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Summary

3 The tritiated muscarinic cholinergic antagonist quinuclidinyl benzilate
([“HIQNB) was used to characterize the muscarinic receptors associated with
membranes prepared from swine tracheal smooth muscle. As Jjudged from recep-
tor-b§nding assays, the membrane homogenate had specific high-agfinity receptors
for [THIQNB. Specific binding was saturable with respect to [ H]QNB3and tissue
concentrations and was time- and pH-dependent. The association of [“HIQNB (180
pM) with the muscarinic receptors reached equilibrium much sooner at 37°C than
25°C (30 min and 2 hrs, respectively). Equi]ibrig? at both temperatures was
attained within 5 min at a high concentration of ["HIQNB, 1800 pM. A1l other
experiments were performed at 37°C. Analysis of binding isotherms yielded an
apparent equilibrium dissociation constant (K.) of 51 + 20 pM and a maximum
recep?yr density (B . ) of 2.17 z 0.27 pmo]e/Bg protein. The Hil1l coeficient
for [“HIQNB bindind'as 1.07 + 0.16. The association (k.) apd dissociation
(k_,) rate constants, were ,determined to be (5.51 + 0.16) 2 10% M1 min-1 and
(1.&1 + 0.18) x 10°° min -, respectively. K, calculated from the ratio of k1
and k . was 26.3 + 3.8 pM, which is in reasonag1e agreement with the value of K
ca]cuT&ted from Scatchard plots of binding isotherms. Fﬁe muscarinic antago-
nists atropine and scopolamine competitively inhibited [ HIQNB binding to the
homogenate, with a Hill coefficient of 0.9 and inhibition constant (K.) of 1.8
mg. Muscarinic agonists and the nicotinic antagonist d-tubocurare Snhibited
[THIQNB binding in micromolar concentrations. The density of muscarinic
receptor binding sites was 10-fold greater in tracheal smooth muscle than in the
epithelia (0.20 + 0.03 pmole/mg protein). Tolerance to daily diisopropylfluoro-
phosphonate (DFP) injection was observed in these animals. The development of
tolerance is parallelled by a 10-fold decrease in muscarinic receptor number
after 10 days of treatment. Treatment in vitro of muscarinic receptors with DFP
had no effect on the receptor density. There was no difference in muscarinic
receptor density between young and old swine tracheal smooth muscles.
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Foreword

L Citations of commercial organizations and trade names in this report dc not
constitute an official Department of the Army endorsement or approval of the
products or services of these organizations.

In conducting the research described in this report, the investigator(s)
adhered to the "Guide for the Care and Use of Laboratory Animals", prepared by
the Committee on Care and Use of Laboratory Animals of the Institute of Labo-
ratory Animal Resources, National Research Council (DHEW Publication No. (NIH)
78-23, Revised 1978).

.,
VD

L e
o

0

e

ljf
2 ]

]
P

LT e
s
a_
a

’




Table of Contents

T]t]e ...... ® 0 069 & 9 09 00 S0 e ® 9 80 00 LIS I I I B B TN I R Y IR T IR B IR RN B IR T R I I TN B Y I B N B B
SUMMAIRYY: % oo skoi o151, 9/6) si/si 10 0w 8l e S L 00000E A OO0 DO DE 0 bOBH B 300 0.00bG 06
Foreword....................'.."'t....'....' ....... * 60 & 00 600 0000000

Tab]e Of ContentS.............o-..............-........................

ImEroaBet i, < v. v vanesddaeiaaaseaaa Siialae B e e el 6 Ml 0 s g T
Matiarials and Methods.. ... s ctiitgecvootonisnaccsosainseoase Py
[ 10 SRR S D PN s S S T c s e PR e s Bl & Tanere e
Future Work....... NPT R iR A e B el e SIDI R, Sk s SR D ele e 6 @l e B e
DASCUSS TOM. oo o o o5 aviine odnos saision S 4 D S e g s SR SRR e

References...I..Il...................'.I.'l.......................O.'l
DASEribukdon LTS, .. cvoiiivebinenuinrs v nery s aonie swes o aes A
Tables and Figures

Table 1: Relative potencies of competitive inhibitors.....eeeevveenne

Table 2: Distribution of muscarinic receptors......ccciveeennennnnss
Table 3: Effect of in vitro DFP on muscarinic receptors..............

