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FOREWORD

The many benefits of our modern, developing, 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 estab-
Tishment 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, epidemi-
ology, and clinical studies using volunteer subjects. These studies address
problems in air poliution, non-ionizing radiation, environmental carcino-
genesis and the toxicology of pesticides as well as other chemical pollutants.
The Laboratory participates in the development and revision of air quality
criteria documents on pollutants for which natfonal 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 hazardsous and toxic materials, and is primarily responsible for providing
the health basis for non-ionizing radiation standards. Direct support to the
regulatory function of the Agency 1s provided in the form of expert testimony
and preparation 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.

This report summarizes the results of a study to determine the effects
of pesticides on immune responses. Immediate toxic effects are relatively
readily assessed but slow or delayed effects are more difficult to detect
and yet may be more {important -- qoss1bly leading to altered susceptibility
to disease, damage in utero, accelerated aging, tumorgenesis, etc. Immune
responses, although very 11ttle studied, offers one parameter which is a
sensitive indicator of a variety of physiological functions and which may be
quantitated., The results of this study offers methodology useful in assessing
the adverse effects of pesticides exposure on immune response.

F. G. Hueter, Ph.D.
Director
Health Effects Research Laboratory
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Introduction

The world-wide use of pesticides makes it urgent to know as
much as possible about the effects of pesticides and their degrada-
tion products on humans and animals. Immediate toxic effects are
relatively readily assessed but slow or delayed effects are more
difficult to detect and yet may be the more important -- possibly
leading to altered susceptibility to disease, damage in utero,
accelerated aging, etc.

The immune response offers one parameter which is a sensitive
indicator of a variety of physiological functions and which is
readily quantifiéd in a number of ways. The early work in this
area was reviewed by Ercegovich (1). Since that time there has
been a growing interest in evaluating pesticide effects on a number
of diffefent aspects of the immune response. These include effects
on antibody production, dermal reactions to specific immunogens,
immunoglobulin levels, resistance to infection, complement levels,
lymphoid cell counts and effects on lymphoid organs detected
histologically.

The parameters most easily quantified are those connected with
the humoral response since serum antibody can be easily obtained
and can be characterized in a number of ways. The production of
anti-human serum albumin was found to be inhibited in rats injected
with Lindane, 60 or 120 mg/kg (2), while the titer of anti-bovine
serum albumin was not consistently altered in chicks fed mash
containing up to 625 parts per million (ppm) of DDT (3). Hemag-
.glutinin levels of rats immunized against sheep red blood cells

were suppressed by an oral dose of Methylnitrophos or Chlorophos,



5 or 7 mg/kg/day, especially in rats fed a protein-deficient diet
(4). A second class of specific immunogen used to monitor the
humoral immune response in pesticide-treated animals includes
bacteria and viruses. Significantly lowered titers of anti-
Salmonella typhii were found in rabbits given drinking water
containing 200 ppm DDT (5-7). Also the expected -increase in the
Y-globulin 7S fraction in response to Salmonella inoculation was
inhib{ted by Dieldrin and benzene hexachloride (8). On the other
hand, no consistent effect was found in the anti-Salmonella
pullorum titer of DDT-fed chicks (3). Similarly, no differences
in bacterial agglutination, indirect hemagglutination, indirect
hemolysis, or precipitation were noted between Warfarin-treated
and untreated rabbits immunized with purified Salmonella typhii
endotoxin (9). Lower titers of tetanus antitoxin were consistently

found when animals immunized with tetanus toxoid were given dietary

50
Carbaryl orally (11). Effects on antibody-mediated immunity

Aroclor 1260 or Clophen A60 (50 ppm) (10) or 0.1 - 0.2 LD of
have been investigated for Anthio and Milbex in goats (12,13) and
for Minex and DDT in chickens (14). Examination of lymphoid organs
proved to be a sensitive indicator of immunosuppression in a
study of the effects of DDT, Aroclor 1254, Carbaryl, Carbofuran
and Methylparathion in rabbits (15).

