM,and7100 mM'(NH4)ZSO4'as compared to the.presence
of Na2504 ' Since histamine release‘occurred cnly in the.presence
of (NHA)ZSOA’ the decrease in the intracellular sulfate ion. space
is probably:associated with the degranulation process. The intra-
cellular sulfate space in SLF was significantly decreased also

in the presence of 100 mM (NH ) 4 A | _ |
~ In both ULF and SLF, drugs capable of modulating the cAMP iu.'
~and cGMP systems failed to alter the‘sulfate ion uptake. Sulfate ”
ion abscrption-does not appear'to be'highly dependent on-metabolic
energy. . At high concentrations of potent metabolic inhibitors.
‘only partial inhibition of sulfate ion uptake was observed..
Phloretin has been reported to inhibit chloride and sulfate up-
take by human red'blood cells, however, phloretin had no effect
~on the sulfate ion uptake by the lung fragments The apparent
energy of activation for the initial rate of sulfate absorption-

| was found to be 3.1 Kcal for ULF and 3.2 Kcal for SLF.

Using the binding of Acridine Orange (AO) to heparin as a .
'mOdel of histamine binding, the association of A0 with heparin
was found dependent on the ionic strength of the incubation
_ medium. Thedtotal’number of binding sites for AO per disaccharideA
unit was unchanged with increasing ionic strength of.nedium;.
Histamine release by inorganic salts may be a simple ionic exi
change phenomenon. | ' d

The kineticslof sulfate absorption from the airways’of the .
isolated ventilated and perfused rat lung (IVPL).are presented.

Absorption of sulfate ion appears to be by simple diffusion |
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and to be enhanced in the presence of ammonium ions at 0.01 umole/
lung. Manganous ‘ion was an exception and showed no enhancement.

The t% for the initial rate of sulfate absorption was 8.4 + 1.8

minutes. Sulfate ions 1ntroduced into the vasculature have the.

~ same volume of distribution and mean tran51t time within the lung
as blue dextran, a compound unllkely to leave the intravascular

'space. Thus, sulfate ion absorption in the rat IVPL is unidirec-‘"
tional. The administration of 1 umole (NH4)ZSO4 intratracheally
led to a rapid decrease " in the respiratory volume of the lung,

an effect which could be blocked by prior perfu51on with mepyra-

mine maleate (10~ -3

M). Ammonium sulfate ‘caused avrapid release
of a large portlon of the histamine stores into the lung perfusate;
Neither LDH nor prostaglandins were released by any ions tested.

Experiments in vivo demonstrate that sulfate ion removal .
'from the ‘rat 1ung airways appears to be simple diffusion with tJs
of 34.5 mlnutes.- Deviations from physiological PH of the sulfate
containing medium and the addition of certain cations (0.1 hano—.
mole/lung) enhance‘sulfate~absorption. 1As in the case‘of the
IVPL, manganous.ion failed‘to stimulate absorption.: |

‘In all systems.tested, there is a positive correlation.be}
tween the-irritaﬁt potential associated with a specific sulfate
salt aerosol and the rate at which sulfate ions present An such
.solutions are removed from the lung. From these data a model

is proposed for the absorption of sulfate ions .and the release

of histamine by ammonium sulfate.
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SECTION 1
_ffINTRODUCTIoN

: Accordlng to’ data obtained by the Unlted States Natlonal‘
A1r Sampllng Network (2) the level of partlculate sulfate com-
lpounds in urban areas was 10 1 ug/m3 and in rural areas was ‘
5.3 ug/m3 in 1967 ~In the mid 1970" s the automoblle catalytlc'
vconverter has become a new source of atmospherlc sulfate com-
jpounds It is capable of ox1d1z1ng up to 80 percent of the: b
sulfur in the fuels to sulfurlc acid.

Env1ronmental exposure to 802 and-associated"particulates

"has been assoc1ated w1th impairment of pulmonary functlon (67)
as well as increased prevalence of chronlc bronchltls (16, 69)
and~1ncreased rnc1dence of acute resplratory dlsease (30,34);
Severe bronchoconstrictlon due .to inhalation of'certain sulfate-
aerosols has been.demonstrated by'Amdur (5).and Amdur and Corndv
(6). | |

- The respiratory tract'epithelium behaves as a highly porous
membrane absorbing a number of solutes (13~14 22). Absorption
rates of a wide varlety of 1norgan1c and organlc solutes have |
‘been studled by 1ntratracheal_1nstlllatlon (23’73)1 The absorp—
tion of most compounds investigatedifollows1first order kinetics

and appears to be by simple diffusion.



- In 1ightAof the‘abéve considerationé, the present study was’
undertaken to‘elucidéte the mechanism of the bbserved broncho-
copstrictioﬁ due to ﬁhe inhalation of certain sulfate salts. The
meChaniSm-Whereby éulfate'ions;afe-tembved‘from'the‘mammalian lung

was also investigated.



' SECTION 2
CONCLUSIONS:

We have been. able to demonstrate that unsen51tlzed gulnea f
.plg 1ung fragments (ULF) 1ncubated with a varlety of . ammonlum
salts release SIgnlflcant quantltles of histamine. The'most JFA
eff1cac1ous ammonium sulfate (100 mM) shows max1mal hlstamlne_
’release after 3O-m1nutes.‘ The ammonlum sulfate medlated release
is equal to 97% of the total hlstamlne stores. Equal concena"
trations ‘of sodlum sulfate also fall to release hlstamlne
supporting the concept that only certain sulfate salts have
biologicaluactions;

The removal of sulfate ions from the_airway aopearsAto be
predominantly by simple dlffusion.i Absorption.of sulfate ions
in the reverse-direction,-specifically.from thelvasculature‘into
the lung, could not be demonstrated. At very low doses ammonium
ion increases the removal process.'vThe‘t% at doses of 0.05 umole
or greater was 8.4 1.8 minutes. The heavy metal cations tested
significantly.enhanced the absorption of sulfate ions from the
airways. An exception to this rule 'Was manganous ion, which had
no effect over control. o

In all systems tested there is a positlvé’COrrelation be-
tween the irritant potential associated with a specific sulfate

salt (5,9), and the rate at which sulfate ions are cleared from

the ‘lung.



Data presented here suggest a corfelation between the rate
of 'sulfate ion absorption from the mammalian lung and the reported
bronchocopstriction in the preseﬁce of certain sulfate salts.
Clearly, the rate of sulfate ion-abSOrption is influenced by‘the
catidnic species:presént and the pH of the;surrounding extra-
ceilular envirbnment,_ The role of histamine release as a mechanism
fdr‘;he broﬁchoconstriction.action of ammonium sulfate aerosols is
stfengthened by_QUr'déta} More reséaréh is needed to inveétigaté
'the'ﬁossible releasefdf other vasoactive substances by heavy metal .

sulfate salts.



SECTION 3 -
RECOMMENDATIONS |

Atmospheric-éulfate particulates exist in a c0mpléx,chemical

form associéted'with_a 1afge'number'of heavy metal ions. The
exact compbsition undoubtedly varies with the geographic location *
.and‘proximity to specifié sources of sulfur emission. Nonethe;
iless,-the_data presented in thié¥repdrt, as well as in the 1lit-
,eratute, indicate a strong dependencéAof sulfate ion remévai-ahd
bronchoconstrictive effect of’sulfate aérosols depending on the
cation associated with sulfuric acid; A further investigation
of the effééts of cations (e.g. Zn, Ni, Cd, Co, Hg;,Fe,~and Mn)
released through energy production is needed. A reciprdcal-re—
1ationship.may.exist whereby sulfate salts may stimulate directly_'
or indirectly‘the uptake of these ions. Studies of the uptake of"
these heavy metal ions themselves.as well as.su1fate ion from the
pulmonary lumen are recommended. |

.>Thg morphological'complexity of the lung places inherent
limits on the kinetic and mechanistic measurements that can be
made with intact animals or perfused, isolated lungs. .The”deVelop-
ment of a model system of isolated lung cells, prefefably of sué--
tained and’ﬁniform composition in culture, to study the uptake of

sulfate and other environmentally present ions is recommended.



Such studies should be applied to géneralized principleé'to over-
come the_limitations of studies restricted to specifiC'kinds dfl ‘
pdllutanté. Generalization will allow the application of such data
to a'wide'variety of sources of emission.

The use of phérmacologidal.methods td mimic . human disease
étates,'éuch.as bronchitis énd astﬁma,'is‘also recommended. The.
health hééard(afpartiCUIate sulfates tQ-épécific'populétions may
be greatef due to_thelindépendent-release of histamine_by'sulfate

'salts whiCh‘may‘nOt be prevented by natural defense mechanisms.



SECTION 4
'SULFATE ION UPTAKE AND HISTAMINE RELEASE
| IN GUINEA PIG LUNG FRAGMENTS

INTRODUCTION:

'Amdur (5) and Amduf and Corn (6) measufed an inCréase‘in
pulmonary resistance following the inhalation of zinc ammonium
~sulfaté,'Zin¢ sulfate, énd ammbﬁium su1fate aerosols. Although
ammonium sulfate was the least.potenf salt, it was many times
-ﬁore irritating'than'sulfﬁr dioxide (SOZ)' .These'observatidhs
raised the.queétion of»whether_sulfate‘aerosols arising from
SOz.emitted into the atmosphere were'more'potenf than.the par- -
ent compoﬁﬁd, 802. The‘gxperiments of McJilton éE_gL. (52)
"support the concept that certain sulfate salts are broﬁého—
'constrictors. ‘Nadel et al. (53) have shown that the inhalation |
of a zinc ammonium sulféte‘aerospl increases pulmonafy resis- |
tance ih guinea pigs as does inhalation of a histamine aerosol.

The bronchoconstriction, in the,presence of certain sulfate
aerosols, suggests the possible release of a vasoactive hormone .
Histamine is present in significant quantities in guineg pig
(19—35Aug/g_tiSSue5 lung tissue (66). Drazen and Austen (20)
studied the effect of intravenous administfatipn of slow ré-_
acting Substanée“of anaphylaxis (SRS;A) which led to a 50% |

decrease in pulmonary compliance, but had little effect on



airway resistance. Bradykinin and histamine had similar effects
on compliance but‘increased airway resistance by 60-140%. These
observations led to the investigation of the‘direct effects of
ammonium sulfate and other salts on histamine release from
‘guinea pig lung in vitro (17). o

Two theories have been proposed for the site of the his-
tamine binding in mast_cell granules. Lagunoff gt;gl._(47)_"
have proposed that the negatively charged heparin macromole- -
‘cule a major constituent of the mast cell granule;.is the bind-
ing 31te for. histamine | AlternatiVely‘the,mast cell granule
'protein has been proposed ‘by Uvnas et.al. (80)'as the.histamine>
binding component. Lagunoff (46) has shown that 2.0-2.5 of |
.the 3.0-3.5 anionic sites per»disaccharide unit of heparin-in
»rat mast cells are available for binding of histamine in situ. -
"Utilizing the metachromasia associated with Acridine Orange
binding to heparin to study the ionic interactions between
protein, heparin and histamine Lagunoff has proposed that
.heparin O-sulfate groups interact with ‘the amine groups of the
granule protein leaving the glucosamine N- sulfate groups, some
0- sulfate groups and the uronic carboxyl groups of the heparin
macromolecule to interact with histamine._ Stone and Bradley (72)
and Lagunoff (46) suggest that the binding sites for Acridine
Orange and histamine on the heparin macromolecule are identical

To date, a process for the uptake and elimination of in-

spired sulfate salt particulates-by the mammalian lung has not



been reported. Gunn (36) has proposed a protonatable carrier
for both mono- and divalent anion transport in human red blood
cells. In the model, the carriers are confined to the membrane
of the cell. The carrier (C) can interact with from one to_
three protons to form species denoted as Cl’ C2 and C3 Cl'-
-can complex w1th monovalent inorganic anions such as chloride
' and-bicarbonate. C2 can complexlwith'divalent»inorganic.anions |
such as sulfate. Once compleaed, the carrier.can'transversef‘
the membrane and exchange its complexed anion for one intra- .
“cellular bicarhonate.ion to maintainlintracellular electrical '
nedtralitv; C, can traverse the membrane with}one[sulfate ion"
and eichange the:sulfate'ionffor-two bicarbonate ions'to»main-"
tain. e1ectr1ca1 neutrality | |
Gunn et.al. (38) have shown that chloride and sulfate (37)

transport in homan red blood cells flt this model Recently
Levinson and Villereal (48, 49) have demonstrated that sulfate
transport in Ehrlich Ascites ‘tumor cells was also consistent |
with the idea of" a carrier mediated orhfac1litated‘transport
system.

- Two animal model systemsihave-been emploved-extensivelv
to represent the two. distinct populations of humans'exposed' |
'tofatmospheric pollution. Normal'guinea_pigs mimic the majority
of the population,withvunimpaired~respiratory functions. 'Guinea
pigs that have been actively sensitized to an antigen, such
as ovalbumin, repreSent a model of atonic or hypersensitive'

individuals such as asthmatics.