Table 4: Effect of in vitro DFP on AChE and muscarinic binding.......
Table 5: Characteristic symptoms after DFP exposure.....cceeeceececess
Figure 1: Tissue concentration and [3H]QNB BT o 0 d v vmssmmsnss
Figure 2: Effect of pH on [SH]QNB binding...........
Figure 3: Time course of [3H]QNB BRI 5 < movise s vininba asdusoesusvns
Figure 4: Kinetics of [3H]QNB B s s0s dndr amaibemrs bessete desne ook
Figure 5: Binding isotherms and Hill coeficient determination.........

Figure 6: Displacement of [3H]QNB by muscarinic agonists and
antagonists..-.. llllll L I B B R Y I BN B U RN B LB BN B BN B B B B B BN R B BN BB BN I BN BN )

P - CRL AR T S S s 6

Page

(o) TS~ TR S |

11
14
15
31
34

17
18
19
20
21
22
23
24
25
26

27




- p 2 " P ) A | 3, 9, " . Y
Ll e L s i e L o TR i gt Rt o i R T g S gk g g e B S S e gl i ol Bl W Bt R et e d -

% Page

Figure 7: Whole blood acetylcholinesterase after subacute DFP
exposure‘....“.“‘.“....‘.“'..................“......... 28

<. Figure 8: Tissue acetylcholinesterase levels after subacute DFP
g SNBOBURG 5 a5 5 P ol P TS SIS O NI AN T & e T TeHATE 29

Figure 9: Binding isotherms before and after in vitro DFP............. 30

v e %
o

(8]
x5,

."h.-.'l.‘n
o e,
e

LAy 3

»
AN

it
rr
.
»




“ L.

s'c'\.‘.

',..l.a.o.l.-;'_h‘

Introduction

The parasympathetic neuroregulation of smooth muscle contraction/tone is
now recognized as an important factor in tracheal function. Bronchoconstriction
can be elicited in dogs by stimulation of the cervical branch vagus nerve
(1,2,3). This effect appears to be mediated through muscarinic cholinergic
receptors, since it can be inhibited by atropine (1). Characterization and
localization of these receptors are of dimportance in wunderstanding how
contractile responses are mediated at the receptor level.

The development of radioactive muscarinic 1ligands with high specific
activity and h1gh affinity receptors has facilitated §hese studies. The
tritiated muscarinic antagonist quinuclidinyl benzilate ([“HJQNB) has been the
most widely used of these ligands for binding assay. With these ligands it has
been possible to determine directly the number and pharmacological
characteristics of muscarinic cholinergic receptors in several organs, including
rat brain (4), guinea pig ileum {(5), and heart (6,7,8,9,10). Furthermore, the
presence of muscarinic receptors in the tracheal smooth muscles of larger
animals such as ferret (11), dog (12), and cow (13) has been reported. However,
there is no or low binding in tracheas of small animals such as guinea pig (13)
and rat (unpublished data from our laboratory).

There is little information regarding the pharmacological characteristics
of the muscarinic cholinergic receptors in swine tracheal smoot: muscle. Swine
have become widely used animal models for biomedical research {29). The primary
utility of swine as animal models is their remarkable anatomic, physiological,
nutritional, and metabolic similarities to humans. Their physiological
functions such as respiratory, renal, and cardiovascular systems are especially
similar to those of humans. Therefore, we have chosen swine to characterize the
properties of muscarinic cholinergic receptors in tracheal smooth muscle.

In this study, we used a ligand binding assay to demonstrate and
characterize a single population of muscarinic cholinergic receptors in the
tracheal smooth muscle. The kinetic properties of the binding and its regional
localization were cemonstrated. The relationships of pharmacological
properties, receptor affinities for agonists and antagonists and density was
studied. We compared the distribution of muscarinic cholinergic receptors in
various regions of swine trachea and compared these data with those for tracheal
smooth muscle from deg (12) and cow (14).

The development of tolerance to the actions of diisopropylfluorophosphonate
(DFP) was also studied; evidence for the development of tolerance is discussed.
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Materials and Methods

Animals and care:

Whole tracheas were obtained from Jackson Packing Co. or from weanling pigs
from a local supplier. Pigs were maintained in the animal care facility and fed
ad 1ibidum.