The present study was designed to simultaneously analyze the
influence of various pesticides on the humoral and cellular immune
responses to a well defined immunogen (fluorescein labeled ovalbumin).
The pesticides were administered in one oral dose preceding primary

immunization. Booster immunizations were then given periodically



after sampling the serum and performing in vivo tests of cellular
immunity. These included visual evaluation of redness and swelling
of a challenged footpad and measurement of the temperature difference
between challenged and control footpads. Serum antibody was
characterized by fluorescence polarization. In addition, body

weight was followed as an indicator of gross physiological

status throughout the experiments.

Materials and Methods

Pesticides. Dinoseb, Parathion and Pentachloronitrobenzene

were analytical standards (16) from the Environmental Protection
Agency, Triangle Park, N.C. Resmethrin, piperonyl butoxide and
mixed natural pyrethrins were generously donated by FMC Corporation,
Agricultural Chemicals Group, Richmond, CA, and Aroclor 1260 was
purchased from Chem Service (West Chester, PA). Methotrexate was
the pharmaceutical product from Lederle Laboratories (Pearl River,
N.Y.).

Animals. Inbred male hamsters, Strain LHC/LAK (Lakeview
Hamster Colony, Newfield, NJ) 5 to 8 weeks old and weighing about
100 g each were used for all experiments.

Preparation of Immunogen. To 5 g of chicken ovalbumin (Mann

Research Laboratories, New York, NY, 5X crystallized) dissolved in

15 m1 of 0.5 M carbonate buffer (0.4 M NaHCO,, 0.1 M NaZCOS’ pH 9.3),

3’
43 mg fluorescein isothiocyanate (Isomer I, Sigma Chemical Co., St.
Louis, MO) was added. The mixture was held at 4° for 16 hr and
passed through a column (3.7 cm in diameter X 58 cm long) of

Sephadex G-25 medium (Pharmacia Inc., Piscataway, NJ) previously

equilibrated with 0.15 M NaCl. The void volume as determined by



blue dextran was 250 ml. The fluorescein labeled ovalbumin (FO)
was collected in a volume of 143 ml beginning at 246 ml of effluent.
Optical density measurements at 280 and 490 nm indicated a labeling
ratio of 1.0 utilizing the molar extinction coefficients for fluoro-
scein previously determined (17) and assuming values for ovalbumin
of 7.34 for E%éo and of 46,000 for the molecular ﬁeight. The FO
solution was stored at -20° until used.

To prepare FO for injection, a solution containing 20, 2 or
0.4 mg/ml (in 0.15 M NaCl) was homogenized with an equal volume of
Complete Freund's Adjuvant (CFA) (DIFCO Laboratories, Detroit,
MI) by means of two syringes connected together by a plastic 3-way
stopcock (Type K-75, Pharmaseal, Toa Alta, Puerto Rico).

Pesticide Administration. Each animal received one dose of

pesticide or other compound equal to one-half of the LD50 (16)
dissolved in 1 ml of corn oil. The pesticide solution was. administered
as a bolus by intragastric feeding tube 24 hr after the first injection
of FO. The animals were fasted during this 24 hr period with water

ad 1lib.

Immunization. For all immunizations, 0.2 ml of a mixture

consisting of equal volumes of FO and CFA were injected subcutan-
eously into each flank. For primary immunizations FO at either

10 mg/ml or 1 mg/ml (final concentration in homogenized mixture)
was used resulting in a dose of either 4 mg or 0.4 mg per hamster.
Booster immunizations consisted of 0.2 ml of FO-CFA mixture
containing 200 pg FO/ml into each flank. The primary immunization
was given 24 hr after the pesticide; boosters were administered at

7 day intervals after the primary immunization.
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Serum preparation. All blood was drawn by cardiac puncture,

allowed to clot 2 hr at room temperature, overnight at +4° and

the serum drawn off after centrifugation. A preimmunization bleeding
was obtained before pesticide administration and thereafter before
each booster immunization.