Actively sensitized guinea pig lung fragments release
histamine and SRS-A on stlmulatlon by the immunoglobulin E (IgE)
mediated antlbody-antlgen reaction (71). From studles by
Orange et.al. (57) with drugs known to influence the cellular
levels of aden081ne 3 5'-cyc11c monophosphate (cAMP), 1t appears
.that the cAMP system may be capable of modulating the immuno-
logical release of histamine and SRS-A from human lung fragments.
The-Bfadrenergic agqnisrs, iseprorerenol and epinephrine, which
:are known to increase,intracellular 1eve1s_pf cAMP, inhibited a
the antigen induced releaseﬁof histamine and SRSdA_from human
lung (58), as wellsas'guinea pig lung fragments (65). AgoniSts:
have*predominantly c-adrenergic action, such as phenylephrine,
prqbably~decrease cellular levels of cAMP and enhance the ana-
_phylactie.release_of'histamine,and SRSeA 44). Acetylchollne,
‘working through the guanidine53';5lfcyclic monophosphate - (cGMP) .
systen has also been shown by Kaliner et.al. (44) to;increase ,
the release of these vasoactive substances. |

In this chapter the possible release of histamine by
ammonium sulfate and other salts from guinea pig lung fragments
are discussed, as well as studies.designed to elucidate param-
eters»oflsulﬁa;e uptake'hy lung tissue from the two previously
-mentioned animal model systems. Possible pharmacological nodu-_
lation of sulfate‘salt mediated histamine release and the

sulfate'ion uptake process were also investigated.
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METHODS

Active Sensitization of Guinea Pigs: Sensitization was accom-

- plished by the method of Sorenby (70), whereby male Hartley
guinea pigs were given a single intréperitbneal injection ofxl
20 mg ovalbumin.suspended in 0.5 ﬁg Freund's compleﬁe adjuvant.
From 3-5 weeks.later,'identification of_sensitized animals was
'accomplished by placing 2.drops of antigen Sblution (1;mg/ﬁ1
in'O.9%'NaC1) into one eyé of the treated animais._ Ten'minutés
later tﬁe intensity of antigen-induced sWelling was.judgedf
Swelling'df the orbital connective tissue sufficient to lift
the rims of both eyelids from the surface of;the eyeball was
required befofe the animal was émployed in the preparation of..
the lung fragments. This technique has been used successfuliy
by Taylor aﬁd Roitt (76) as a measure of active sensitization

of gﬁinea pigs.

Preparation of Lﬁng,Fragments; Normal or unsensitized gﬁinea;
pigé, weighing between 300-400 g were anesthetized with sodium
pentobarbital (20 mg/kg) and the lungs excised. The lungs were
cut into fragments (75-150 mg) with a razor blade and washed '
repeatedly with Tyrode's solution until the fragments &ere free
of blood. Randomized lung fragments, weighing 150-200 mg were
employéd in each ihcubatibn-flask. All incubations were per-
formed in 3.0 ml of Tyrode's solution. The Tyrode's solution
contained 0.9 g NaCl, 0.02 g KC1, 0.02 g CaCl,, 0.01 g MgCl,,

0.1 g glucose, 0.1 g_NaHCO3 and 0.005 g NaH PO, per 100 ml ad-

2
justed to pH 7.40.
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Anaphylactic Release of Histamine by Ovalbumin: Sensitized
lﬁng fragments (SLF) Were:suspended‘in 3.6 ﬁl of Tyrode's
solﬁtion (pH 7.4) cohtaining 0, 2.5, 5.0, 7.5 and 10.0 mg of
ovalbumin. Ineubations were carried out for 30 minutee,at 37°C,
the fragments.removed and the supernatant assayed'for histaﬁine.
The total histamine:content in SLF was determined by boiling

f:esh tissue for 8 minutes and assaying the supernatant.

Release of Histamine by Ammonium Sulfate and Other Salts: Un--.

sensitized lung“fregmentsA(ULF) were incubated in the presence -
of varyingAconcentrations (10?200 mM) of the salts under study
fqr'30'minutes_at-37oc, the fragments removed, and the-super-"
.natent assayed for.hiéﬁamine. The salts studied in thfs-manﬁef
‘were sodium chieride, sodium sulfate, ammonium chlofide, amF‘
monium sﬁlfate; ammehium'nitfate, and emmonium acetate;'fTotel
‘histamine (ug/g'lungiwet weight) was determined by boiling :

fresh ULF for 8 minutes and.asseying'the supernaﬁant,

Histamine Assay: Histamine was measured epectrophotofludro-
metrically (66). Two—t-enths.mill_i‘.iiter of 70% perchloric acid
was added to 2.0 mlaef'sample solution end_the mixture ihcubated
for 30 minutes. One milliliter of the supernatanf'was added to
0.75 g NaCl and then 1.5 ml n-butanol and 0.3 mg 5 N NaOH were
added end miked. _Thellower aqueous.phese was removed by suction
and 1.5 ml 1 N NaOH saturated with NaCl was added to the re-

maining phaee and_mixed. One miliiliter of the upper butanol
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layer was transferred to 1.5 ml hexane and 1.25 ml 0.1 N HCl

and the mixture agitated. The upper organic phase was femovéd
by suction of 0.45 ml of the acid phase and added to 0.1 N NaOH
and '0.05 ml of 0.5% methanolic solution of g-phthaldialdéhyde;
The reaction was stopped after 4 minutes by the addition of
0.05ml 3 N HCl. After the addition of 1.5 ml distilled water,
the fluorescence was measured at 450 nm by excitation at 360 nm
'in.a.Turner model 110 Fluorometer(G. K. Turner Assbciates, Palo
Alto, Cal.). A typical standard histamine curve is shown in

Fig. 2.1..

35

Lung Fragment Uptake of ““S-Sulfate Ions: ULF were incubated

in the presence of concentrations of 10-100 mM of either sodium
sulfate or ammonium sﬁifate. . The fragments were preincubated |
in these solutioﬁs for 10 minutes followed by the addition of
35S-sodium sulfate (luCi of a 947 mCi/mmole solution) to each
incubation mixture. The fragﬁents were incubated in a shakiﬁg
water bath at 0,'22; or 37°C. 1Incubations were stopped at times
between 0 and 60 minutes, the fragments removed, washed twice .
in ice cold medium and used in the determination of °°S radio-
activity. A plot was made of the natural log of percent uptake
versus time, to calculate the rate constants. These Values |
were used in an Arrhéﬁius plot to determine the energy of acti-
vation of the‘uptake.process. |

The SLF were studied in a similar fashion in the absehce

and presence of 5.0 mg ovalbumin in the initial incubation medium.
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Fig. 2.1; A typicél-standérd histamine curve using histamine
- diphosphate as a standard. Each point is the mean : .s.e. of
4'de;erminations; : : : '
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Pharmacological Modulation of Sulfate Uptake and Histamine
Release: ULF were preincubated at 37°C in 3.0 ml Tyrode's
solution éontéining 10'3.M sodium c?anide, sodium fluoride,
-or,2—deoxyg1ﬁ¢ose, or-IOfS M phénylephrine,-epinephrine, iso-

35S—sodium sulfate

proterenol,'dibdtyryl cAMP, or phloretin.
(1 uCi of 947 mCi/mmole solution) was added to each incubation
mixture after 10 minutes{  Incﬁbations Qere stoppéd 30 minutes
later, the fragments'removed,.washed twice in_iée cold mediuﬁ

and used in the determination of}35

S radioactivity.

Possible pharmacological modulation of saiﬁ.mediated
histamine iiberﬁtion in ULF was investigated-by'pré-incubatibn ;

.for 10 minutes with either isoproterenol'(10'3 M), acetylchéliﬁé
(10'4 M),'§r dibutyryl.cAMP (10f6 M). The release of histaﬁine l

was determined 30 minutes later upon the addition of ammonium
sulfate, ammonium chloride or sodium sulfate.

Phérmacological modulation of the sulfate release and IgE-
mediated release of histamine in SLF was sought for simultaneoﬁsly.
SLF were pre-incubated in the presence of 10'3 sodium cyanide;
sbdium fludride, or 2-deoxygluéose or 10;.5 M phenylephrine,
epinephriné, isoproterenol, dibutyryl cAMP, or phloretin. ‘Five
milligrams ovalbumin was,éddéd to each iqcubation mixture after

10 minutes for an additional 10 minutes pre-incubétion. 35

S-.
sodium sulfate (1 uCi of a 947 mCi/mmole solution) was added
to each flask at the end of the second pre-incubation. Incu-

bations were stopped 30 minutes later, the fragments femoved,
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washed twice in ice cold medium and used in the determination

of 358 rad10act1v1ty The supernatant of the incubation mixture

was used to assay for histamine release.

Determination of 35

S Radioectiviti: 'fhe lung‘fragments were
prepared for.liqﬁid scintiliation counting by flesk oxygen com-
busfibn as described by Buyske et.al. (15) and Abod-Donia‘
gg_gl ‘(1), The tissue was placed on ashless black filter .

paper and 0. 2 ml of a 10% sucrose solution was added to aid
combustion. The samples were dried overnight. The paper.con-
taining ehe dtied saﬁple'was placed in aAplatinﬁﬁ basket sus-
pended from a glées hook in a-Stoﬁpered one,liter‘Erlenmeyer“.'
flask containing 5.0‘m1 deionized water. The flasks were fldshed
with'dxygen for 20 eeconds and ignited with a Thomas-Ogg IR
‘igniter (A. H. Thomas Compaﬁ&,'Philadelphia, Pennsylvania)..
Alml aiiquot of the resulting solution was added fo 10 ml
scintillation solution and counted in a Beckman Ls-100C liquid
scintillation counter. The scintillation medium was e mixture

of toluene-Triton X-100 (2:1 v/v) containing 2.79 g/l 2,5-diphenyl-
oxazole and 0.07 g/l 1,4-bis—[2-(5 phenyloxazolyl)]-benzeﬁe- |
Quench corrections were made from a queﬁch curve prepared ﬁtil—
izing standard.3Sstodium-sulfate (New England Nuclear). The
recovery of added 35g.sulfate was 75.0 1.2%.

DNA Detefminations: Total DNA in.the lung fragments and that‘

released into the incubation medium was determined by the
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method of Seibert (68). Lung fragments prepared as above were
suspended in 3.0 ml Tyrode's medium with and without 100 mM
ammonium sulfate and incubated for 30 minutes at 37°C. “Aliquots
of fhe supernatant and the whole aqueous homogenates of the
fragments were taken for DNA anaiysis; The.difference_between
the aBsorbénce'at 595 and 650 nm of the reaction mixture was
determiﬁed with a Varian Techtron Model 635 Spéctrophbtometef
(Varian Instrument Division, Palo Alto, Cal.) and compafed toA'
a standard curve prepared with calf thymus DNA to determine the
amount of DNA present in the:aliquot. Agtypical standard CurVeA

is shown in Fig. 2.2.

Lactic Dehydrqgenése (LDH) Determinations: The LDH determination
was baééd on the épectrophotdmetric method of Wroblewski'and_
LaDue (85). Determinations were made with a LDH Diagnostic kit
obtained from Sigma Chemical Company (St. Louis, Missouri).

ULF were incubated'in'the'presence of 100 mM»éodium sulfate

and ammonium sulfate for 30 minutes at 37°C. A 0.05 ml aliquot -
from each flask was pipetted directly into different vials con;
taining 0.2 mg NADH and 2.85 ml 0.1 M potassium phosphate buffer,
pH 7;5, mixéd and incubated at 25°C. . After 20 minutes 0.1 ml
0.02 M sodium pyruﬁate'solution was added to each vial, mixed i
thoroughly, and the absorbance measured at 340 nm at 30 second
intervals for 3 minutes. Measurements were made with a Varian
Model 635 spectrophotometer. Total tissue LDH activity was

determined by homogenizing the tissue in 5 ml phosphate buffer
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Fig. 2.2. Sténdard D_NA éﬁrve d‘etermined'by' the method of Seibert
(68)using a stock solution of calf thymus DNA (500 ug/ml)..
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and a2ssaying as before. LDH activity was calculated from the

following formula:
LDH activity (units/ml) = AA/min x 20,000

Metachromatic Titrations of Acridine Orange by Heparin: The

"absorption spectrum of a 18 uM solution of Acridine Orange-dis-
soived in 1 mM sodium phosphate buffer (pH 6.70, ionic strength =
0.003 u), was recorded with a Varian Techtron Model 635 spectro-
photometer between 560 and 360 nm. Repeated 10 ul additions of

a 50 ug/ml solution of scdium heparinate were added and the, |
absorptioﬁ spectrum.recordedr The‘abscrbance at'492'dm ofl
Acrldlne Orange-heparin solutions was measured in the presence o
of added concentratlons (20-100 mM) NaCl, Na2 4, and (NH4)2804
Dye concentrations were calculated using the value of E492 =

5.6 x 10%.

The number of hypochromatic binding sites per
disaccharide‘receating unit in each case was calculated frpm
a plot of the molar absorptivity versus volume of heparin

solution added (46,72).