Injection of Animals:

DFP was prepared to a stock concentration of 10 mg/ml in 4°C normal saline.
The DFP stock was then frozen in 1 or 2 ml aliquots at -70°C. At the time of
injection aliquots were removed from the freezer and rapidly thawed. Weanling
swine (6-10 Kg) were injected intramuscularly in the rump with DFP (10 mg/ml
stock concentration) dissolved in normal saline. Initially LD., was determined
by injection of animals with various amounts of DFP (/Kg) and“waiting 24 hours
to see which animals survived. In general if an animal lived for 2 hours they
would survive. The LD., was determined to be 5-7 mg/Kg. To induce tolerance
development animals wé?% injected with a 2 mg/Kg dose on the first day of
injection and 0.5 mg/Kg dose thereafter., Injections were performed between 9:00
and 10:00 A.M. daily. Since only small volumes of saline (>2 ml) were injected
we did not do vehicle control. Weanling animals were sacrificed (2 hours or 24
hours after the last DFP injection) by severing the spinal column at the base of
the skull utilizing a captive bolt pistol.

Tissue Preparation:

The brain was removed and sliced choronally at the level of the optic
chiasm and the striatum was removed with a wire loop. The duodenal ileum and
vas deferens were also removed. All tissues were prepared similarly to that
described for trachea below. The trachea and other tissues were rapidly excised
and placed in cold oxygenated, balanced salt solution and placed on ice. The
isolated smooth muscle was weighed, placed in 10 volumes of 50 mM Na-K phosphate
buffer (pH 7.4), and homogenized with a polytron (Kinematica GmbH, Switzerland;
setting 10, 2 minutes). The homogenate was centrifuged at 500 x g for 10
minutes; the pellet was discarded and the supernatant was centrifuged at 35,000
x g for 20 minutes to obtain the membrane pellet. The resultant pellet was
suspended in 5 volumes of 50 mM Na-K phosphate buffer (pH 7.4), which made the
psotein concentration of the homogenate 0.3-0.5 mg/ml. This was used for
[“HIQNB binding assay without further processing. The protein concentration was
determined by the method of Lowry et al. (15), using bovine serum albumin as the
standard. The tissue was frozen at -20°C until binding assays were performed.

Muscarinic receptor assay:

The frozen tissue was thawed and homogquzed with a polytron (Ultra-Turrax,
West Germany; setting 6, 1 minute). The [“H]QNB binding assay was performed
according to the method of Yamamura and Snyder (5) with 1ittle modification. In
the standard assay, 0.2 ml of tissue was added to triplicate 10 ml culture test
tubes that contained 1.8 m1 of 50 mM NaxK phosphate buffer (pH 7.4) with varying
concentrations of the labeled ligand, [“H]QNB (38 ci/ mmole, Amersham Co.). The
nonspecific binding assay was performed in the presence of 1 uM atropine (Sigma
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Co.). This mixture was incubated at 37°C for 45 minutes. The reaction was
terminated by rapid filtration under vacuum through Whatman GF/B fiber filters.

The filters had been previously soaked in 0.05% polyethy- leneimine (16) for 5
minutes and rinsed four times with 50 mM Na-K phosphate buffer. After the
reaction mixture was filtered, the filters were washed rapidly four times with 5
ml of chilled 50 mM Na-K phosphate buffer (5°C). Each filter was placed in a
vial containing 5 ml of PCS solution (Amersham Co.) and the radicactivity was
determined by liquid scintillation counting (Tracor Analytic Mark III). ATl
radioactivity values were corrected for specific activity, quenching and
counting efficiency. The amount of specific binding was calculated as the total
binding minus the3binding in the presence of 1 pM atropine. The equilibrium
displacement of [“HIQNB was performed to permit estimation of the potency of
varigus muscarinic antagonists to inhibit QNB binding. A single concentration
of [YHIQNB (100-180 pM)was equilibrated with tissue homogenate in the presence
of various concentrations of cold competing ligand. The ligands used were the
inhibitors d-tubocurare, atropine, scopolamine and the agonists pilocarpine,
carbachol and acetylcholine. In order to eliminate hydrolysis of acetylcholine,
due to the presence of pseudo- and acetyl-cholinesterase in the homogenate,
physostigmine (1 uM) was added.

Kinetic assays:

Kinetic studies were carried out using the same filtration method described
by Murals et al. (12). To determine the association rate constant and time
course. In this assay, 9 ml of membrane homogenate was added fo a 250 ml flask
containing 81 ml of 50 mM Na-K phosphate buffer with [“HIQNB (100 pM).
Nonspecific binding wgs determined in the presence of 1 pM atropine. The
spec1f1c binding of [“H]QNB was determined after various incubation times at
37°C.  In another flask containing the same solution, atropine at a final
concentration of 1 uM was added after 45 minutes of incubation. At timed
intervals, 2-ml aliquots were removed and filtered. The dissociation rate
consSant was determined in a similar way. The tissue was equilibrated with 100
pM ["HIQNB at 37°C for 45 minutes. After equilibration, atropine was added to
the mixture at a final concentration of 1 yM and then at timed intervals, 2 ml
samples were removed and filtered. ATl the assays were performed in triplicate.