Immunoglobulin preparation. Serum pooled from several

individual bleedings was fractionated by ammonium sulfate precipita-
tion to give an immunoglobulin preparation substantially free of
serum albumin (which if present in sufficient concentration, would
interfere in the titrations by binding fluorescein non-specifically).
To one volume of serum, 0.58 volumes of saturated ammonium
sulfate (adjusted to pH 8.1 to 8.2 by the addition of concentrated
NH40H) was added rapidly while mixing, at room temperature. The
precipitate was immediately centrifuged at 16,000 X g for 30 min
at 20°C. The supernatant fluid was decanted; the centrifuge tube
was drained for about 5 min to remove as much fluid from the
precipitate as possible and the precipitate was dissolved in i
serum volume of 0.15 M NaCl containing 0.001 M NaN3.
Buffers. 0.15 M NaCl, 0.01 M K,HPO,, 0.005 M KH,PO,,
NaN3 and 0.1 mg/ml, rabbit y-globin (Schwarz/Mann, Orangeburg, NY)

0.001 M

Hepes buffered Hanks (Flow Laboratories, Rockville, MD).

Characterization of the humoral immune response by means of

fluorescence polarization. Immunoglobulin (Ig) equivalent to 10,

30 or 100 pl of serum was diluted in a fluorescence cuvette to 3 ml

with buffer and the blank fluorescence measured by a fluorescence
polarometer (18). Fluorescein (3, 10 or 30 ul of 10'6 M) was added to the
diluted Ig and the solution was mixed with a Pasteur pipette.

After 30 min at room temperature the fluorescence intensities and
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polarizations were measured. Fluorescence parameters for free,
unbounded fluorescein were measured in the presence of normal Ig
only. The data'were treated as described in the Appendix to give
the serum antibody site concentration, the antibody-hapten binding
affinity and the antibody heterogeneity index. Alternatively,

the polarizations themselves can be viewed as a kind of titer
assessing the immune response.

Quantification of the cellular immune response. To assess

the magnitude of the cellular immune response against FO the test
animals were chalienged with 0.1 ml of FO (400 ug/ml in Hepes
buffered Hanks) in one footpad and with the buffer alone in the
contralateral footpad. Twenty-four hours later the response was
quantified in two ways. In the first the immune response was

graded subjectively on the basis of color and swelling on a

scale of 1 through 4 and plotted as an average difference between
experimental and control feet for all animals in the group (usually
5 animals). In the second method (thermometric footpad assay)
thermocouples were attached with adhesive to the test and control
feet and the difference in footpad temperature was measured with the
circuit shown in Figure 8. In some cases the footpads were dissected
after temperature measurement in order to determine the degree of

correlation between temperature and histological findings.

RESULTS
The effect of pesticides on the cellular immune response was
measured by two methods, the first being a visual evaluation of the
intensity of inflammation and swelling of an antigen challenged
footpad as compared to the contralateral pad treated with buffer

alone. Figure 1 shows that by this measurement Dinoseb and
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Parathion markedly depress the response while Resmethrin gives

a large stimulation appearing very early after primary immuniza-
tion. Methotrexate and PCNB appear also to stimulate cellular
immunity but only late in the immune respone. Aroclor, piperonyl
butoxide and mixed pyrethrins have little if any effect. The
second method for evaluating cellular immunity involved a
differential temperature measurement between the antigen-
challenged and control footpads. The results of this thermo-
metric footpad assay were found to correlate positively with
visual evaluation of the degree of inflammation and with patho-
logical findings'in the antigen-challenged footpad tissue.
Results of the thermometric footpad assay are shown in Fig. 2.
Resmethrin as before shows an early, sometimes very large,
stimulation while Methotrexate, PCNB and possibly pyrethrins

give a late stimulation. Both Dinoseb and Parathion are
depressive while the other pesticides show no detectable

effects. The effect of size of the first dose of immunogen is
obviously quite important as shown by Figs. 1 and 2. The smaller
dose (0.4 mg per hamster) resulted in a much larger response than
did the larger dose (4 mg).