Materials: Acetylcholine HCL, Acridine Orange, deoxyribonucleici
acid (Calf Thymus, Type V), NG, Oz-dibutyryl adenosine 3',5'-
cyclic monophosphoric acid (monosodium salt), i-epinephrine5' |
-sodium heparinate (Grade I), histamine diphosphate d, I-isoproéﬂ
terenol HCL, l-phenylephrine HCl, and o- phthaldialdehyde were

purchased from Sigma Chemical Company (St. Louis, Mo ).
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Phloretin was obtained from ICN Phérmaceuticals, Inc.
(Cleveland, Ohio).‘ Ovalbumin (2x crystallized) was burchased
from Worthington Biochemical Corporation (Freéhold, N.J.).
Freundfstomplete Adjuvanﬁ was obtained from Calbiochem (La .
Jolla, CaI.). -3SSFsodiﬁm sulfate (947 mCi/mmole) was purchased

from New England Nuclear (Boston, Masé.).
. . i

RESULTS

Release of'Histaminé from Unsensitized Lung Fragments by

_Ammdhium Ions and Sulfate Ions: ULF incubated with ammonium-
sulfate!-ammonium nitrate, ammonium acetate, and ammonium 4
chléride, in'cbncéntrations bf 10-200.mM,-reléésed histamine
iﬁ‘ﬁréporfioh‘to the poncentration of the salts éresént (Fig. 2.3).
Sodium sﬁlfate‘and;sodium chloride, however, did not release
any detectable histémine. Those salts that did release hista-
mine, had'varYing'efficacies. The most éfficacious, amhbniuﬁ"
sulfate,.Shdwed:maximal histamine release at concentrations
of‘100 mM after 30 minutes. The ammonium sulfate mediated
reieése was eqﬁaisto'97% of the histamine content of unsensi-
tized guinea'pig iung. The fotal histamine present in the |
unsensitiZéd:guinéa fig lung was found to be 27.0 : 3.0 Ug per
gram of tissue. This value fdr the histamine content compares
'févofably with that reported by Shdre'gg;gl. (66). The relg-h,
tive potencies of the salts tested are listed in Table 2.1,

with ammonium sulfate arbitrarily assigned a value of 100%.
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Fig. 2.3. Release of higtamine from lung fragments by salts.
Each point represents the mean t s.e. Solid triangles, ammonium
sulfate; open circles, ammonium nitrate; solid circles, ammonium
acetate, open triangles, ammonium chloride; and open boxes,
sodium chloride and sodium sulfate.
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TABLE 2.1
Release of Hlstamlne from Lung Fragments in the

Presence of 100 mM Salt Solutlons

Histamine Percent Total Relative

_ o ﬁo. of - . . Release - . Histamine - = - Potency °
- Compound . Experiments (ug/gm lung) - . . Released (%)
Sedium'ChIoride. 6 0 0 o - 0
Sodium Sulfate 6 0 o 0
Ammonium Cﬁleride’ 9 9.4 + 0.8 3.8 35.7
Aﬁmonium_Acetate 4 15.5 + 0.3 574 ; 58.9
Ammonium Nitrate 5 15.7 4 1.3r" - 58.1v" . 59.7
- Ammonium Sulfate 6 26.3 + 1.2 S 97.4 100.0

2Ammonium sulfate was arbitrarily assigned a value. of 100% since it released
approx1mate1y 100% of the histamine stores :



Failure of cAMP or cGMP Mediated Systems to Modify Salt Mediated

Release of Histamine from Unsensitized Lung Fragments: The

possible modulation of salt mediated histamine release in the
preéence of 10'3 isoproterenol is shown in Table 2.2. ISopro-
terenol had no effect on histamine release, | |
Similarly, the presence of 10'4 M acetylcholine did nof
‘significantly change the histamine release by7sulfate salts. |
(Table 2.3). Dibutyryl cAMP was preincubated with ULF at a :

concentration of'lO-6

M for 5 minutes befdre the.additioh_of
the salts and again no significant change in total histaminé'
‘release was noted (Table 2.4). . | |

-.Sensitized guinea pig lung was found to contain 15.8 =
1.3 .ug per gram of tissue. This value is lower than the range
of 19-35 ug/g tissue reported by Shore et.al. (66). SLF

released histamine in the presence of the antigen, ovalbumin,

in a dose response fashion (Fig. 2.4);

‘Sulfate Ion Uptake by Unsensitized Lung Fragments: Thé~gptake}

of sulfate ions by ULF in the presence of 10, 50 and 100 mM
NaQSOQ,and (NH4)2804 is shown in Fig; 2.5, A maximum uptake
of 14.5 nanomoles of sulfate.ions~per-mg tissue was observed.
The time course for the uptake was similar with both sélts?
reaching maximal uptake in 30 minutes. A smaller sulfate ion
uptake occurred with (NH,),S0, at 50 and 100 mM concentratiohs
having decreased by 8% and 25% respectively cOmpafed to the

equivalent‘concentfations of NaZSO4. Sulfate -ion uptake was
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. TABLE 2.2
The Absence of Isoproterenol Mediation on

AﬁiStamineARelease by Sulfate Salts

Histamine Release Histamine Release

_ . in absence of in presence of
L . : Isoproterenol Isoproterenol
4 - 'No. of Concentrations - (10-3 M) (10-3 M)
Compound - Experiments (mM) . (ug/gm lung) (ug/gm lung)
Ammonium Chloride -~ = 6 100 11,6 + 2.5 - 11.1 ¢ 1.2
Ammonium Sulfate .6  V' .50 . 20.0 = 3.8'A~j - 20.7 + 4.9

Sodium Sulfate . - 6 100 0 I
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TABLE 2.3
The Absence of Acetylcholine Mediation. on

Histamine Release by-Sﬁlfate_Salts

Histamine Release Histamine Release

- in absence of in presence of
: - . Acetylcholine "Acetylcholine
' “No. of Concentrations - (10-4 M) | (10-4 ™)
Compound Experiments ' (mM) - (ug/gm lung) (ug/gm lung)
Ammonium Chloride 6 . 100 10.2 £ 1.6 8.9 +1.3
Ammonium Sulfate 6 | 50 . 20.2 ¢ + 4.4

4.0 - 17.9
Sodium Sulfate 6 .10 - - 0 L 0
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.TABLE 2. 4
The Absence of leutyryl cAMP Hbdlatlon on

- Hlstamlne Release by Sulfate Salts

Compdund

'Histamine'Release
in absence of

Histamine Release
in presence of
Dibutyryl cAMP

(10-6 M)
(ug/gm lung)

Ammonium Chloride
Ammonium Sulfate

Sodium Sulfate

- : _ leutyrg :
No. of Concentrations ' (10-° M)
Experiments (mM) O  (ug/gm lung)
6 100 - 8.89 + 0.96
6 | 50 ° 21.31 + 0.54
6 100 - L 0.

8.87
18.46

1+

0.43
.4.60

I+
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Fig.~ 2 4 Dose Resoonse release of histamine by antlgen (oval-
bumin) in sensitized lung fragments. Incubations in the

presence of antigen were for 30 minutes in ;yrode s solution
at 37° C ; . '
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‘Fig; 2.5 Time course of 355-§u1fate ion'uptake by gﬁinea pig

lung fragments in the presence of various concentrations,bf
ammonium sulfate and sodium sulfate. Solid triéngles,'lO mM
Na,S0, and (NH4)2SOA. Open triangles, 50 mM'(NHz)SO4; Half solid
triangles, 50 mM NaZSQA,‘closed-circles, 100 mM (NH4)2804 and

open circles, 100 mM NaZSOA‘
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dependent on the temperature (Table 2.5). Two processes appear
to account for the uptake as shown by a plot of the natural
logarithm of the uptake versus time! An Arrhenius plot of these
deta.indicated an apparent energy of activation of 3.1 kcal
for the initial kinetic process and 6.1 Kcal for the second.
Sulfate ion uptake was‘uneffected by_NaCN but inhibited
by NaF and 2-deoxyglucose (Table 2.6). Even though high con-.
centrations of NaF- and 2 deoxyglucose in a glucose- free medium |
were used complete 1nh1b1t10n could not be achieved.
.Isoproterenoi, epinephrine,:andvphenylephrine-failed to
alter the sulfate ion'upteke significantly (Table 2.7). Addi-
‘tion of dibutyryl cAMP elso had no effect. Phloretin did not

alter sulfate ion uptake.

Sulfate Ion Uptake by Sensitized Lﬁng,Fragments: The uptake of

sulfate ions by SLF in the presence of antigen, and 50 and 100 mM
concentrations of either Na,S0, or (NH,),S0, is shown in Fig. 2.6.
A maximum uptake of 14.6 : 2{1 nanomoles/mg tissue was observed.
Differing from ULF, there was no significant decrease inksulfate
ion uptake with 50 mM.(NHA)ZSO Versus Na,50, but there was a

15.1% decrease in the presence of 100 mM (NH4)2804 The uptake
was again dependent on temperature (Table 2.8) either in pres-
ence or absence of antigen. There was a tendency for less up-
take to occur in the presence of the antigen. An Arrheniue

plot of the data‘indicated an apparent energy of activation of
3.3 Kcal/mole for the initial kinetic process and 3.2 Kcal/mole

for the second.
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TABLE 2.5 -
.Sulfate‘lon Uptake in Unsensitized

Guinea Pig Lung Fragments

}Témpefature*(OC) Time (Min)  Sulfate Ion Uptéke (picomoles)?

- 0% . 1 6.6 :+1.1(6)
- 5 ©16.2 & 1.7-(6)
15 - 45,1 1% 3.3 (7)
30 57.2 + 6.6 (5)
| 60 . 67.6%5.0 (4)
©22% 1 ~ 116 : 1.1 (7)
’ - 5 . 28.0 + 3.3 (4) .
15 - 51.7:+1.6 (6)
30 67.1 =+ 6.0 (5)
. 60 . . - 86.9 1 4.4 (8)
37°% . 1 . 13.2:1.7 (5
" | .5 - 30,8 3.3 (4)
15 . 87.1+ 1.0 (7).
30 84,2+ 8.2 (6)
1:3.3 (5.

60 S 122,

: 4The vaiues'are_exPressed'as the mean -+ s.e.; the number in -
parentheses is the number of determinations. : :
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TABLE 2.6
Effect of Metabolic Inhibitors on the Uptake

of Sulfate Ion by Guinea Pig Lung Slices?

Additions . 'Pef Cent Uptake of 35-S-Suifate 
o None . | ,. ;100
 Sodium Fluoride (107> M) 85 x4
‘Sodium Cyanide (10'3 M) . 111 + 3
2-De6xyglucose (10'2 £ 4

M - 85

%Lung slices were preincubated for 10 min with the inhibitors
prior to the éddition_of 1 uCi 358-Na2804. Incubatipnsﬁwere
carried out in Tyrode's solution for 30 min at 37°C. Each
value is the mean : s.e. of 8 experiments. '
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TABLE 2.7
- Failure of-Pharmaédlogical.Agents toiModulate

the Uptake_of7Su1fate Ion by  Guinea Pig Luhg‘Slicesa

-Additions .' : | .Per Cent Uptake of 35SfSulfate
Phenylephrine =~ . 10l : 6
.Epinephriﬁe o - L - 95 + 16
Isoproterenol . ,: o L 104+ 10

' Dibutyfyltcyclic‘AMP', o - .96 + 9

.Phloretin  E " _ : i S 102 + 17

aLung'slices were preincubated for 10 min with the pharﬁaéolof,
logical agents (10_'5 M) prior to the addition of 1 uCi
S-NaZSOA. Incubations were carried out in Tyrode's solution
for 30 min at 37°C. Each value is the mean + s.e. of 8
‘experiments. : ' |
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Fig. 2.6. Time Course of %?S-Sulfate ion uptake by sensitized
guinea pig lung fragments in \the presence of various concentra-
tions of sodium sulfate and‘ammonium sulfate. Open triangles,
50 mM sodium sulfate; solid trilangles, 50 mM ammonium sulfate;

open circles 100 mM sodium sulfate; and solid circles, 100 mM
ammonium sulfate. : '
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TABLE 2.8
‘Sulfate Ion Uptake in Sensitized -

"Guinea Pig Lung Fragments

Temperature  Time Sulfate Ion Uptake (PicOmoles)a
.(oC) - (min) 'Absencg<of’0va1bumin Presence of Ovalbumin
0% 1 ©15.7 = 1.5 (6) 12.4 + 1.1 (7)

5 23.2%£5.2(6) 20.5 £ 5.9 (7)
15 42.2 %10.8 (7) 35.1 + 4.3 (7)
30 °53.1 + 8.2 (6) 45.5 + 2.6 (8)

| 60 60.7 + 8.5 (5) 55.6 + 3.1 (6)

22° 1 14.5 0.9 (6) 13.7 + 0.5 (7)
. 5 39,9 1.2 (7) 27.0 + 1.9 (6)

15 48.4 + 1.6 (8) 48.2 + 2.2 (7)

30 60.1 + 5.1 (6) 57.5 + 4.5 (7)

60 99.7 £ 6.4 (6) 78.0 + 4.6 (7)

37 1 17.4 % 2.1 (5) 8.6+ 1.1 (7)
| | 5 20.6 % 1.2 (7) 39.3 + 1.9 (6)
15 46.8 + 4.4 (5) 55.8 £ 1.7 (7)

30 64.0 + 5.2 (6) 71.5 & 4.8 (7)

4 £11.2 (6) 89.0 +11.0 (9)

60 96.

" 8The Valﬁesﬁare expressed as the mean : s.e.; the number in
parentheses is the number of determinations. -
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Sulfate ion uptake was uneffected by 2-deoxyglucose in a
glucosé-free medium, but inhibited by NaF and NaCN. Even though -
high concentrations were used, complete inhibition could not be
achieved (Table 2.9). |

Isoproterendl, epinephrine,'phenylephrine,-acetylcholine‘
and dibutyryl cAMP modulated the anaphylactic release of hista—
mine as reported preﬁiously (44,50,57), but failed to alter
sulfate ion uptake significantly. Phloretin also failed to
alter the sulfate uptake but decreased histamine release. The

results are shown in Table 2.9.