Analysis of binding data:

For the ana]ys1s of binding data, it was assumed that the reaction of the
muscarinic ch011 ic receptor (R) with muscarinic agonists, antagonists, or ~—d
the radioligand [ QNB (L) obeyed the law of mass action, and thus: i

kl g
L a: R-w——: LR (1) .‘.._-".;-:
k W
S o
A
where LR is the Tligand-receptor complex formed. At equilibrium (e), the s Q%
dissociation constant (KD) is defined as: NN
Kp = (R)e . (L)e / (LR)e (2)
8
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measured within 4 hr of sacrifice. AChE was assayed by the colorimetric method
of Ellman et al. (21), as modified by Benke et al. (22), using S-acetylthio-
choline iodide as a substrate. The reaction involves the formation of the
colored 5-thio-2-nitrobenzoate anion by the reaction of released thiocholine
with 5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB). The butyrocholinesterase
assay was similar to that for AChE except that butyrylthiocholine iodide was
used as a substrate. Esterases were assayed by adding an aliquot of tissue
homogenate (50-400 ul) or 5-20 ul of whole blood, 20 ul of 1.0 M S-acetylthio-
choline iodide and 100 ul of 0.1 M DTNB to a cuvette containing 2.5 ml of 0.1 M
phosphate buffer (pH 8.0). The absorbance was scanned for at least 10 min using
a spectrophotometer (Gilford Instrument Co.) at 412 nm. The initial absorbance,
as well as a reagent blank absorbance, were subtracted from the final reading.
The activity of AChE was expressed as umole S-acetylthiocholine (or butyrylthio-
choline) iodide hydrolyzed/min/mg protein for tissue or /min/ml of whole blood.
The protein concentration was determined by the method of Lowry et al. (1951),
using bovine serum albumin as the standard.
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Results
Effects of protein concentration and pH on [3ﬂ]QNB binding:

Specific [3H]QNB binding increased 1inear1y3 with increasing tissue
concentrations from 0.01 to 0.7 mg protein in the [“H]QNB concentration range
from 20 to 400 pM §Fig. 1). The data shown in Fig. 1 were obtained in the
presence of 118 pM [YH]QNB. Specific binding remained constant over a pH range
of 7.0 to 8.0 but displayed a small maximum at pH 7.4 (Fig. 2) The binding
assays for the remainder of these studies were conducted with less than 0.7 mg
of protein at pH 7.4.

Determination of equilibrium time:

Binding of [3H]QNB to a crude membrane preparation from swine tracheal
smooth muscle was dependent on time, temperature and pH. To determine thg time
required to reach equilibrium at both 37°C and 25°C, the time courses of [“H]QNB
binding to tqgchea] smooth muscle membrane were examined. Fig. 3 shows that the
binding of [“HJQNB to the homogenate of swine traq?ea] smooth muscle reached
equilibrium much sooner at 37°C than at 25°C at a [“H]QNB concentration of 180
pM. The time to reach equilibrium was about 35 minutes at 37°C and 120 minutes
at 25°C. Half-maximal binding occurred within 9-4 minutes at 37°C and 30
minutes at 25°C. With a higher concentration of [“H]JQNB (1000 pM), equilibrium
was reached within 5 minutes at both temperatures (data not shown)3 Nonspecific
binding was not saturable and increased linearly with increasing [°HJQNB concen-
tration. The equilibrium time point determined at 37°C was therefore chosen for
further experiment throughout this study.

Kinetic constants for [SH]QNB binding:

The specific [3H]QNB binding to swine tracheal smooth muscle membrane
reached equilibrium at 37°C by 35 minutes (Fig. 4A). Kinetic data from Fig. 4A
weresyseglto cglcu1ate a second order forward rq;e constant, Kl’ of (5.51+0.16)
X 10° M * min (Fig. 4B). Dissociation of [“H]JQNB binding was slow with a
half-life of 50 minutes (Fif. 4A). A first order plot of the data of Fig, 4A
shows the dissociation of [“HIQNB to be monophasic (Fig. 4C). The dissociatio
rate,constant (K_.) calculated from the first order plot was (1.41:0,18) X 10~
min ~. Atropine *1 uM) was used as the quenching agent in the determination of
the dissociation rate constant. No other antagonist was used for this purpose.
A K, value of 26.3+3.8 pM, calculated from the ratio of the rate constants
K_ » was not significantly different from the average KD determined by
Sc&tcﬁard analysis of saturation isotherms (next subsection).