Pesticide effects on the humoral response were assessed by
fluorescence polarization measurements after adding fluorescein
to an Ig preparation from serum.  The polarization itself can be
thought of as a titer dependent upon both antibody concentration
and antibody binding affinity. The polarization titers of Fig. 3
show depression by Dinoseb and Parathion and not much effect of
the other pesticides. The effect of size of immunizing dose is

again evident, the smaller dose giving the larger response.
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All examined preimmunization bleedings gave only background polari-
zation vlaues (0.027, the same as in buffer alone).

As mentioned above, polarization is dependent upon both the
antibody concentration and the binding affinity. These two
variables together with a third variable the heterogeneity index
can be segregated by an analysis of the complete titration curve.
The results of these computations are shown in Figs. 4 and 5. 1In
Fig. 4 the quantity Fb,max’ which is equal to the molar concentration
of antibody combining sites in a 300 fold dilution of serum, ‘is
shown for different pesticides during progression of the immune
resporise. A marked depression can be.seen for Dinoseb and
Parathion with only minor differences from controls for the other
pesticides. In Fig. 5 the largest effect on the binding affinity
as measured by the average association constant seems to be pro-
duced by varying the size of immunizing dose. All values of K0

8 9 1 which is a rather small variation.

lay between 10° and 10° 1lmole
The typical appearance of fluorescence polarization titration
curves can be seen in Fig. 6 for piperonyl butoxide at 36 days.
The agreement between experiment and theory is very close (chi2
for these data is 1.19). For the other data shown in Figs. 4 and
5. the values of chi2 varied from 0.23 to 2.2. A third variable,
a, the heterogeneity index was also obtained from the titration
data. The values ranged from 0.7 to 1 and are shown in Table 1
with results of all the computations.
The general physiological state of the animals was monitored
by the change in body weight during the experiments (Fig. 7). Both

Dinoseb and Parathion show a prolonged effect in depressing growth



while Methotrexate and Aroclor give transient depressions. The
high dose of immunogen itself shows a marked depression when com-
pared to the low dose control.

The schematic for the circuit used in the thermometric

footpad assay is shown in Fig. 8.

DISCUSSION

The experimental data obtained shows that a single dose of
orally administered pesticide may exert large, long-lasting
effects on the immune response. The effects observed may be
either stimulation or depression and may be directed selectively
towards either the cellular or hurmoral immune response depending
upon the pesticide.

In this study these effects were monitored by measurement
of several paramefers related to various aspects of the immune
response to a single well-defined immunogen, fluorescein labeled
ovalbumin (FO). The humoral response measured was directed
against fluorescein itself while the cellular response was that
directed against the entire immunogen. The effects observed as
summarized in Table 2 show that the most significant findings
are a marked depression of both the cellular and humoral immune
response by Dinoseb and Parathion and an early and sometimes
very pronounced stimulation of the cellular response by Resmethrin.
The latter effect is of considerable interest in two contexts. First,
Resmethrin when used with another pesticide may exaggerate any
antipesticide reactions in humans or animals exposed to the two
substances together. Secondly, and perhaps more important, the

behavior of Resmethrin may provide an important clue towards



designing potent stimulators of the cellular immune response.
Such materials could be of great value in treating bacterial,
viral and certain neoplastic diseases. The action of Parathion
and Dinoseb are remarkably long lasting and the depression of
the immune response which they evoke could lower resistance to
a variety of infectious diseases. The nature of the effect on
the humoral response is seen to be chiefly on the amount of
antibody produced and not upon its binding affinity. Probably
the type of antibody is unchanged by these pesticides but the
amount is decreased.