Dependence of~Metachrdmasia of Acridine Orange on Ionic Strength:
Acridine Orange solutions exhibited.metachrémasia in the pres-
encé of heparin (Fig. 2.7), which was dependent on the ionic
strength of the solution. Addition of (NH4)2SOA, NHACI, N52504, 
and NaCl decreased the metachromasia of the Acridine Orange-
heparin solutions. an equivalént amount at the same ionic strength
(Fig. 2.8). The metachfomgtic titration of Acridine Orange‘with
heparin in the pfesence of these salts is shown in Fig. 2.9,
Equivalént end poinfs were found under all conditionms. While.
the affinity of heparin for Acridine'Orange'decreases with in-
creasing ionic strength, as shown by thé'decreaselin meﬁachrnfj
masia with increasing ionic étrength. the number of binding

sites per disaccharide unit remains constant (Tablé 2.10).
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TABLE 2.9
Effects of Pharmacolog1ca1 Agents on the Anaphylactlc Release of Hlstamlne

" . and Sulfate Ion Uptake 1n Sen31tlzed Guinea P1g Lung Fragments

- . ~ No. of Percent Release’ Percent Uptake ofP?
Additions - Concentration Determinations = of Histamine ) 35s-Sulfate Ions -
Control ' Ll S 20 | 100 L | 100
2-Deoxyglucose 1073 M 17 100.0 + 5.1  101.8 + 4.5
Sodium Cyanide 1073 M 17 . 60.1 + 8.1 89.6 + 5.7
Sodium Fluoride 1073 M 16 972 :+7.8 88.5 + 4.0
Acetylcholine 1070 M 17 110.2 + 6.4 93.6.+ 5.1
Dibutyryl cAMP 107° M 18 953 : 3.1 96.6 + 2.5
Epinephrine A 1072 M 19 | 79.0 + 5.5 97.4 + 4.6
Isoproterenol 1072 M 18 64.5 4.8** 99.7 + 5.6
Phenylephrine 1072 M 16 92.4 + 5.1 97.6 + 3.2
=3 M 15 84.6 + 4.3°" 98.8 + 5.2

Phloretin - 10

4A11 preincubatlons with the agents were for 10 minutes followed by the addition of 5 mg of
Ovalbumin.  Ten minutes later radioactivity was added and 30 minutes later_the supernatant
was assayed for hlstamlne and the fragments oxygen combusted to determlne 35s- -radioactivity.

b -
The values are expxessed as the mean ¢ s.e.

aedt.
~~

Values dlffer sxgnlflcantly from control at p. < 0. 05 .
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Fig. 2.7. Metachromatic titration of a solution of Acridine

Orange (0.003y) with 10 microliter additions of heparin solution
(50 ng/microliter). curve is absorption spectrum of Acridine
Orange alone. Each su sequent curve represents the metachromatic

shift of the spectrum upon the addition of 10 microliters of the
heparin solution .
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Fig. 2.8. Absorption spectra of (A) Acridine Orange (0.003y),
(B) 3.0 pg sodium heparinate added to Acridine Orange (0.003y)

in presence of 0.063u of the various salts tested, (C) 3.0 ug
sodium heparinate added to Acridine Orange at 0.003y.
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Fig. 2.9. 'Metachromatic'Titration-of Acridine Orange by Heparin
Varying Ionic Stréngths and Salt Compositions. Heparin denotes
the titration at 0.003 u; Na,S0, 0.060 u; (NH,),S0, 0.060 w;
'NH4C1 0.020 u; NaCl 0.020 u. The point of inflection is noted
in ul of added heparin solution (50 ng/ul). See text for
‘experimental details. |
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TABLE 2.10
- Absence ofjan Effect of Ionic Strength on the Numbef'bf Acridine

.Ofahgé-Bihding Sites on the Heparin Mécfomple@ule

" Additiomns to Acridine Orange Binding Sites?

- Acridine Orange Solution Ionié Strength (u) - - per Dissacharide Unit
Heparin . ~ .. 0 73,53_1 0.10 (4)
Heparin + NaCl . o.020 3.69 + 0.03 (3)
Hepariﬁ + NH401 .”_ - 0.020 - ‘:3.37-i 0.11 4Ly
Heparin + (NH,),80, 0.060 13.58 + 0.05 (4)
Heparin + Na,SO, 0.060 3.58 + 0.05 (4)

aAcridine‘Orange binding sites were obtained.by‘metachromatic'titratidn:and are
recorded as the mean * s.e.; the number in parentheses is the number of
determinations. SR : o



Absence of Cell Lysis in the Presence of Salts: Cell 1ysi§
does not appear to -contribute significantly to either salr
mediated histamine release or the decrease in sulfate ion up-
take at high concentrations of (NH )2804 All of the DNA
originally present in the tissue slice could be found in the
fragments (4.7 + 0.2 mg DNA/gm.vs. 4.8 + 0.2 mg/gm) . LDH»re-‘
" lease into the incubation medium in the presence of 100 mM
NaZSO4 or (NH4)2804 did not significantly differ from the.

" control incubated in Tyrode's alone (Table 2.11).

SUMMARY AND CONCLUDING REMARKS‘.
Because sulfate»residues exist mainly as-particlee'in,the
°  atmosphere, the local alveolar concentration resuiting from the
dissolution of a respirable particulate could be high. It'ap-_
pears that ammonium sulfate, in the concentration of 100 mM,
releaseS‘approximarely 100% of the stored histaﬁine in the
guineaepig lung. An eqUal‘ammonium ion concentration (200 mM
ammonium chloride) released oﬁly half.of the histaﬁine‘stdres,,"
Since lung fragments in the presence of 200 mM eedium chloride
exhibited no deteeteble releaee of histamine, the‘histamine R
. released by ammonium chloride is ascribed to the ammonium
‘ion. Similarlx the difference observed in histamine released :
between 100 mM ammonium sulfate and 200 mM ammonium chloride
must be some function of the sulfate anion. The sulfate ion,

per se, has no inherent effect alone, since sodium sulfate
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TABLE 2.11

Release of LDH from Unsensitized Lung Fragments -

A o .. No. of LDH Activity Released?
Treatment . Determinations (units/mg tissue)
Homogenate . 5 S 98.9 + 9.40
'Tyrode'é solution B | 4 - 3.02 + 0.36
"alone : L B ’ - o
Tyrode's solution 8 3.23 + 0.17
containing 100 mM : o S
Na,S0, o R
‘Tyrode's solution o _ 8 ' ' 3.28 + 0.20
containing 100 mM =~ i . ’ : , ,
(NH.) 280,

a . . : o .
"The values are expressed as the mean : s.e.
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at concentrations ranging from 10 to 200 mM caused no hista-
mine release. The presence of emmonium ion seemed to be a
necessary factor for histamine release. Ammonium nitrate

and acetate were of intermediary potency iﬁ histamine release.

These experiments demonstrate that the histamine released
by ammonium and sulfate ions in ULF cannot be modulated by
.either cAMP or cGMP, since isoproterenol,:acety1Choline and
dibutyryl cAMP failed to influence histamine release.

Studiee in SLF demonstrated the known phenomenon of the
ability of the cAMP and cGMP systems to modulate'antigen-t;
ahtibody release of histamine. Acetylchoiine, eoinephrine o
and isoproterenol all had significant effects (p < .055 on
-histamine release in accordaﬁce with previous reports (44,57,58).
Dibutyryl cAMP and phenylephrine failed to have significant
effects, although reported to be capable of modulation (57-58)t 
An unexpected observation was the ability of phloretin to
decrease the release of histamine.

Release of histamine through_lysis.of the mast cells is”
not iikely since neither DNA nor LDH, a cytoplasmic enzyme,
were released into the supernatant in the presence of ammonium
sulfate es compared to control. Total DNA in the fragments
aleo_remained constant in the presence.of,concentrations of
ammonium sulfate known to release histamine. Thus, the os-
served histamine releese is likely to be a degranulatioh

“phenomenon.
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The intracellular sulfate ion space in ULF and SLF de-
creased in the presence. of (NHA)ZSOA’ the decrease in the
1ntrace11u1ar sulfate ion space is probably associated with
the degranulatlon process. The intracellular sulfate space .
.in SLF was significantly altered in the presence of 100 mM
(NH,) ,S0,,. |
| In both experimental systems, drugs capable‘of-modulating-

the cAMP and-cGMP systems failed to alter the sulfate ion up-

- take. The sulfate 1on transport system does not appear to be

‘ ghlghly dependent on the availability of metabolic sources of

energy.. At high concentrations of potent metabolic inhibitors p
A,oniy partial inhibition of sulfate ion uptake was:observed.
~ In the case of ULF, both sodium fluoride and 2-deoxyg1ucose
'showed.inhibition and in SLF sodium fluoride and sodium cyani&e‘
‘had effects. Phioretin has been reported to inhibit Chloride |
and sulfate uptake by human red blood cells (83),'however o
phloretin had no effect on the sulfate ion uptake by the
lung fragments. |

f Data presentedlhere,‘concurs with the'observations of f
.others (72); thatithe metachromasia associated with Acridine
Orange binding‘to heparin is‘a function of ionio strength,
The number of Acridine Orange binding sites found in our |
experiments (3.53: 0.10 binding sites per disaccharide unit)
 corresponds favorably with that reported by Lagunoff (46) of
3.31 ¢ 0.09-binding sitee per disaccharide unitt The number

of binding sites remained constant with inc¢reasing ionic
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strength. Stone and Bradley (72) and Lagunoff (465 sug-
gest that the binding sites for Acridine Orange and hista-
mine on the heparin mac:omolecule are identical. Sincg we.,
observed a decrease in the extent of Acridine Ofangé‘binding
to the heparin macromolecule with increasing ionic strength,
a local increase in the ionic strength within ﬁhe granule‘
is 1ikeiy to cause displacement of.histamine bound to hepa-
rin. Since the mast cell grahule is freély perﬁeable,to

thé extgrnal-ionic environment, intracellulaf uptake of
ammonium or sulfate ions'éould result in thé disﬁlééemept

dffbound'histaminé.'“
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SECTION 5
ABSORPTION OF SULFATE ION IN THE ISOLATED,
VENTILATED, AND PERFUSED RAT LUNG

- 'INTRODUCTION |

The 1solated ventllated and perfused 1ung (IVPL) would
seem to be most 31m11ar to the lung in vivo but it is technlcally _
“dlfflcult to. malntaln free of edema with normal perfus1on rates.
However “when compared w1th other in YlEEQ preparatlons it
has several merlts

The tissue slice methodvutilized in the previous chapter
2:>has certaln 1ntr1n51c shortcomlngs The lung is damaged durlng
;the sllc1ng procedure substrates are dellvered to the cut edge
‘of the tissue or alveolar eplthellum rather than through the
capillaries, “and oxygeh'must be supplied through'a liduid medium
to the edge of the slice instead of through gas in the alr
spaces and phy81olog1ca1 medium in the capillaries.

The IVPL has been used extensively to study metabollsm
and uptake by the lung vasculature ‘of numerous compounds The:
techniques employed for the IVPL are modlflcatlons of those de-
| veloped hy Niemeier‘and Bingham (55) and.Rosenbloom“and Bass (62).
| -Gassenheimer and Rhodes (31) studying the influence of

ventilation'frequency on glucose and palmitate uptake and
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~_therefore requires cellular uptake

metabolism in the rat IVPL found that oxidation of glucose

reached ‘a maximum at 70 cycles per minute and. decreased there- .
"after to 215 cycles per- minute Palmitate 1ncorporation into ;;,Z

the lung 11p1ds 1ncreased non-linearly w1th frequency Angio- .

ten51n I 1n the perfusate is converted to Angiotensin II in
'the dog and rat IVPL (25 64) Radioactiv1ty is not retained_f

. by the lungs and has the same volume distribution and mean ff-:

tran31t time as blue dextran a- compound unlikely to leave the

1ntravascu1ar space (64) suggesting that angiotensin is hydro-y'gaﬁnf

lyzed by enzymes located on the luminal surface of pulmonary
f endothelial cells ‘ Prostaglandin Fl is largely eliminated

from the circulation during a single passage through the pul-

monary vascular bed and- the volume of distribution and the’” mean 3

transit ‘time are. greater than blue dextran (63) Metabolism 5

-"“'41',,1\ A"

' The effect of CO concentration on' phospholipid metabolism
has been investioated by Longmore et al. (51)." Glucose was found
to be a precursor of the palmitate of phosphatidylcholine The,_.'

'COZ concentration of the perfusion was found to’ effect the in-‘ft

corporation of glucose in palmitate

Both serotonin and norepinephrine are. taken up’ by the lung

vasculature in the rabbit (lO 40 41) and rat (43 54) IVPL

_Willis and Kratzing (84) utilized the rat IVPL to determine the ‘5

:-1ocation of ascorbic acid in the lung Ascorbic acid was not

present in the effluent after- perfu31on of the pulmonary
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in the absence and presence of various ions is described. The '
release of histamine and'lagtic dehydrogenase (LDH), a cyto-

plasmic enzyme, by the ions is also presented.

METHODS

Preparation of the Isolated, Ventilated, and'Perfused‘Lung;

Female Sprague Dawley rats, weighing 250-300 g, were anesthe-
'tized with pentobérbital (35 mg/kg). The~is61éted and'perfused
rat lung was prepared byAa modification of the technique of -
‘Niemeier and ‘Bingham (55). The trachea was isolated through
a'midline incisiqn and a cannula (PE 240) was inserted. The
aorta-and_inferiof vena cava areVSévered_to allow exsanguination
of the animal. ‘The 1ungs andvﬁeart are:exposed through a mid-
line'sternotomy-andAthe rib cage retracted._ The pulmonary |
értery was}cannulatéd through.a small incision made in the
‘right ventricle with a cannula (PE 200) filled with modified
Tyrqde's solution.. The entire right.vehtricle and right atrium,
together with most of the left ventricle were removed. The
‘modified Tyrode's solution (pH 7.35, 37°C) contained 35.0 g/l
polyvinylpyrrolidone (average molecular wéight 40,000) to main-
tain a physiologicai oncotié preasure;' Perfusion of the‘lungé'
was started immediately to remove any remaining blood in‘the
pulmonary circulation. The perfusion rate was maintained at- .
a constant 2.0 + 0.1 ml per minute.

The lungs were removed from the animal and suspended b§

the tracheal cannula in an artificial thorax (25°C) where

49



" respiration was maintained mec_hanically by an alternating nega-
tive pressure (—3 to ;154cm of water). Positive pressure ven-
tilation may lead to edema, destruction of alveolar septae by -

 dye;-inflation, and is reported to contribﬁte to a1§e01ar cbl-'
lapse and progressivé atelectasis.(21,42,82).” The'respiratory
raté was kept at-90.ins§irati0n§ per minute. A'Harvard'small

- animal respiratof (Hafvard Abparatus,tMillis, Mass.),.was

used to provide an alternating +6 and -6 éﬁ H20 pressure, super-
imposed over a background -9 em of H,0 within the .chamber,
génerated by a vaéuum_pump. Pressure was mbnitored‘by a Magna-
‘helic gauge.‘ Respiratofy VOlumé Was ﬁonitored by a Grasé-Volq-_

- metric pressure tfénsducer connected to the tracheal éénnula.