Saturability of [H]QNB binding:

The saturability of [3H]QNB binding to swine tracheal smooth muscle
membrane was measg{ed by incubating at 37°C for 45 minutes with varying
concentrations of [THJQNB from 20 to 1500 pM (Fig. 5A). The saturation isotherm
is a vrectangular hyperbola, suggesting that swine tracheal smooth muscle
membrane contains a single population of saturable high affinity muscarinic
cholinergic receptors. There was no evidence of the existence of a §econd
population of saturable binding sites of lower affinity even when the [“H]QNB
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concentration was raised to 2000 pM. @pnspec1fic binding, on the other hand,

increased Tlinearly with increasing [“H]QNB cgncentrat1on up to 2000 pM,
Scatchard plot analysis (17) of spec1f1c bound [YHIQNB (Fig. 5A, inset) gave an
apparent d1ssoc1at1on constant (K,) of 5120 pM (n=9) and a maximal number of
binding sites of 2.1+0.3 pHo]e/mg protein. The correlation coefficients
for the Scatchar@aﬁlots ranged from 0.87 and 0.99 (n=9). A plot of binding data
according to the Hill equation (20) gave a straight line with a Hill coefficient
n ;1.07:0.16, suggesting the absence of cooperative binding interaction (Fig.
5

Pharmacological specificity of [3H]QNB binding:

If specific [3H]QNB binding reflects an interaction with the muscarinic
cholinergic receptors, muscarinic drugs should have significant affinity for the
same binding sites. The pharmacological specificity of binding was measured by
studying the effects of 51 variety of muscarinic antagonists, agonists and
ngnmuscarinic drugs on [“H]QNB binding (Fig. 6). All the drugs displaced

["HIQNB from muscarinic receptors in a dose-dependent manner. Hill coefficients
and inhibition constants (K,) for each competitive 1nteract1on were ca1c§1ated
from competition data (Tabie 1). Half-maximal inhibition ) of [“HIQNB
binding by the muscarinic antagon1sts atropine and scopo1am1ne ég obtained at
nanomolar concentrations. The was 1.8 nM and the Hill c%eff1c1ent was 0.9,
The nicotinic antagonist d- tuBocurare also inhibited [“H]JQNB binding at
micromolar concentrations. The cholinergic agonists such as acetylcholine,
carbachol and pilocarpine were much less effective as inhibitors, exhibiting K's
in the micromolar range. The Hill coefficients were in the 0.5-0.75 range.

Distribution of muscariric cholinergic receptors in swine trachea:

Preliminary experiments were performed to estimate the muscarinic
cholinergic receptor density in homogenates from the epithelia and smooth muscle
of swine trQ§hea When membranes for these regions were prepared, specific
binding of [°HIQNB (115 pM) was higher in the smooth muscle homogenate. The
maximum receptor densities for smooth muscle and epithelia were 2.17+0.27 and
0.20:0.03 pmole/mg protein, respectively (Table 2). Therefore, all the
experiments in this study were performed by using swine tracheal smooth muscle
homogenates which were carefully cleaned of epithelial tissue.

Tolerance development to DFP action:

Pigs were injected daily (at 9:00-10:00 AM) with DFP (2 mg/kg loading dose,
0.5 mg/kg daily thereafter). The pigs initially demonstrated the classical
signs and symptoms of organophosphate poisoning: diarrhea, vomiting,
salivation, muscle tremors and muscle weakness (Table 5). However, after
several days of treatment, these signs and symptoms had either disappeared or
been greatly reduced. This recovery occurred even though the levels of
acetylcholinesterase activity in the tissues and blood were drastically reduced
(Fig, 7 and 8). We have found that a significant recovery of
butyrylcholinesterase occurs in whole blood within 24 hours after the last DFP
injection. This recovery evidently represents the formation of new enzyme and
may help to explain the need for multiple injections of DFP to bring about
tolerance development. Newly synthesized circulating levels of