The results of this study provide important leads which
should be followed up. First, the immunological effects of
many other pesticides and organics generally should be investi-
gated and secondly, the effects should be studied not only in
the whole animal but also at the level of T-cell and B-cell

activation.
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TABLE 1. Effects of Pesticides on the DImmupe Respons~ as shown by Purameters Pertaining to
Serum Antibody
srici 2
Pesticide Days Py a X
Control 31 0.48 7.1 5.0 0.75 0.9 1.38
" 46 0.45 5.0 0.9 0.77 4.5 1.49
" 52 0.42 3.1 3.8 0.77 6.5 1.78
Control 46 0.40 4.0 2.0 1 0.8 1.06
h 52 0.40 4.0 0.20 0.85 4.7 0.37
Methotrexate 16 0.36 6.2 0.77 0.85 9.9 0.47
" 52 0.42 5.9 0.76 0.77 5.1 1.86
Aroclor 29 0.43 6.4 3.1 0.70 5.4 1.11
* 36 6.44 4.5 3.3 0.72 6.3 0.76
Dinoseb 49 0.42 S.0 2.3 0.93 1.11 1.02
Parathion 42 0.45 5.8 6.6 1.0 0.41 1.41
" 49 0.45 4.4 1.4 0.77 1.3 0.69
PCNB 46 0.42 5.8 1.00 0.87 4.1 2.40
" 52 0.40 8.6 1.15 0.83 4.0 0.42
Pip. Butox 29 0.45 6.4 2.2 0.76 5.0 1.23
" ’ 36 0.45 6.6 5.1 0.77 6.7 1.19
Pyrethrins 46 0.40 5.9 0.67 0.91 2.0 0.35
" 52 0.42 4.7 0.35 0.89 3.5 0.76
Resmethrin 29 0.46 5.8 5.5 0.80 4.7 1.17
" 36 0.47 5.0 10.1 0.83 9.0 1.24

L = 0.4 mg immunogen/hamster

H = 4 mg immunogen/haunster

Pb’ the polarization of bound fluorescein

/9y,

Kg»

the association constant, lmole

a, the heterogenecity index

Fb,max

x% = 100 ¢ (P

polurization

the fluorescence ratio of free to bound

1

» the antibody site concentration in 300 X diluted serum

Pcalc)z' statistical measure of fit between observed and calculated



el

TABLE 2. Summary of Effects of Pesticides on the Immune Response

Cellular Humoral

Pesticide Visual Thermometric | Polarization Antibody Binding

Evaluation Footpad Titer Concentration Affinity
Methotrexate + (late) + (late) 0 0
Aroclov 0 0 0 0
Dinoseb - - - - ¢ to -
Parathion - - - - 0
PCNB + (late) + (late) 0 0 0
Pip. Butox. 0 0 0 0 0
Pyrethrins 0 + (late) 0 0 0 to -
Resmethrin -+ (early) + (early) 0 0 0 to +

—

(-): Depression
(+): Stimulation
(0):

Little or no effect
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Figure 1. Effect of pesticides on the cellular immune response as measured by
visual evaluation on a 1 to 4 scale of the inflammation and swelling of the
footpad challenged with antigen as compared to the contralateral pad chal-
lenged with buffer alone. Animals were treated on day zero with pesticide in
corn 0il or with corn oil alone (control) and immunized with either a low

dose (L) or a high dose (H) of FO as described in Materials and Methods. The
curve of each pesticide must be compared with the appropriate control.
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Figure 2. Effect of pesticides on the cellular immune response as measured by
average values of temperature differences (AT) between the footpad challenged
with antigen and the contralateral pad challenged with buffer alone. Animals
were treated with pesticide in corn 0il or with corn oil alone (control) and
immunized with either a low dose (L) or a high dose (H) of FO as described
under Materials and Methods. Temperature differences were measured with the
circuit of Figure 8.
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Figure 3. Effect of pesticides on the humoral immune response as measured by
polarization titgrs. The polarization of fluorescence was measured 30 min
after adding 1077 M fluorescein to a solution of Ig (equivalent to 100 U1 of
serum) in 3 ml of buffer. The polarization is a function of both antibody
concentration and antibody binding affinity and is synbatic with both of these
variables. Animals were treated on day zero with pesticide in corn 0il or
with corn o0il alone (control) and immunized with either a 1ow dose (L) or a
high dose (H) or FO as described in Materials and Methods.
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Figure 4.
the concentration of serum antibody against fluorescein as a function of time
after primary immunization. The quantity, Fp max is the molar concentration
of antibody combining sites specific for fluorescein present in a 300 fold