The system for véﬁtilating and perfusing theblung.isbshown iﬁ

* Fig. 3.1.

Determination .of the Relative’DiStribution‘of an Intratfachéal

IﬁjeCtioﬂ: _A study was undertaken to determine the relative
distribution within the airways of a single intratracheal in-

jection of 100 ul Qf iéoﬁonic (0.3 M) sﬁérose. Following in-

'jeétions ofI4IuCi.o£ 358-Na2$04; perfusion was continued for
1 minute aﬁd the 3SS¥:édioactivity within each lobe was de-.
termined b§ flask oxygen combﬁstion asﬁdéscribed previously;
Results are expfesséd'as'dpm'pef.mg of wet lﬁng tiésue.
CAll subsequent experiments were carried out with a single in-

jection of 100 ul cf50f3 M sucrosé;
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Fig. 3.1. Schematic Diagram of the Isolated Ventilated and
Perfused Lung Preparation

51



Possible Release of LDH by Lung Perfusion: The possible re-

lease of LDH during perfusion of the pulmonary circulation with
modified Tyrode's solution was investigated. The LDH deter- )
mination was based on the spectrophotometric method of Wroblewski
and LaDue (85). Lungs were perfnsed until free of blood. -Per;l
fusion was.continued for 30 minutes while one minute aliquots

(2 ml) were collected. A 0.05 ml aliqnot from each minute sample
was taken for the determination of LDH activity as described in |
Chapter II. The linit of the éssay was such that 29 IU/min
released erm'thé lung could be detected. Total tissue LDH
actiVity was détermined by homogenizing the lung_tissué in 5 ml:
ine cold 0.10 M potassium phosphate buffer (pH 7.5) and assaying.
asnbefore. All détérminations were made with a LDH Diagnostic o

Kit‘obtainéd from Sigma Chemiéal'Company (St. Louis, Mo.). L

. Kinetic Characterization of Airway Sulfate Ion Uptake: Kinetic

v,characterization of.airway suifaté uptéke by the pulmonary cir-
culation was accomplished by intratracheal injection of total
sulfate salt doses of 0.01, 0.05, 0.10 and 1.00 umole of sulfate
containing 0.65 uCi/mmole of 3SS-NaZSO4.- The pH of the solutions
was adjusted to 7.40. Aliquots were collected from the'lung
effluent each minute (2 ml) and 3SS-radioactiVity determined

: by liquid'scintillation counting. Results are expreésed as the
logarithm of the percent sulfate ions unabsorbed by the lung |

versus time.
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Invéstigation of Possible Sulfate Ion Uptake from the Vasculature

into the Lung: To investigate the possibility of sulfate ion
35

uptake from the vasculature into the lung, S-sodium sulfate _4
dissolved in modified”Tyrode’s solution was-perfused into the
lung at 1. 6 uCl/mln (256 ng/min) at a flow rate of 2 ml/min for
‘10,m1n using a syringe pump (Fig. 3.1). The perfu31on solution
also containod blne dextran, S'mg/ml. Blue dextran (ave. mol.
wt. 2,000}000) was nsed as. a compound unlikely to leéve tne
vascular spaoe during a single.ciroulation and has been uéeo

as a basis for oalculating apparent mean transit_times and ..
vvolumé of distribntion within the lungs (18).. The perfusion =
was continued'for-another'ZO minutes withvthe.modified Tyrode's
_solntion alone The venous effluent was coliocted every tenth
of a minute and 3 ml distilled H?_Owere added to each sample.
 The blue dextran content was. estimated from the absorbance at

600 nm. Aliquots of each sample were taken for the determina-

tion of 358-radioactivity.

Modulation of Sulfate Ion Absorption from the Airways by'the-

Counter Cation: To investigate the absorption of sulfate iors

in the presence of other cations, an unlabeled chloride salt

of thencation in question was dissolved in the.isotonic suorosé .

35

solution together with the ~°S- -sodium sulfate (specific activity -

0.64 uCi/mmole) prior to inJection Injections of 0.1 ml iso-

35

tonic sucrose solution were used containing 0.1 umOIe S-sodium

sulfate and either 0.1, 1.0 or 10.0 umole of chloride salt.
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Absorption was allowed to proceed for 30 mindtes Aliquots

(2 ml) were collected from the lung effluent each minute and
the 358 rad10act1v1ty determined. Chloride salts studied in
“this manner were ammonium, cadmium, cobaltous, ferric, man- '

ganous, mercuric, nickelous, and zinc.

P0351ble Release of LDH, ‘Prostaglandins and Histamine by

. Sulfate Salts The poss1ble release of LDH into the lung

- effluent was determined, after the injection of 0.1 ml isotonic
_sucrose solution.coﬁtaining'l.O umole sodidm sulfate alone and
in»combination_with 1.0 ymole of the chloride saltS'tested '
:‘separately
" The pOSSlblllty of release of prostaglandins by the salts )
was also investigated.  The luhg effluent was mixed w1th a
stream of modified Tyrode's medium containing meoyramine maleate
(4 2 x 1077 g/ml), atropine sulfate (9.6 x 10 g/ml), methyser-
gide (8.3 x 1077 g/ml), propranolol (1.3 x 10”3 g/ml), and as-
pirin (6.4 x 10 g/ml) This mixture was then superfused onto |
a rat stomach strip prepared according to the method of Vane
(81). With the inhibitor mixture, the rat stomach strip response
'is'specific for prostaglandins. The release of histamine by
~ the salts was also determined spectrophotoflurometrically by |

- the method of Shore (66).

Bronchoconstriction’Mediated by Certain Sulfate Salts: Broncho-

constriction by sulfate salts was investigated by monitoring the
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respiratory volume prior to and after intratracheal administraf
tion of 0.1 ml of 1 umole of various salts in isotonic sucrose
solqtioﬁ. The salts tested in this fashioﬁ Were Na2304, NH4C1,-_'
andl(NH4)2804. _The effect'on intratracheal injectien of-14-ug“...-
histamine in 0.1 ﬁl‘isotonic sucrose solution on respiratoryt

volume was examined. With those salts decreasing the,réépira-e
- tory volume, another experiment was performed perfusing the lung‘
with Tyrode's medium containing 1.5 x 10'5-mepyramine-maleate
(H .1 antlhlstamlne) to determine 1f the bronchoconstriction

could be prevented

Absorption of 3H20 bz'the Rat,IVPL} Remoral of water fremfthe

airways by the pulﬁonary circulation was determined by intra-

tracheal injection of 100 ul of >

HZO (1 uCi/mmole)-containihg
0.3 M sucrose. _Samples were collected each minute, es before,
froh the lung effluent and 3H-radioaetivity determined by liqui¢
scintillation counting. The effect of 0.10 umole.Nazsoa and

0. 10 umole (NH4)2804 on removal of water from the eirways was

3

also examined by addition of these salts to the "H,0. Each

curve 1is the mean of three experiments

Materials: Blue dextran 2000 was-obtained from Pharmacia Fine
Chemicals. 3H20 end 3ss-sodium_901fatewerepurchased.from‘New

England Nuclear.

‘RESULTS

Distribution of an Intratracheal Injection in the Rat IVPL: 1In

order to determine the reproducibility of intratracheal
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instillatien as a route of exposure of the lung to'sulfate'salts,
a éingle injection of.100 ul of isotonic sucrose containihg.A puCi
of_3SS-NaZSO4 was given'end the perfusion andrvenrilatioﬁ were
continued for one mipute. The lung was then removed from the

358-radioaetivity.

apparatus, divided into five portions and the
was determined in each lobe (Table'3‘1)» The right‘10wer‘and
left upper lobes of the 1ung contained the hlghest radioactlvity
while the rlght middle lobe contained the lowest. While the
‘dlstrlbutiqn of rad10act1v1ty was not uniform, intratracheal

instillation did provide'a'reproducible method of exposure.

-Absence er.kelease of Significant'Quanrities of LDH bgﬁPerfﬁsion:
.'Fiéure 3.2 depicts the LDH activity released by perfusion of

: ;he'lung'vasculature with modified Tyrode's solution. The amdunt
released never exeeeded 40 IU/min. This release is insignificanﬁ
" when compared to the total LDH activity of 63.8 + 9.9 IU/mg |
tissue wet weighr.' An average‘rat lung would therefqre-cohtaiﬁ

approximately 84.000 IU.

Kinetics of Sulfate Ion Removal from the Airways: Figure 3.3

shows a semilogarithmic plot of the removal of doses of 0.01

and O.lO.umole 35

S-sulfate ions from the.rat-IVPL follewing
intratracheal adhinietration. From such curves the initial first

' brder rate eonstants and t% were calcﬁlared.' A summary of rhesep'
data are presented in Table 3.2. The rate of removal of 0.05 ymole

Na?_SO4 or greater was constent. The average t% for sulfate ion
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TABLE 3.1
Dlstrlbutlon of Intratracheal InJection of 0.1 ml Isotonic

Sucrose Contalnlng 4 uC1 of 358 Sodlum Sulfate

LS

Lobe of Lung -,' Weight-(gm) ' apm/mg'wet lung tissue*
Right upper 0.111 £ 0.010 . . 2456 :+ 758
Right middle ~ 0.151 + 0.012 . 1344 + 303
Right lower ~ 0.368 + 0.022 5319 + 1407
Left upper ~ 0.155 + 0.012 6462 + 1024
Left lower 0.438 ¥ 0,025 3601 & 1029
' Total lurg wg. - 1.210 + 0.060

* L S - P T
"Expressed-as mean + s.e. of 10 experiments.
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Fig. 3.2. Absence of significant amounts of LDH in effluent of .
isolated, ventilated and perfused rat lung. LDH was detected by

- the method of Wroblewski and LaDue (85). Percent total LDH re-

~ leased is based on an average activity per lung of 84,000 IU.

58



% REMAINING IN LUNG

" Fig. 3. 3
tilated and :perfused rat lung.:
sodium sulfate;
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" MINUTES

Removal of 358 sulfate ions from the isolated ven-

Solid circles represent 0 01 umole

open circles 0.1 umole.
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TABLE 3.2
Effect of Ammonium Ion on the Kinetics of

" Sulfate Ion Absorption from the Rat IVPL

SN Dose per Lung ~No. of " . .Initial | , ] t
Compound (ymole) - . Experiments | K (minutes-1)b | (minutes)b
‘Sodium Sulfate 0.01 3 0.021 :0.003  33.0 + 4.77F
o 0.05 4 0.082 + 0.025 = 8.4 1 2.6
0.10 o 0.085 + 0.016 8.1 & 1.3°
1.00 5  0.080 + 0.018 8.7 +2.0%
 Ammonium Sulfate 0.01 4 0.044 + 0.007 15.7 + 2.57
0.10 3 0.086 + 0.047 8.1 : 3.5¢
1.00 4 0.093 + 0.031 - 7.5 & 2.59

11 solutlons were admlnlstered 1ntratracheally in 100 u11ters 1soton1c sucrose, pH 7;4,r

b _
Values are expressed Mean + s.e.

¢ and d Paired "t" test between the indicated means show no s1gn1f1cant dlfference at 0.05

level of confidence.

%k ' - N o o _ g
Statistical significant difference between sodium sulfate and ammonium sulfate, p < 0.01.



removal by the rat IVPL for doses of 0.05 umole and larger is

8.4 + 1.8 minutes (20 determinations).

£ 35

Absence of Pulmonary Vascular Uptake o S- Sﬁlfate Ions:

Figure 3.4 shows the appearance and then disappearahce of blﬁe
.de#tran in the venous effluent, following a pulse of blue dex-
tranladded'to~thé_p¢rfusate. Similarly; the appeafance and then
disappéarance of 355-su1fate ions follows the same pattern. |
Thus sulfate ions have the same volume of distribution and mean
tran31t time within the 1ung as blue dextran a cqmpound unlikelj '

to 1eave the intravascular space.

Modﬁlationfof Airway Sulfate Ion Absorption by Certain Counter
Cations: Ammonium ions accelerated the removal of sulfate ioﬁs‘
at doses of 0.0l umole but not.at'greatér déses (Table -3.2). |
The ty of.Q.Ol'umole sodium sulfate was 33.0 + 4.7 min compared
to 15.7 1.2}5~min for 0.01 uymole ammonium sulfate. All heavy
metal cations, except manganous ion enhanced the absorption

(Table 3.3).