P
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butyrylcholinesterase could hydrolyze acetylcholine thus removing the primary
stimulus for down-regu]q}ion of muscarinic receptors., Specific binding of the
muscarinic antagonist [“HJQNB in tracheal smooth muscle was greatly reduced
after several days of DFP treatment. For example, in control animals the
maximum specific binding 1in tracheal smooth muscle was approximately 2
pmoles/mg. After 10 days of DFP treatment, the maximum specific binding in
tracheal muscle was reduced by about 10-fold to 0.2 pmole/mg protein. The
affinity was not changed. More recent experiments have illustrated that the
decrease in receptor number observed at day 10 is reached by day 7 of injection.
A decline in receptor occurs from day O to day 7. Thus one possible mechanism
for the development of tolerance to organophosphates is a decrease in muscarinic
receptor number, which results in a decreased sensitivity of the tissue to
acetylcholine. The effects on receptor number cannot be explained by a direct
action of DFP on the receptors. This is illustrated in Fig. 9 and Table 3.
DFP, even at a concentration of 1 mM, had no effect on either B or Kn. Thus
the decrease in receptor number was due to a down-regulation of2¥he regeptors.
In a preliminary observation, after 1 and up to about 3 days of DFP treatment
(i.e., 0.5 mg/kg/day), the affinity of the muscarinic receptor for atropine
decreased. We observed this only indirectly as a curvature in the nonspecific
portion of the binding isotherms. We are now performing experiments to
determine whether this change is real or is some artifact of the conditions
under which the binding study was performed. Table 4 demonstrates that tracheal
epithelium also has muscarinic receptors. These are at much lower density than
3 those in muscle. Therefors, it is important to remove the epithelium if a good
3 estimate of tracheal muscle muscarinic receptor density is to be made. o
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Future Work

Nerve agents:

We are now ready to utilize the agents soman, sarin and tabun. We will be
formally requesting the shipment of the agents soon.

Muscle contraction:

We have set up the muscle contraction apparatus and will be performing
experiments analogous to those performed in the binding study. We will be
measuring dose-response relationships for acetylcholine, carbachol and histamine
in control and tolerant animals,

Electrophysiology:

The electrophysiological portions of the experiments were to be performed
late in Year 2 and Year 3. However, we have begun to work out the techniques
for enzymatic dispersion of smooth muscle cells. We are going to attempt to
grow these cells in culture.




Lt e e § Y i Bia h - AR, (5 R G Y it . LR PRCTT AL, & L oy i B Pl i b o

Discussion

The contraction of tracheal and bronchial smooth muscle is predominantly
under parasympathetic control. Following administration of atropine, tracheal
and bronchial smooth muscles relax (1). In this study, we have characterized
the muscarinic cholinergic receptors of swine tracheal smooth muscle. Our
findings demonstrate the existence of a single population of muscarinic
cholinergic receptors in this tissue.

%
E

[3H]QNB binding was wused to 1identify and characterize muscarinic
cholinergic receptors on tracheal smooth muscle. The tracheal preparation
consisted mainly of smooth muscle and was found to have specific, saturable,
high affinity muscarinic cholinergic binding sites. Scatchard analysis of
binding data indicated a K, of 51:20 pM and B of 2.1:0.3 pmol/mg protein,
The binding characteristics were similar to tho8%of the muscarinic cholinergic
receptors described for the rat brain (4,5,25), heart (6,7,8,9,10}, ileum (5},
smooth muscles of the lower esophageal sphincter (23), pylorus (24), and dog
trachea (12). Thus, the muscarinic cholinergic receptors consist from swine
trachea of a single population of saturable binding sites, have greater affinity
for muscarinic antagonists than for agonists, and display appropriate
pharmacological specificity. The rostral to caudal gradient of muscarinic
receptors in tracheal smooth muscle, known to exist in other animals, was not
examined in this study.

Williams and Lefkowitz (26) have emphasized that the interagtion of ligand
with receptor occurs rapidly. The half-time for association of [“H]JQNB with the
homogenate of swine tracheal smooth muscle was estimated to be 3-4 minutes,
determined at 37°C. The equilibrium K. of 26.3+3.8 pM as determined by kinetic
experiments was not significantly different from the K, determined from our
saturation experiments (51220 pM). This indicates thaP the assumption of a
simple bimolecular reaction is probably valid. Oissociation was very slow, with
a half-life of 50 minutes at 37°C.

In comparison, the maximum density of muscarinic cholinergic receptors in
the swine tracheal smooth muscle (2.17:0.27 pmol/mg protein) agreed well with
the data (2.805+0.309 pmoles/mg) from Cheng and Townley (14) and was five times
the number (0.410 + 0.034 pmol/mg protein) obtained from dog whole tracheal
smooth muscle (12).