dilution of serum. Values of Fy .y were computed from fluorescence polari-

zation measurements, cf. Appendix.
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Figure 5.
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Effect of pesticides on the humoral immune response as measured by
the average association constant (K,) of the serum antibody present against

fluorescein at different times after primary immunization.
were computed from fluorescence polarization measurements, cf. Appendix.
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Figure 6. Typical appearance of fluorescence polarization titration curves
showing polarization, p, as a function of M, the final molar concentration
of fluorescein in the titration cuvette. The data points are for piperonyl
butoxide a; 36 days and the smoott? curves are theoretical for Fp max =
6.74 x 1077 M, =5.13 x 108 M1, a = 0.77, pg = 0.0272, pp = 0.45 and
Q¢/Qp = 6.6. See Appendix for a discussion of these quantities.

20



Control (L) Parathion (L)
Ny
I6F \
N
0 N
Control (L) PCNB (H)
IES" N
g3
0
Control (H) Pip. Butox
~ l6} “-)
P
= 0‘_3__&_“_&_&_@
=4 Methotrexate (H) Pyrethrlns (H)
; '6_
: 5
X s NN N |
0 § g = N N
16l Aroclor (L) | Resmethrin (L)
N
_ Resmethrm \
sf N} | (L) \
o Dinoseb (L) 4 \
2 4q 6 2 4 6
Weeks

Figure 7. Effect of pesticides on body weight as a function of time after
pesticide administration expressed as a percentage change of the initial
weight. Animals were treated with pesticide in corn 0il as indicated or with
corn 0il alone (control) and immunized with either a Tow dose (L) or a high
dose (H) of FO as described in Materials and Methods.
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Figure 8. Schematic of the temperature measurement circuit for the thermo-
metric footpad assay. The amplifiers AD522AD and AD504MH (Analog Devices,
Norwood, Mass) give voltage gains of 100 and 201, respectively. The thermo-
couples Tcy and Tcp were copper constantan (Thermometrics, Northridge, CA).
The output if mainfained between -10 and +10 volts is proportional to AT and
is conveniently read on a digital voltmeter. After a warmup of 15 to 30 min,
the offsets were adjusted by shorting the input and adjusting the 2K potentio-
meter of ICy to give zero volts at the output. The 10K potentiometer of 1C,
does not need routine adjustment but can be set initially to give zero output
after shorting the input to ICp, i.e., the output of ICy.



APPENDIX

In this appendix a brief review of fluorescence polarization
is given together with the necessary equations for interpreting
polarization data and procedures for computing several derived
parameters.

The light emitted from fluorescent solutions is partially
polarized; it consists of a mixture of linearly polarized and
unpolarized light. The origin of this partial polarization and
its implications concerning the kinetic unit éérrying the fluor-
escent moiety can be seen from the following considerations.
Classically, the emission from a single molecule may be regarded
as radiation from a single oscillating dipole. This radiation
has an oscillating electric field parallel to the direction of
oscillation of the dipole and is said to be polarized in the
same direction. If a randomly oriented assembly of molecules
is excited by fully polarized light, their fluorescence is only
"partially" polarized, even if the molecules are prevented from
rotary Brownian motion in solution. For simplicity, assume that
the direction of the absorption and emission oscillators in a
single molecule are the same and that they are rigidly fixed
with respect to the geometric axis of the molecule. Furthermore,
assume the molecule rigidly fixed in position during the interval
between absorption and emission (typically a few nahosec). The
probability of absorption of light is proportional to the square
of the magnitudé of the component of the electric vector of the
exciting light in the direction of the oscillator. If the
absorption and emission oscillators are parallel the emitted light
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will be partially polarized with a degree of polarization, p. This
quantity is defined in terms of intensities, I, polarized either

parallel of perpendicular to the incident electric field.