Lack of Release of LDH and Prostaglandins but Release of Histamine

by Certain Sulfate Salts: Histamine was released into lung per-

fusatg following .an intratracheal injection of 1 umole (NH4)2804.
(Fig. 3.5). A toﬁal of 11.4 ug of histaming»was‘collected“in the
-perfusate fﬁom a singie injection. The release of prostaglandiné
from ﬁhe lung into the perfusate following the intratracheal

injection of 1 ymole of either NaZSOA’ (NH4)ZSO4 or NH401 was not

observed. The bioassay system has been used in other experiments
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‘Fig. 3.4, Absénce.of-pulmonary vascular uptake of 35S-sulfate

ions. <Lungs were perfused continuously with modified Tyrode's

medium. - A syringe pump provided a pulse of 35s-sodium sulfate

and blue dextran in modified Tyrode's solution into the main
perfusion line (2 ml/min). The arrows indicate the times at
which the syringe pump was turned on (first arrow) and off
(second arrow). Blue dextran (o) and 35S-sulfate ions (e )
were measured in the pulmonary venous effluent.
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TABLE 3.3
Effect of Heavy Metal Counter Cation on the Kinetics

" of Sulfate Ion Absorption’frqm:thé Rat IVPL

. . Doée per Lung . - No. of ' Initial k - t
,Compounda (ymole) Experiments - '(Minutes‘l)b_ (Minutes)b
NaZSOA} 01 | 11 - 0.085:0.016 812 1.32
' MnCL, 01 s ©0.098 + 0.013 7.10 + 1.29°
cocl, 0.1 . 0.169 + 0.034 4.11 + 1.00°
Nicl, 0.1 4 0.171 & 0.028 4.05 + 0.70™"
| 4 0.172 + 0.018 4.03 + 0.37°

mcl, 0.1
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,[TABLE"3{3V(Cbntinue&)-f' o o

t §

7 ‘a Dose per.Lung_. No. of -~ Initial k
Compound (umole) _ ' Experiments ‘ (Mlﬂupes )b (Minutes)b
CdC12 - 0.1 ' R T .0.195 + 0.047 . - 3.56 + 0.82
_ A ' , o : : Fok
FeCl3 0.1 4. . 0.194-+ 0.033 3.56 + 0.57
A B T | | | -
_ HgC12 0.1 4 0.224 + 0.047 3.10 + 0.62

*%

3A11 chloride salts were administered intratracheally in 100 uliters of isotohic»-

sucrose, pH 7;4, in the presence of 0.1 umole ?SS Nazsoa (specific'aCtivity - 0.65
pCi/mmole). Control was 0.1 umole 3SS-NaZSO4 alone. E "

b - _
Values are expressed as mean * .s.e.

“Paired "t" test between indicated means and mean of control shows no significant

difference.

Paired "t" test between indicated means and mean of control show significant

difference p < 0. 05.
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Fig. 3.5.
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intratracheal injectlon of 1 ymole ammonium sulfate

is indicated by arrow.
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to detect the release of about 0.5 ng/ml prostaglandin E, and

5 ng/ml prostaglandin an from the rat lung. No detectable
amounts of LDH wére_releaSed by intratracheal administration by
any of the 'salts tested. Totai LDH léyel in the rat lung was
féﬁnd tb~bé 63.8 + 9.9 IU/mg tiséue wet weight. »Ah”aQerage lung
wou1d therefore contain 84,000 IU. The limit of the assay was

such that 29 IU/min released from the lung could be detected.

Bronchoconstriction Mediated by Certain Sulfate Salts: A dose
'?of:eithef.l ymole (NH4)ZSO4 or 2 umoles of_NH401 caused a_re-:
duction in the féSpiratdry volume of lung. Typical tracings of
thé‘reSpiratofyvvolume folldwing injection of these salts are
.showﬂ in Figl-3g6. Instillation of the control solution, iso-
tonic sucrose, o.rl-l.umoleAN.az'S.O4 produced a‘minimal‘feductiqﬁ"
in'réspiratory volﬁme. The-reductidn in respiratory volume
could‘aiso“bevaccomplished“by the injection of 14 ug of hista-
mine. This dose of histamine was ‘equivalent to that released
by 1 umole (NH4)2804 in prior experiments. Ammonium chloride
was léés effective, prodﬁcing a 26% decrease compared to a 56%
“for both (NH4)2304 and histamine. Prior perfusioﬁ of the lung
with 1.5 x 1072 M mepyramine maleate added to the Tyrode's me-
~dium blocked the teducﬁion_of’the'respiratory volume by both

‘histamine and (NH4>ZSQ4'

3

Absorption of ’H20 by the Rat IVPL: Since histamine was re-=

leased by ammonium salts, the enhanced sulfate absorption from

66



i

‘je02-

1

-02

1e0.2:
aoi
-02

+02

~ RESPIRATORY VOLUME (milliliter)

-

Fig. 3.6. Effects of intratracheal injection of 1 umole of salts
in 0.1 ml isotonic sucrose solution on respiratory volume in the
isolated rat lung. A. Isotonic sucrose alone or with sodium
sulfate; B. Ammonium sulfate or 14 ug histamine; C. 2 umole

. ammonium chloride; and D. Perfusion of lung with 10-5 M mepyz-

amine maleate prior to injection of ammonium sulfate, ammonium
chloride or 14 ug histamine.



the-airways in'the presence of ammonium ions could be due to
increased vascular-permeability. The removal of'3H20 from the
airway was determined (Fig. 3.7). Water was removed from the |
alrway at the same rate regardless -0of the presence of 0.1 umole
Na,$ 4 or (NH4)2 The calculated ty in sucrose alone was
0.94 + 0.18 min compared to 1.13 + 0.42 min and 0.92 + 0.15 min

for solntions containing NazSO4 an,d-(NH4)?_SO4 respectively.

" SUMMARY AND CONCLUDING REMARKS
'-f_ The release of LDH by the IVPL was. monltored as an indi-
 cation of the v1ab111ty of the preparatlon ‘Cellular 1ntegrity .
of the lung was maintained as evidenced by the lack of signifi--
. cant LDH:release,over‘the'time course'of_an experiment. Gross
edema failed to appear over the'same:time period. It was ob-
,served that perfu31on with Tyrode s solutlon (25°c, pH 7.4) in :
the absence of the PVP led to the rapid development of edema
w1th1n 5 minutes from the start of perfusion. This is under-
standable when one considers the lack of an oncotic pressure_
“in the perfusion solution, in the latter case.

In the present studies, the removal of sulfate ions from
the airway appears to be predominantlylby'simple‘diffusion |
At very low doses ammonium ion increases the removal process
The t:!5 at doses of 0. 05 ymole or greater of NaZSO4 was
8.4 + 1.8 minutes.

| The heavy metal cations tested, increased sulfate ion

. absorption from the rat IVPL 199-2647 as compared to absorption

68



e et m—— e

% UNABSORBED

MINUTES

Fig. 3.7. Absorption of 3H20 in the isolated, ventilated and
perfused rat lung. Open circles, 3H20 alone; solid circles,
3H20 and 0.10 umole sodium sulfate; and open triangles 3HZO
and 0.10 umole ammonium sulfate.



in the preéence of sodium ioné. An-exception to the‘abdvelwas”
the Qasé of manganese ion in which sulfate ion abSorpﬁion did
not differ significantly from control. |

Amdurl(5) and Amdur and Undéthill (9)_have previdusly re-
ported aﬁ irritant potential‘assdciatéd with cerfain sﬁlfate
sélts. Sodium and manganese-sulfate salts, Bowever, failed to
alter flow resistance a#-similar concéntrations; Thus not all
sulfate,éompounds are.irfitaﬁts. This suggests a possible cor-i
relation bétweeﬁ i;ritaht‘potential and the rate bf'sulfate;ion'
~absorption into the:lungrvasculature-as modified by the presence'k
of the countef cation. Because of the cellular complexity of
tﬁe_mammalian_lung,_it ié difficult to be certain'of-the'mechénism
of,sulféte idn absorption énd how;fhe,couhter cation enhances |
absorption; B .'

Sulfate ioné introduced'iﬁto the vaSculatﬁre have tﬁe
‘same volume of distribﬁtion‘and.mean transit time within the
lung- as blue dextran, a'cbmpouhd unlikély tolleavé the intraé
ceilulaf space. Therefore, it can be étaﬁed with some certaiﬁty
fhat sulfate ion absorption in the rat IVPL is-unidirectionai.

As in the studies with guinea pig lung fragments, ammonium
ions play an impoftént role in Ehe'reléasé of histamine infper?
fusedvlung. ‘The‘felease of 11.4 ug of histamine by a single
dose 6f'1-umole of (NH4)2804_repre8ented an almost complete:
degranulation (see Shqre;gg;él. (66) for.histamine content of

tissues). ‘All other cations studied, failed to release detectable
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amounts of histamine. ‘No measurable amounts.of LDH were re-
leased by any salt tested. Although prostaglandins were spe-
cifically sought for, noﬁe»were released. " Using the saﬁe
preparation for other studies, prostagiandins are detected in
the perfusate. _ : |

Intratracheal instillation of ammonium sulfate solutions
decreased the respiratofy volume of the preparation by 56 pér45
cent while ammonium chloride caused only a 26 percent decrease.
Histamine (14 ug) applied intratracheally also decreésed'thé
respiratory volume by the same percentage._ Thelrelease of
histamine was shown té bé rapid and followed the same time
course  as the-decrease in réspiratory volume. Histamiﬁeiappeared -
to be‘the.only vasoactive hormone elaborated. Since prior per-
fusionlwith an'H-l'antihistamine prevented a decrease in the-.A
respiratory volume by ammonium sulfate, histamine is most likeiy |
the only mediator.

Littie.or no changes in the vascﬁlar pérﬁeability could be
observed with doses of (NH4)2804 causing histamine 1iberation.
The tzs for the removal of 3H20 from the rat IVPL of 1.01 % 0.14 -
minutes compared favorably with that reported by'Taylor et.al.
(74) for deuterium oxide of 0.80 minutes. The increased rate
of removal of sulfate ions in the presence of ammonium ions‘is
-unlikely to be due to changes in vascular permeability mediated

by histamine.
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SECTION 6
SULFATE TON ABSORPTION IN THE RAT LUNG IN VIVO

INTRODUCTION
. The respiratory tract.epithelium Behaves as a highly
- porous membrane perﬁeable to a number of solutes. Removal
~of organic compounds from thé airway haé.beén studied by
Séhahkef’and his colleagués. ‘Schanker aﬁd coworkers admin-
istered infratracheally a small voiﬁme (0.1 ml) of Krebs-
Ringer phbsphafe solutidn confaining ;AC-labelled‘compoundsl
to anesthetized rats. Removal was‘determined by assay of.the |
14C-radio.activity'remaining in‘the lung. A number of lipid |
insolublé neutral compounds, including urea, erythritol; man-
nitol and sucrose, administered over a’lOO-l,OOO‘fold range of
concentration, disappeared from the lungs at rates directly prb-
‘porticnal to the’coﬁcéntration_(QZ). The relative'rates of ab-
sorption ranked in the same order as the diffusion doefficiénts
of the compounds. »Simple diffusion appears to account for re-
moval. Enna and Schanker suggested that; due to the extremely
low lipid solubility of these cdmpounds,'absorption was pre-
dominantly by passage through aqueous channels or pores in the
membrane rather than through lipid regions. Diffusion through

at least three different populations of pore size could explain
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the absorptioﬁ of these compourids. The smallest diameter pore
prevents the diffusion of all ‘the saccharides relative to that
of urea. A larger diameter pore allows the diffusion of only
erythritol, while the largest pore size permits the passége of
all compounds except dextran (MW - 70,000).

In another study involving organic anions and cations,.
sulfanilic acid, tetraethyl ammonium idn, p-aminohippuric acid,
and p-acetylaminohippuric acid, and procaineamide ethobromide
appeared to be absorbed by diffﬁsionvthrough.aqueous pores
since their absorption was’ﬁon—saturable aﬁd roughly related
to molecular size rather than to partition.coéfficient (23).

Phenol red, a lipid insoluble organic énion is an.exéeptibn
to the above'cases. This compound.is absorbed from the rat lung
not only by diffusion but also in part by a carfier-type~trans-.
port process (t% = ZQ minutes) . This'process, which becomes |
saturated at high concentrations of the dye, is inhibited by
certain organic anions including benzylpenicillin aﬁd cephélo-
thin (24). The main barrier to the diffusion of water soluble
compounds is the alveolar membrane. In studies with the iso-
lated perfused4d6g lung, Taylor and Gaar (73) calculated an‘
equivalent pore radius of 8-10 K for the alveolar membrane,and.
a much largér radius for the capillary endothelium.

Lipid soluble compoﬁnds are thought to be absorbed mainiy'
by diffusing through lipoid regions of the membrane. Burton

and Schanker (13) administered five antibiotics intratracheally
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to anesthetized rats. The t% ranged from 1.9 to 33 minutes.
Chlotamphenicol was absorbed most rapidly followed by doxycy-
'ciine,-erythromyoin and tetracycline, with benzyl penicillin
showing the slowest rate. A comparison of pulmonary absorption.
rate, moleeular-weight and chloroform/water partition coeffi-
cient of the drugs indicated that lipid solubility was more
closely associated'with the relative rate ofvabSOrption than
molecular size. Corticosteroids are rapidly absorbed from the
respiratory_tracthwith.t%.of ebsotption ranging.from-i.0-1.7
ninutes (14),' |

| - In other studies'on lipid soluble componnds Normand et.al.
(56) investigated the-permeability:of alveoli and capillaries
in the fluid filled lungs of the fetal lamb. They reported
that urea, thiourea eno'Nfethyithiourea penetrated the alveolar
- wall at rates which increased with the lipid solubility of the
compounds. Earlier,'faylor gg;gl. (74) in a study of the al-
veolar membrane of the isolated perfused dog iung, reported'
that the nermeability coefficient of a 1ipid soluble compound,
dinitfophenol, was much greater_than.that of lipid insoluble
eompounds,vsuch as glucose'and urea. |

Only a few studies of the movement of simple anions across

the lung haVe appeated. Gatzy (32) proposed that chloride ion
transport accounts for the potential difference found across -
the alveolar membranes of the amphibian lung. Chloride ion

transport also is found in other epithelia such as the toad
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bladder (27) and frog epithelium (39). Using the permeability
coefficient of sodium ion, the t% fbr sulfate ion transport in
the turtle iung can be calculated as 27.8 minutes (19). Sul-
fate ion transport in mammalian lungs has not been repofted"
previously.

It must be pointed out that in all studies cited, the
actual site of solute absorption is unknown. Absorption could
be occurring across the alveolar epithelium, across the b:onche- 
olar epitheliumléf the airwayé or at a cqmbination oflthese
sites. Burton and Schanker (12) have reported that lung ab-
sorption rates are increased by at least two-fold_When solutes
are administered as aerosols. ‘_

The studies presenﬁed in this chapter were designed to
determine the manner by which the mammalian lung disposes of-
inspired sulfate ions. Possible modulation of the absorption

process by the associated cation was also investigated.