A1l the muscarinic drugs displaced [3H]QNB binding in a dose-dependent
manner. In general, muscarinic antagonists had an apparent K. in the nanomolar
range, whereas ngnists had a K.s in the micromolar range] The Hill coef-
ficients from [“H]QNB Binding data were 1.07:¢0.16 and 0.9 for muscarinic
antagonists displacing [“HJQNB binding, as expected for an interaction between
two muscarinic antagonists competing for a homogenous class of non-interacting
binding sites on the muscle. The muscarinic agonists, however, gave Hill
coefficients of 0.5-0.75. Birdsall et al. (27) and more recently Schimerlik and
Searles (28) and Halvorsen and Nathanson (29) have suggested that Hill coeffi-
cients for agonists that are significantly less than 1.0 arise from hetero-
geneity in the affinity of the muscarinic cholinergic receptor population for
these compounds.
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In conclusion, our experiments demonstrate that ligand binding assays are
an effective means of directly measuring parameters of receptor occupancy in
homogenates of isolated swine tracheal smq?th muscle. The swine tracheal smooth
4 muscle exhibits high-affinity, specific [“H]JQNB binding. This binding has been
characterized by displacement analysis to have properties consistent with
muscarinic cholinergic receptors.

The organophosphate DFP causes signs and symptoms in the swine consistent
with muscarinic overstimulation. These symptoms decrease with time until only
some tremor and muscle weakness is observed., The decrease in signs and symptoms
ijs parallelled in tracheal muscle by a 10-fold decrease in the density of
receptors. This decrease in receptor number no doubt plays a role in the
decrease in signs and symptoms observed. This decrease is not due to any direct
actions of DFP, since even at 1 mM, the organophosphate did not alter receptor
binding in vitro.
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TABLE 1. Relative potencies of drugs as competitive ingibitors of [3H]QNB
binding in tracheal smooth muscle homogenate.

Drug I, (M) K, () Hill Coefficient

Atropine 5.o3x1o:g 1.80X10:3 0.91

Scopolamine 4.70X10_¢ 1.74X10_¢ 0.90

Acetylcholine 6.24x107¢ 2.24x1077 0.51 L
Carbachol 2.17X10 ¢ 0.78X10¢ 0.60 o
Pilocarpine 1.47X10_¢ 0.53X10”¢ 0.75 L
Tubocurarine 3.76X10 1.79X10 0.59 e

dMembrane homogenates (0.054 mg of protein) were incubated with 100 pM [3H]QNB e ‘ﬁ
bfor 45 minutes at 37°C. 3 x4
Molar concentration of drug which inhibited 50% of the specific [PH]QNB

binding. The ICg values were determined from a log-probit plot of data like

that in Fig. 6. 9a1ues are the means of two experiments, each point done in

triplicate. Range for all of the values is less than 20%.

Incubations also contained 1 uM physostigmine to prevent hydrolysis of L4
acetylcholine.

--------------------------------------------------------
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TABLE 2. Comparison og myscarinic receptor densities in tracheal tissue

homogenates.

g b
Tissue Bmax (pmol/mg) KD(pM) n
Smooth muscle 2.17 + 0.27 51 + 20 9
Smooth muscle +

epithelium 1.27 + 0.38 51 + 30 3
Epithelium 0.20 + 0.03 67 + 20 3

gData shown are means = S.D.

Experiment number.
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TABLE 3. Effect of DFP on [°H]-QNB binding in vitro.?

Treatment Bmax (pmo1/mg) KD (pM)

Contro] 1.113 + 0.029° 131 + 41
1 mM DFP 0.937 + 0.165 93 + 33
500 uM DFP 1.166 £ 0.330 106 + 29
100 uM DFP 1.470 + 0.366 101 + 33
10 uM DFP 1.259 + 0.295 98 + 8

dIntact trachea were treated with various concentrations of DFP at 37°C for 20
minutes. Preparation of homogenate and receptor binding assay follcwed our
standard methods. The data were expressed as means + S.D.

Mean t standard error of the mean. 3-5 experiments.
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TABLE 4. Comparison of receptor changes and inhibition of cholinesterases after
in vitro treatment with 1 mM DFP.