I -1
For randomly oriented molecules in a rigid medium, the maximum
value of p observed with linearly polarized light is one-half.
If, instead of being rigidly fixed, the molecules are subject to
rotary Brownian motion, the molecular rotation taking place
between the times of absorption and emission may be expected
to result in values of p lying between one-half and zero. The
extent of this rotation is a function of molecular dimensions and
structure, solvent and temperature. Low molecular weight compounds
such as fluorescein will give rise to virtually completely de-
polarized fluorescence; some polarization will be retained as
molecular size increases. Considering two molecules of equal
size, the fluorescence of the more asymmetric rigid structure
will be more highly polarized. .

The essential feature of applying these phenomena to anti-
body hapten binding consists in observing the degree of polariza-
tion and intensity of the fluorescent light when measured
quantities of the hapten and antibody are allowed to interact.
Reaction results in an increase in size of the fluorescent kinetic
unit and in a retardation of the rotary Brownian motion manifested
as an increase in the polarization of fluorescence. From
measurements of polarization the final, derived parameters which
can:be obtained are 1) binding site concentration, 2) an average
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association constant and 3) an index of the heterogeneity of the

binding sites. The general type of reaction assumed is that in

which a fluorescent 1igandm_binds to a receptor &, to
reversibly form a complex :;;.JQ,:

CRFR

Szmbols

a, heterogeneity index

b, subscript indicating "bound"

F, molar concentration of 'q-?

£, subscript indicating "free'"

Fb,max The maximum value of Fb; taken to be equal to the
total molar concentration of receptor sites

M, the total molar concentration of;ﬁ?ip both free
and bound forms (AM in computer program)

P> the polarization of the excess fluorescence, i.e.,
p = (Av - Ah)/(av + Ah), where Av and Ah are the
intensities in arbitrary units of the components
in the excess fluorescence (above that of the
blank) polarized in the vertical and horizontal
directions, respectively

Q, molar fluorescence of a mixture of free and bound

forms of :Ffas they exist in a solution under
observation, i.e., Q = (Av + Ah)/M

Fluorescence polarization and intensity measurements

provide a direct and rapid measure of the bound/free ratio:

F Q P-P
FE = Qf — 1 (3a)
£f % \Pp " P



and
F, Qg - Q
: Q- Q (42)

[

In order to utilize these equations, the constants Qf, Qb’ Pg
and Py, must be determined for a particular system under study.
No problem is posed in finding Qf and P> since these come
directly from a measurement on the labeled component alone.
The determination of Qb and Py however, implies measurements
on a state in which the fluorescent labeled material is completely
bound to its complementary partner. Since complete binding
cannot be realized physically, an extrapolation is involved.
If equilibrium values of p plotted against M are extrapolated
to M = 0, p approaches a limit, p”. Values of p~ for different
antibody concentrations plotted against (p~ - pf) divided by
antibody concentration in any arbitrary convenient units give
Py, as the intercept of a straight line, for classical mass law
(18).

Qe(p”™ - Pg)

QbKFb,max (52)

p’:pb-

This procedure makes it unnecessary to know absolute values of

K beforehand. A similar relationship facilitates the

Fb,max
determination of Qb:
Qf'Q’

Q7= Q + KFE:;;;’ (6a)

In the program given below the measured values of M, P. Q, Pf,

Qf and relative antibody concentrations (AB) with or without

tentative estimates ofAPb and Qb and used in an iterative

computation to derive the final best values of Pb’ Qb, Ko’ a
26 |



and F These computations are based upon achieving a chi

b,max’
square fit of the data to the Sips equation (19,20) which defines
Ff as:
| F ] 1/a
£ K, |Fprmax - Fp (7a)

Substituting M = Fb + Ff into eq. (3a) and rearranging gives:

_ (PeQe - PyQ) Fe + PQUM
P=—(Q, - Q) Fgp+ QN (82)

Inspection of eq. (7a) and (8a) shows that there are five

unknowns, Fb s a, Ko’ Pb and Qb to be evaluated from measured

,max
individual values of P, M and Q, viz. Pi’ Mi and Qi and from the
measured values of Pf and Qf.