METHODS

In Vivo Rat Lung Preparation: The technique is a modification :

of the method of Enna and Schanker (23). Female Sprague Dawley
Rats weighing 150-200 g were anesthetized with sodium pentobaf-
bital (35 mg/kg). The animal was‘placed'on its back on an
animal board and the limbs were secured with masking tape.
After exposing the trachea through a longitudinal incision in
the neck, the trachea was cut transversely halfway through be-

tween two tracheal rings. Two centimeters of a 4 cm long
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polyethylene cannulé (PE 240) was inserted into the trachea
to a point approximately 0.5 cm above the hylum and sutured.
The incision was then covered with sterile gauze dipped in
Tyrode's medium (pH 7.4). The mounting board was placed:in
an upright position. One-tenth milliliter of an isotonic

sucrose solution (300 mM, 25°C, PH 7.4) containing 35

S-sodium
sulfate alone and with variable chloride salts, was_injécted
into the lungs‘via the tracheal cannula through a 1.5 inch
22‘gauge needle attached fo a 100 yl syringe (Hamilton). The
vsoiution'was injected over a 1 to 2 second interval. The needle
and syringe were withdrawn completely, the animal remoﬁéd frbm‘

the mounting board, laid on its stomach, and maintained under

light anesthegia,dﬁringgthe.spgcified experimental time period.

35

Absorption of S-Sulfate Ions from the Rat Lung: One-tenth

milliliter of the isotonic sucrose solution containing either

1.0, 10.0 or 100.0 nanomole >°S-sodium sulfaté (specific activity -
0.014 uCi/nanomolé) was injected into the lungs via the tracheal
cannula. Absorption of sulfate ions was allowed to occur for

' various times between 0 and 120 minutes. One minute before

the end of the absorption period, removal of the lungs was

begun. Tﬁe pleural cavity was carefully opened and the trachea
gently separated'froﬁ surrounding tissue. Atlthe end of the ab-
sorption period, the blood supply to the lungs was quickly |
stopped by cutting around both sides of the lung. The lungs

with the heart, a portion of the trachea and the trachea cannula
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attached were removed from the body. The heart, thymus gland,
and the esophagus were trimmed away and the cannula removed.
The lungs and.trachea were immediately prepared for the de-
termination of 35S—radioactivity remaining in the lungs by
oxygen combustion described ﬁreviously. ‘These preliminary ex-
periments were used to characterize the mechanism of sulfate

ion removal and to establish the approximate half-1life,

Modulation‘of Sulfate Ioh.Absorption by the Counter Cation: ‘Io‘
investigate the absorption of sulfate ions in the.presénce of:
other cations, an unlabelled chloride salt of'thé cation ‘in
question was dissolved in the isotonic sucrose solution together
, 35 |

wit S-sodium sulfate (specific activity - 0.014 uCi/nanomoie).

Injections of 0.1 ml isotonic sucrose solution were used con-

335-sodium sulfate and either 0.1, 1.0 or

téining 0.1 nanomole
10.0 nanomole of the chloride salt. Absorption was allowed to -
proceed for 30 minutes, approximately equal to the t%lof_sulfate
ion absorption ffom the rat lung. As before, one minute prior
to the end of the absorption period, removal of the lungs was

3SS-radioactivity remaining in the lung de-

begun and the
termined. Chloride salts studied in this manner were ammonium,
cadmium, cobaltous, ferric, manganous, mercuric, nickelous,

and zinc.

Modulation of Sulfate Ion Absorption by pH: .To investigate the

absorption of sulfate ions under varying pH conditions, the
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isotonic Sucrose solution containing 35S-NaZSO4 was adjusted
to a known pH (pH 4.4-9.4) with either HCl or NaOH prior to

injection. Injeetions of 0.1 ml of these solutions were used:

35

containing 0.1 namomole S-sodium sulfate (specifie'activity‘-

0.014 uCi/nahomole). Absorption was allowed to-proceed for
" 30 minutes.. As before, one minute prior to the end of the ab-
35

sorption period removal of the lungs was begun and “~S-radio-

activity remaining in the lung determined.

Exposure of Rats to Nickel Chloride Aerosol Pfior to the Detef?

mination of Sulfate Ion Absorption: The inhalation exposures

were conducted in a'plexiglass éxposufe chamber expecially
designed for exposure to particulate aerosols The animals

were isolated in individual cells which allowed only their heads
to be exposed to the aerosol. All exposures were for two hours.
A fluid afomizer gehefacor (Environmental Research Corporation,
‘Model 7330) was used to generate the nickel chloride aerosol
from selutions ranging in concentration from 2,61 to 13.05 gm/l
of-deioﬁized water. Samples were'collected on membrane filters
having 0.22 um.poresity for determining the cencentrationﬂwithin
the chamber. The deposited salt was eluted from the filter by
placing it in a flask containing 19.8 mi of deionized water |
eand 0.2 ml of HNO,. After shaking for several hours the result-
ing solution was analyzed using a Perkin-Elmer Model 306 atomic

‘absorption spectfophotometer with a Model 2100 heated graphife
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accessory. For monitoring the aerosol.exposure by particle
sizevdistribution, a Royco Instrument Model 225 Particle Counter
with a Model 507 module was used. The mass median diameter

of the NiCl2 aerosol was 1 um or bélow in these experiments.

The mass median aerodynamics diameter was determined to be less
than or equal to 2um. Control animals were exposed for 2 hours
to a deionized water aerosol.

After the exposure period, the.animais'were.removed from
their cells and 4 animals were used in the.détermination of
the amount of nitt deposited after a 2 hour exposure. Their
1uﬁgs were excised, ashed, and analyzed as before for Ni++
" content.

The exposed animals were used to determine sulfate ion
‘absorption. A tracheal cannula was inserted as before. In-
jections of 0.1 ml isotonic sﬁcrbse containing 0.1 nanomole
335 g0dium sulfate (specific activity - 0.014 uCi/nanomole)
pH 7.40. Absorption was allowed to proceed for 30 minutes.

The lungs were removed at the end of this time and 358-radio-.

activity determined.

35

Materials: S-sodium sulfate was purchased from New England

Nuclear.

RESULTS

Kinetics of Sulfate Ion Removal from the Airways: Fig. 4.1

35

shows a semilogarithmic plot of the removal of sodium °°S-sulfate
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- Fig. 4.1  Percent sulfate ion unabsorbed by the rat lung versus
time in the presence of various concentrations of sodium sulfate.
‘Each point is the mean s.e. of three animals. Closed circles,
1.0 nanomole; open circles, 10.0 nanomole; open triangles, 100
nanomole. v ‘ -
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from the lung following intratracheal adﬁinistration. Three
concentrations, 1.0;110.0 and 100.0 namomole NaZSO4 were usedi
.Although'the concentration of NaéSOA_varied over a 100-fold
range, the percentage absorbed at a given'time_was éonstant.-
The_total amount of Nazsoa'absorbedlwas'prdportional to the
initial concentration administered (Table 4.1). These reSulfs
suggested that'ébsbrption éccurred by a nonSaﬁurable prdcess;
such as simple diffusion. The half-life for sﬁlfatélabéofptidn .
in the presence of sodium iohs{ calculated.frbm'the slopes of-

these lineSIWas found to be 34.5‘minutes.

“Modulation of-Airway-Sulfate Ion AbSOrpﬁion'bX¥Certain Coﬁnter>
Cations: The removal of sulfate ions was a¢ce1erated in the
presence 6f certain_cations (Table 4.2). The dose of cation.
at which maximum augmentation of sulfate absorption occurred
was variable. Co't and'Hg++_ions-produced maximal effect at

44

0.1 nanomole. Cd ' and Nitt were of intermediary potency.

'Fe+++, Zn++ and'NH4+.Were the least effective reaghing maximélj
effect at 10.0 nanomoles. As was obserﬁed'ip the cése of the
isolated pérfused rat lﬁng; Mn++ failed to alter sulfate.ion

absorption. Sodium chloride depressed slightly thé sulfate

ion absorption when present at 10 nanomole.

Modulation of Airway Sulfate Ion Absqrption_by pH: The ab-

sorption of sulfate ions from the rat lung in vivo was enhanced

at pH values departing from physiological values (Fig. 4.2).
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- “TABLE 4.1

Absorption of 35-S0dium SUlfate'from the Rat Lung

Concentfétioh.of ~ No. of 30 Min. Absorption Sulfate Ion

Naz'SO4 (nanomole) ~ Animals - % Dose t s.e. Amount (ug)
1.0 . 11 43.2: 258 0.041 + 0.002
10.0 3 42.0+5.0%  0.403 t 0.048
+ 6 s

100.0 . 3 47.4:6.8% . 4.550 £ 0.653

aNo.étatisticél difference at p < 0.01.
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Effect of Counter Cation on Pulmbnary AbSotptioﬁ of 3§S-Su1féte~10ns

TABLE 4.2

No. of

Conceﬁtration 30 Minute Absorption Sulfate Ion % Enhancement

salt? (nanomole) Animals % Dose : s.e. Amount (ng) over Control

lNa,S0, alone 1.0 11 43.2 + 2.4 415+ 2.4 . 0.0

¥nCl, 1.0 8 44.8 . 1.7 43.0 + 1.6 3.7+ 3.9P
NH,C1 10.0 7 54.1+ 2.3 51.9+ 2.2 252+ 5.3
ZnCl, 0.1 5 - 49.3%5.2 47.0+ 5.0 14.2 + 12.0
- 1.0 5 55.2 + 3.1 53.0 + 3.0 27.8 + 7.2
'10.0 5 64.2 + 2.8 61.6 + 2.7 48.6 + 6.5

FeCl, 0.1 6 50.3 + 4.9 48.0 + 5.0  16.4  11.3
1.0 6 53.8 + 1.7 51.7'+ 1.6 24.5+ 3.9

10.0 5 72.4 + 2.9 69.5 + 2.7 46.2 + 6.7

cdcl, 0.1 6 52.4 + 3.0 50.3:+ 3.1 21.3: 6.9
1.0 8 57.2 + 4.3 54.9 + 4.1 324+ 9.9

.0 7. 56.6 + 2.6 54.3+ 2.4 31.0+ 6.0



TABLE 4.2 (Continued)

- %8

a Concentration - No. of 30 Minute Absorption Sulfate Ion - 7 Enhancement

Salt™ (nanomole) - Animals 7'Dose + s.e. _.Amount (hg) over Control
owicl, 0.1 4 54.8+2.2 53.2 + 2.1 - 26.7 + 5.0
R 1.0 10 56.8 + 1.7 54.5 + 1.6 = 31.5 + 3.9
| 10.0 5 56.5 + 1.3 54.2 + 1.2 31.0 + 3.0
HECL, o0l 5 55.0 + 2.1 '53.3 + 2.0 27.3 + 4.9
- 1.0 6 57.2 + 4.6 54.9 + 4.6 32.4 £11.1
10.0 5 55.3 + 3.5 53.1 + 3.4  28.0 + 7.8
Cocl, 0.1 8 62.2 + 2.6 60.0 + 2.2 44.0 + 6.0
1.0 10 56.8 & 2.8 54.5 + 2.5  31.5 + 6.0
| - 10.0 -8 56.9 + 2.8 54.6 + 2.6 31.7 + 6.0
NaCl 10.0 11 36.6 + 3.0 35.1+ 2.8  -15.3 & 6.9

4A11 chloride salts were studied in the presence of 1.0 nanomole 3SS—Na2_SO4 (specific
act1v1ty - 0.014 uCl/mmole) _ : . o o

bNo Statlstlcal dlfference over control at p < .001. L
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Fig. 4.2. Percent sulfate ion unabsorbed by the rat lung after
30 minutes_under varying pH conditions in the presence of 1.0

nanomole 35S-sodium sulfate (specific activity - 0.014 uCi/mmole).
Each point represents the mean * s.e. The number of animals used
at each pH is given » ‘
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In basic solutions the maximum enhancement over control
values (pH 7.4) of 26.9‘t 4.4% were observed at pH 9.4.
In acid solutions, a maximum enhancement,of 32.4 ¢« 5.6%.
was observed at pH 4.4. Sulfate ion-abSOrption was rela-"

tively constant between pH 6.4 and 7.4.

Effect of Exposure to Nickel Chloride Aerosol on Sulfate Ion"

Absorption: Exposure of rats to an aerosol of 480 ﬁg/mg.NiCIé,
for 2 hours prior to the determination §f sulfate ion absorp-

tion led.to a l12.0 + 2.7% enhancement of'absofption (Table

' 4.3). During this time period 0.856 : 0.060 ug Ni*' was de:

posited in the lungs of the test rats. Exposure to aerosol

concentrations of 113 and 279 ug/m3 had no significant

 effect on the absorption.

SUMMARY AND CONCLUDING REMARKS -

These experiments demonstrate that sulfate ion removal

by the rat lung is a nonsaturable process'and_appears to oceur

by simple diffusion, with a tBE of 34.5 minutes. This t}£ com-

'pares favorably with the value of 27.8 minutes for sulfate

ion removal in the turtle lung reﬁorted by Deitchman and

Paganelli (19). We have also observed that ammonium ions‘and_

.certain heavy metals enhance the absorption whereas sodium

chloride depresses slightly the absorption of sulfate.