Tissue Treatment B K AChES BuChed
(pmoTPfig) (pH) {umoT/min/mg)

sMd + gD Control 1.646 86 0.00721 0.000586
1 mM DFP 1.552 91 0 0

SM Control 2.360 9 0.00477 G.000530
1 mM DEP 2.658 100 0 0

E Contro) 0.202 83 0.00192 0.000431
1 mM DFP 0.191 140 0 0

mean of 3-5 determinations

37racheal smooth muscle :
Tracheal epithelium -
dAcetylcholinesterase FRrRY
Butyrylcholinesterase
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TABLE 5. Characteristics of DFP exposurea,

o
DFP oK
%-
e
*
Speed of action +40 tﬁ
Diarrhea, vomiting P it
oK
Tremor PO o
oA
Weakness ++
Shock +
Salivaticn 444
Bronchoconstriction ++

These symptoms occur within 4 hours after an injection of 2-3 mg/kg.

bThe rating system is based on + being lowest and ++++ being highest.
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& Specific binding of [JH]QNB as a function of tissue concentration. Various |

amounts of smooth muscle membrane were incubated at 33°§ for 45 minutes in 2.0
1 HJQNB. The relationship
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m f Na-K phosphate buffer (pH 7.4) with 118 pM [
petween protein concentration and binding was linear in this range. Data presen-
ted from a single experiment.
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FIGURE 2 L4
Specific binding of [3H]QNB asja function of pH. Tracheal smooth musg1e \_.,
homogenate was added to 100 pM [“H]JQNB in 2.0 ml of Na-K phosphate buffer {pH ._E;.
6-8) at 37°C for 45 minutes. This pH range does not greatly affect specific
binding. A1l remaining binding assays were performed at pH 7.4, Data presented W
for one experiment.
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FIGURE 3

me courses of [3H]QNB binding. [3H]QNB (180 pM) binding was measured at 37°C
d 25°C with membrane prepared from tracheal syooth muscle (0.044 mg/mi). Data
own are the averages of specifically bound [“HJQNB (pmole/mg) from triplicate
terminations, all performed with one preparation of homogenate.
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FIGURE 4

A: Time courses for specific binding and dissociation of [3H]QNB on membrane
prepared from tracheal smooth muscle. The data shown are the average from one
representative experiment done in triplicate.

B: Kinetic plot for specific ["H]JQNB binding. Data in Fig. 4A from 0 to 30
minutes were used to determine the association rate constant (k,). Data are
presented as a second order replot of the data in Fig. 4A accordiﬁb to equation

3.
e LR, [LT-(LR : LRe/RT)]

Lr (LR, - LR)
Note: L, = [3H]QNB concentration; RT = Bm o LR, specific binding at time t;
LRe, speJific binding at equilibrium. it
Cé Kinetic plot for determining the dissociation rate constant (k_;) of
[H]QNB binding. The data of Figure 4A were replotted in a first order mode
according to equation 4. LR=specific binding at time T. LR,=specific binding
at time 0. These data are from single r%%resentative experiments.
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FIGURE 5

A: Determination of the equilibrium dissociation constant for [3H]QNB binding.
Data were expressed as the average values of triplicate determinations in one

representative experiment. Inset: Scatchard plot of saturation binding
isotherm. The X intercept of a least squares fit to the Scatchard plot is a
measure of B and the slope is -1/K,. These data are from a single

experiment. T4 mean +S.D. for the equilibrium dissociation constant (K.) from
experiments was 51+20 pM; maximal number of binding sites (B__ ) and tRe Hill

<(:oeff)"icient were, 2.1720.27 pmoles/mg protein and nH=1.07t0".'q.€, respectively
n=9).

B: Hill plot of specific [3H]QNB binding according to the Hill equation with a
Hi1l coefficient of 1.17. These data are from a single representative
experiment. 26
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FIGURE 6

Inhibition of specjfic [3H]QNB binding to tracheal smooth muscle homogenate by
various drugs. [“HJQNB concentration was 100 pM. Tissue concentration was
0.054 mg/ml. The K. value for each drug, calculated from equation 10, is shown
in Table 1. The Tines are drawn by eye. The data are from representative 4
experiments. N
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FIGURE 7
The decrease in whole blood AChE activity with daily DFP treatment. Levels -
dropped after 1 day of treatment to about 25% of control. The meanstS.D. are 2
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FIGURE 8

Effect of daily treatment with DFP on AChE levels in tissue homogenates. AChE
levels decreased to about 16% of control, and remained at this level for the
duration of the injection protocol. The mean data are shown for 3-5 animals.

Standard deviations are not shown for clarity.
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FIGURL 9

A: Binding isotherm in control tracheal muscte.
B: Binding isotherm from tracheal muscle treated in vitro with 1 mM DFP. No

effect on Kp or Bmax occurs. The points are the means £ 5.D. for 3-5 experiments.
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