In the procedure given below the user may either specify
initial estimates for these unknowns along with measured molarity
and polarization data, or the user can allow the program POLAR
to make the initial estimates. Once initial estimates have been
made for the five parameters, the program proceeds to improve
these estimates in an iterative fashion until a stopping

criterion specified by the user is met. The measure of goodness

to fit to eq. (8a) is a modified chi-square defined by:

2
P.-P_ :
CHISQ = sum (s O:%ilc’l) (9a)

where P is the measured polarization and P is the value com-

calc
puted from eq. (8a) given the current estimates for the five

parameters. The iterative improvement performed by POLAR con-
sists of repeatedly moving away from the current best estimate

of each of the parameters either by a user specified value (if
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Q = molar fluorescence
Using these data, the program proceeds to:

1. Extrapolate each set of P and Q data to a zero molarity
value (called P' and Q') using the subroutine FLAGR which per-
forms Lagrange interpolation. Therefore, for each antibody,
there is P' = P(0) and Q' = Q(0) which are put in the arrays
APE and QPE.

2. Obtain a least squares fit to a straight line by SQRL
which assembles and solves the normal equations to obtain

initial estimates of Pb and Qb:

. C(P' - P,)
P' = slope L - £ } + Pb and
Q' = slope [(Q - Q")
" S

3. Iteratively find initial estimates for F K., and

b,max’ "o

a (renamed in the program: FBMAX, O0K,A).

4. Use the chi-square fit to improve these initial
estimates.
Option 2. The program reads in Pf, Qf, N (= number 6f antibody
concentrations) and RANGE.

Then for each antibody the following data are read:

AB

antibody (scaled)
NP

number of molarities at which P has been measured
followed by NP sets of:
AM = M = molarity

P = polarization
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the user provided the initial estimates) or by 10% of the current
estimate (if POLAR computed the initial estimates), computing

the chi-square value that results and keeping track of the para-
meters that give the smallest chi-squdare value. As the iteration
proceeds, the amount that is being added or subtracted from the
current best estimate is halved as the value of the parameter
nears an optimal value. The iteration continues until all the
parameters satisfy the following test, where RANGE is a value
entered by the user at the onset:

increment
current value

~¢— RANGE for all five parameters (10a)

A\frequently occurring computation in this search for optimal
parameters is the value of Fe.- fhis is accomplished by a root-
finding routine ZEROIN which will find the zero of a function,
given an initial interval in which that root must lie. Equation
(7a) for Ffi is written as follows to avoid the singularity present

when Fbi approaches Fb,max'

(K Fg;)® (Fp,max - AM * Fgg) - AM + Fgy = 0 (11a)
using the fact that molar?g;; AM = ﬁj= ;;i * Fgso 5
The program POLAR operates in two modez{}egghding on thefh
amount of data the user can supply. = q&f‘:g

Option 1. The program reads in P%{;Qf, N (= number of
A
antibody concentrations) and RANGE. Then, for each antibody,/

concentration the following data a;% read:

AB antibody concentration (scaled so smallest is 1)

NP = number of molarities at which p and Q have been measured,
followed by NP sets of:

AM = M = molarity

P = polarization
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The program then reads in initial estimates provided by the
user for the five parameters,

FBMAX, QF/QB (only ratio is important), A, OK, PB,
followed by five values specifying how much the current values
of the parameters are to be varied in optimizing the chi square
fit. If the parameter 1is not to be changed by the program,
then a zero should be entered for the corresponding variance.
Otherwise a good value to use is 10% of the original estimate.
The program proceeds then to improve these initial estimates
using the chi-square criterion. As an aid to the user, a
print out of the entire program with subroutines as well as
of the runs for piperonyl butoxide at 36 days using first

option 1 and then option 2 are given below.
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