- As was shown in the isolated perfused rat»lung.Mn++

- failed to effect sulfate ion absorption. The ability of
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TABLE 4.3
"Effect of 2 Hour Exposure to Nickel Chloride Aerosol Prior to

Determination of Puimona;y Absorption of 3§S-Su1fate'ions

Joncentration +r
of NiCl2 v _ Amount of Ni _ _ o a
Aerosol No. of Deposited 30 Min. Absorption Sulfate Ions % Enhancement
(uglNi/m3) Animals  (ug/lung) 7 Dose = s.e. —_ Amount (ug) over Control
Control s o 57.9:20 0.056 + 0.002 0
113 6 10.141 + 0.046 60.0 + 1.7 0.058 + 0.002 4.6 + 2.9
279 5 10.189 :+ 0.039 60.8 + 2.4 0.058 +0.002 5.0 4.2
480 6 0.856 + 0.060 ~  64.9 : 1.6 . 0.062 + 0.022""  12.0 + 2.7
35

aIn the presence of 1 nanomole

S-sodium sulfate (specific actiﬁity - 0.014_uCi/nanomole).
ke ' : - S

Significant difference ffom.cohtroliaﬁimals.p <.05.



heavy metals, given as an aerosol to test animals, was also
demonstrated to enhance the absorption of sulfate ions.
Sulfate ion absorptibn was enhancéd under basic and gcidic '
conditions, but remained reiativeiy constant between-pH-6;4'--
to 7.4. |

Assuming the sulfate aeroéol levels répdrtedvin tﬁe
CHESS study (26) a totél burdén‘of 0:12 ug per hour would
be inhaled by the rat éxposed,to'ambient levels of particulate
sulfates 6f.20 ug per cﬁbic meter. Thisvcalculatioh_assumes
- that all of the suspéndéd sﬁlfatelWould be déposiﬁéd in lung ‘
wénd that the rat would have avfidal volume of 1 cc and a
reSpiratory r§t¢ of 100 breaths.per minﬂte. The réte of .ab-
sorption was the same over a 100 fold range of 0.096 ug.éf :
sulfate to 9.6 ug of sulfate ion given in this study.. From'
the.daté presénted,‘31 percent of 0.04 ug of the iﬁhéled
sulfate'frbm the one hour burden would remain aftér one hour
post exposure. If one were to assume the same rate of removal
from the human lung as for the rat 1ung; then 7.20 ug of sul-
fate would be inhaled and_2.23 ug would remain after 1 hour 
of exposﬁre. o | | | | |

It must be pointed out that in all studies cited, in-
‘01uding the present one, the actual site of solute removal -
.by the lung is unknown. Burton and Schanker (12)jhave re}

- ported that lung absorption rates are increased by at least
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two fold when solutes are administered as
sulfate ions are readily transported from
lung, residual sulfate concentrations are
Histamine release and bronchoconstriction

quence occur:

89

aerosols. While
the lumen of the
likely to reméin.

may as a conse-



SECTION 7.
DISCUSSION:

Until recently the prime source of sulfate air pollution
ﬁas the atmospheric(oxidation of sulfur dioxide (SOZ)'. Measure-
ments of ambient sulfate levels in the Hudson Riﬁer Valley dur-
ing-1970-1971,indicate that ammonium sﬁlfate‘is a princip&l
’éomponeht of sulfaté fesidueé in the atmosphere (Dr.'R!:Bradow,'
personal.commuﬁiCation).A The automobile catalytic converter
has introduced a new source of sulfate in the form of Sulfuiic
acid ﬁist. Ammonia and other éations preseﬁt in the environ-
ment probably cohvert-this mist to a mixture of'sulfate-salté
and éulfuric acid. | _

Amdur (5) and Amdur and Corn-(6)imea§ured the increase in '
pulmonary résistancevfolloWing the inhalation of zinc ammonium .
sulfate, zinc sulfate.and ammoniﬁm‘sulfate.aerosols. Althdugh
ammonium,sulfate was the least potent salt, it was many times |
more'irritating than its parent compound, SO, . In further
studies, Amdur .and Underhill_(9) demonstréted that an equivalént
amount of‘sﬁlfur_present as 502.835 produced'a'lessef irritant
‘response than sulfuric acid and most-sulfate sélts. EXceptioﬁs
to this were ferrous sﬁlfate and mangénous sulfate. Thus; not

all sulfate salts are irritant in nature.
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The observations of McJilton et.al. (52) support the con-
cept that .certain sulfate salts are bronchoconstriétors.

Nadel ggéél. (53) have shown that the inhalation of a zinc
ammonium sulfate aerosol increases pulmonary resistance in
guinea pigs as does inhalation of a histamine aerdsol.

We have been able to demonstrate»that unsensitized gﬁineé
pig lung fragments (ULF)-incubated with a-variety of ammonium
~salts release significant quantities of histamine. The most
efficacious, ammonium sulfate (100 mM), shows maximal histamine
release after 30 minutes. The ammonium sulfate mediated release
is equal to 97% of the total histamine stores. Cell 1ysis
throﬁgh~osmotic éhock is unlikely-since equal concentrations
of sodium chloride fails to release histamine. Lysis of the
mast cells is not likely since neither LDH nor DNA are released
into the supernatant in the preseﬁce of ammonium sulfate. Total
DNA in ﬁhe fragments remains constant in the presenée.df ammonium
sulfate. Total DNA in the fragments remains constant in the
presence of concentrations of ammonium sulfate known to release -
histamine. Equal concentrations of sodium sulfate also fail
to release histamine, supporting the concept that only certaiﬁ
sulfate salts have biological actions. These studies suggest
that the inhalation irritation associated with certain sulfate
salts may be a function of their ability to reieaée histamine

in the presence of ammonium ion.
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The intracellular'sulfate ion space in-both ULF and SLF
decreases‘in the presence of (NH4)2804 when compared to that
measured in the presence of NaZSOAL Since histamine release
only occurs in.the»presence of (NH4)2804, the decrease in,the'_
intracellular sulfate ion space is probably associated with
the histamine release process | |

Sensitized guinea pig lung fragments (SLF) have been shown

to release histamine and- slow reactiny substance of anaphylaXis

- (SRS-A) on-stimulation by the immunoglobulin E (IgE) mediated
dantibody-antigen reaction (71). This process has been shown

to be modulated by the cAMP and cGMP systems (44,57,58,65).

Ammonium sulfate mediated histamine release from ULF cannot be
modulated by drugs acting on these systems

Sulfate ion uptake by ULF and SLF is uneffected by phar-

'_macological agents known to modulate cellular cAMP and cGMP

leVels The absorptiOn of sulfate-ions does not appear to
be- highly dependent on the availability of metabolic sources -
of energy. At high concentrations of potent metabolic inhibi-
tors only bartial inhibition of sulfate ion uptake is observed.

Phloretin has been reported to inhibit chloride and sulfate

-uptake-by human red blood cells (83) however phloretin has

no effect on the sulfate ion ‘uptake by ULF and SLF

Data presented here, concurs with the observations of

~ others (46), that the.metachromasia associated with Acridine

Orange binding to heparin is a function of ionic strength.
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The number of Acridine Orange binding sites found in our experi-
" ments of 3.53 +0.10 binding 'sites per disaccharide unit cor-
responds favorably with that reportedlby.Lagunoff'(46) of

3.31 + 0.09 binding sites ﬁer dissachéride unit._ The total
number remains constant with increasing ionic stiength; Stone
and Bradley (72) and.Laguﬁoff (47) suggest that the binding
sites for ACriaine Orange and histamine on the hepariﬁ macro-
molecule are identical. Since we observe a decrease in the
extent of Acridine Orange binding to thé heparin ﬁacromolecqié
with'increasing ionic strength, a local increase in the ionic
strength within theigranulé is likely tolcause-displacement 

of histamine bound to heparin. Since the mast.cell-granule is
freely pefmeable to the external ionic‘énvironment,“intrace1-~'
lular uptake of ammonium or sﬁlfate ibnélcould result in the . .
displacement of bound histamine.

In experiments with the isolated,perfused and ventilatéd
lung (IVPL), the removal of sulfate ions from the airway |
appears to be predominantly by simple diffusion{ Absorption
of sulfate ions in the reverse direétion, specifically from
the vasculature into the lung, could not be dembnstfatgd; At
very low doses ammonium ion increasés the removal process. The
t35 at doses of 0.05 umolg or greatér was 8.4 ; 1.8 minutes.

The heavy metal cations tested significantly enhanced the ab-
sorption of sulfate ions from the airwéys. An excepti&ﬁ to

this rule was manganous ion, which had no effect over control.
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Intratracheai instillation of ammonium sulfate solutions
decreases the tidal volume of the preparation by 56% while am-
monium-chloride causes only a 267% decrease. Histamine (14 ug)
applied intratraCheallyﬂalso_decreases the tidal volume by the
same-percentage. As in the studies with guinea pig slices,
ammonium ions played an important role in the release of hista-
mine in. perfused lungs; Histamine appears rapidly in the per-
fusate in about the same amount, 1l ug, and produces an equiva-
lent.decrease'in tidal volume. The release of histamine is
rapid and follows the same time course as the decrease in tidal
volume and represents an -almost complete degranulation. Al-

though prostaglandins were specifically sought for, none were

‘released. Histamine appears to be the only vasoactlve hormone

elaborated Since prior perfus1on with an H-1 antlhistamine
prevents a decrease in the tidal volume by ammonium sulfate,
histamine is most likely the principle mediator. All the othert
cations tested failed to release histamine or LDH into the
lung effluent

In'the final set of studies it is shown that sulfate_ion

 removal by the rat lung in vivo 1s a non-saturable process

and appears to occur by simple diffusion. A t% of 34.5 minutes

is observed. Deviations from the physiological pH and the
presence of certain cations lead to an enhanced absorption of

sulfate ions from the airways As in the case of the rat IVPL,

- manganous ions failed to modulate absorption.
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The more rapid diffusional process found in IVPL was not
detected. Ammonium ions augment the release of hiétamine,in
lung fragments and the removal of sulfate ions in both perfused l
and living 1ungs. 'In the intact animal ammonia is always present
in the blbodv(O.l mM) and the level of intracellular ammonium
ions within the lung may be great enough'to obscure the more
rapid process seen iﬁ IVPL: Otﬁer factors such as’liﬁitatidns
on the redistribution and elimination of sulfate ions from ﬁhe
blood or feed-back effects from the release of hiétamine or
other vasbactive substances could also alter the removal of
sulfate ions from the lung in vivo. As a consequence, one
should consider the perfused.lung model as the simplest case.
Until the intraluminal'conéentrationfof sulfate compounds is.
determined from the inhalation of ambient levels of particu-
late sulfate compounds, it is difficult to prediﬁtlwhich process
will predominate. _ |

| In all s?stems tested there is a positive correlation be-
tween the irritaht potential associated with a spedific sulfate
salt (5,9), and the rate at which'sulféte ibns are cleared froﬁ
the lung.

Althouth most heavy metals .are known to exert biologicai
effects through combinatibh with éulfhydfyl groups, they also
combine with hydroxyl, carboxyl, imidazole and»amine groupsA
(59,61). These interactions can lead to membrane changes.

The enhanced sulfate ion absorption observed in the experiments
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preseﬁted is probably related to membrane changes resulting

from these interactions. The transport of ions across absorbing
or excreting membranes has been shown to bélsensitive to the‘w
action:of heavy metal ions (11,28,35,45,75).

_Based on these obserVationé,.we wish to,suggést a possible
mechanism for the absérption of sulfate ions and observed hista-
mine reiease due to ammonium and sulfate ions. - The proposed
mbdel isvdepictéd in Figure 5.1.. Gatzy (33) has demonstrated
‘that éhloride ions ‘are actively transporfed from the vasculature
into the 1ﬁﬁgs. ‘This results in an electrochemicél gradientJ
with'the airways being negative with respect to the capillary .
lumen (32). This electrochemical gradient favors the diffusion |
of sulfate ions from;the airﬁayé to thevvascular space. 'Ab-.
:sorption of sulfate ions from the vasculature into the lﬁngs .
failé to oécur, siﬁce it is_égainst the electrochemical gfédient}
Sulfate iomns can also diffuse into mast cellé. Ammonium ioné
~can dissééiate in solution (PK, - 9.24) to hydrogen ion and
ammonia. Ammonia ié lipid soluble and can diffuse freely acrosé
the cell membrane because it 1s uncharged. Once in the cell
ammonium ion can be formed. |

The maét cell granule is freely permeable to the cellular
.ionic environment. Ammonium and sulfate ions could diffuse
into the granule and result in the ion exchange reaction de-

picted in Figure 5.1, leading to the release of (histamine)zsoa.
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Vascular Vascular Extra- Alveoiar Alveolar

Space Endothelial |Cellular Cells |1 Space
. Cells Space
Cl™ —0 Active ' - :> Cl'
. : - Transport
=, | _ _|Passive ' _ . 30,
594 ~ ' : Diffusion} ”,/’;’ 4

Mast
Cell

NH,+H S,

-Histaminef/
= N
59,

Within the granule::
. +- ~ + =€&—C
2(NH4 ‘Soa-Hep-P) + '(HistNH3 )2 SO4

Figure 5.1. Proposed mechanism for sulfate ion absorption and
release of histamine in the presence of ammonium sulfate.
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Such a model would be cbnsistent with the cbncomitant decrease

iﬁ'intréceliular sulfate ion'épace with histamine release.

Once released, histamine would lead to either a decrease in

'compliance or as previously reported, a bronchoconstriction;
Date presented here suggést'a correlation between the

rate of sulfate ion absorption erm the mammalian lung and

the réported bronchoconstriction in the presence of certain

sulfate salts. Cleariy,'the rate of suifate ion absorptidh |

is influenced by the cationic species present and the pH of

fhé.surrounding extracellulaf environment.. The role of_hista-

mine release és a,me¢hanism for the bronchocohstriétion actioﬁ

of ammonium sulfate aerosols is strengthenéd'by our data. More

research is needed to inVestigate the possible release of other

vasoactive substances by_heavy metal sulfate salts.
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