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{ These differences have significant implications for effects of direct cholinergic agonists
' and compounds, e.g. anticholinesterase, which act as indirect agonists by increasing

" acetylcholine levels in brain and other ti;;%g§<si

) The results of experiments using the afftichdlinesterase, DFP, showed that a

N significant effect of chronic depression in acetylcholinesterase (AChE) activity is
_ disinhibition of acetylcholine (ACh)- evoked release from presynaptic neurons,

) elevating ACh levels in brain. When viewed within the general context of knowledge

about adaptive processes within the cholinergic system, these results suggest that the
elevated ACh levels could initiate processes involved in a significant downregulation of
mAChRs that is maintained during the continued decrease in AChE activity induced by the
anticholinesterase. The modulation of mAChRs has been shown to occur concomitantly with
adaptive changes in behavioral and physiological functions of the total, integrated
organism. .
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? The results of the present experiments have relevance for the wide variety of
} situations in which individuals or groups are exposed occupationally or adventitiously

. 'to organophosphous anticholinesterase compounds. -
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%
L SUMMARY

The present research program was designed to expand existing
knowledge about behavioral and neurochemical adaptation during
chronic exposure to chemicals which affect the cholinergic
Y neurotransmitter system and also about effects of abrupt

Y withdrawal from such exposure. During the first year of the
&z project, experiments were completed involving three different
I types of chemical agent: an anticholinesterase, DFP; a

" cholinergic agonist, oxotremorine; and two oxotremorine

i mustards, BM 123 and BM 130. The studies were of four major
ﬁ kinds: pharmacological, neurochemical, behavioral and

Ao physiological. The extensive nature of the results obtained
?‘ permit, reference in an abstract to only a few major findings.

The general pharmacological investigations were directed

. primarily toward the mustard analogs of oxotremorine and used in

vitro and in vivo assays. The two compounds, BM 123 and BM 130,

$ were found to have similar properties, differing mainly in their

R chemical kinetics in aqueous solution and in their potency. Both
as. central and peripheral muscarinic effects of relatively short
{

duration were observed after intravenous injection and were
followed by a long-lasting resistance to cholinomimetic agents.
- When the two compounds were allowed to cyclize before injection,

it only peripheral effects were noted. All these effects were

Iy prevented by premedication with atropine. Studies of specificity
%: for binding to muscarinic receptors (mAChRs) found BM 123 to be
- 175-fold and BM 130, 8-fold more selective than the cholinergic
e agonist, carbachol. .

L

N Neurochemical studies also focused primarily on the

0 oxotremorine mustards, using both in vitro and in vivo

preparations. Incubation of tissue homogenates with various
concentrations of BM 123 and BM 130 caused an irreversible and
persistent inhibition of [3H]QNB binding. The kinetics of this
AN binding was examined in detail. Other binding experiments showed

W that it is possible to alkylate the different agonist states of
aﬂ mAChR selectively with BM 123, A multiple dose regimen for acute
e administration in vivo was developed which occluded total mAChR
" in various brain areas and in heart by 907 or more. The time

o course of reappearance of receptors following this regimen was

A similar in the brain regions, with a half-time of 26 hr. The

o effects of chronic administration of BM 123 were to produce

o dramatic differences in recovery rates following withdrawal:

e heart recovered most rapidly, then longitudinal muscle, with

brain the slowest. A major experiment with DFP, using the
- myenteric plexus preparation, gave results which suggest that
- pre- as well as postsynaptic mAChRs are downregulated during
) chronic exposure, the effects being adaptive in the case of

oy postsynaptic changes (e.g., as reflected in deve}opment of

L tolerance) and non-adaptive at the presynaptic site.

1$ Behavioral and physiological studies were carried out in

Ty three series of experiments using the four chemical agents

z (BM 130, BM 123, DFP, and oxotremorine) and an extensive battery
L
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%ﬁ of assays. Intravenous injections of BM 130 were followed by
ﬁﬁ central and peripheral signs which were consistent with those
ﬁ@ produced by cholinergic agonists, e.g., oxotremorine. Acute

effects of short duration were seen in core body temperature
- (hypothermia) and in nociception (hypoalgesia). There were no

;wa acute effects on learned behaviors, conditioned avoidance and
;ﬂt fixed ratio responding, which were under control of two quite
Q different types of reinforcement. Observations of prolonged
?E effects were consistent with the hypothesis that acute effects of
* BM 130 are followed by sustained resistance to cholinergic
P agonists -- e.g., responding to oxotremorine challenges was
@" suppressed -- and that the protection involves central
N mechanisms. Comparisons of the effects of BM 123 and
I oxotremorine confirmed these observations, i.e., that the mustard
»@Q form produces a sustained change in receptor-mediated events

which would be expected from an irreversible ligand. More
detailed results suggest widely differing sensitivity of

S different neural circuits to interference by BM 123, differences
:‘5 that could be due to the stabilizing effect of neural feedback

N loops or to the presence of a large receptor reserve at some

s sites. Results from the third series of experiments, designed to
f@ study effects of abrupt withdrawal following chronic treatment

with DFP, are still undergoing detailed analyses. Some
preliminary observations are given in the body of the report.
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FOREWORD

In conducting the research described in this report, the
investigators adhered to the '"Guide for the Care and Use of
Laboratory Animals,' prepared by the Committee on the Care and
Use of Laboratory Animals of the Institute of Laboratory Animal
Resources, National Research Council (DHEW Publication No. (NIH)

78-23, Revised 1978).

Citations of commercial organizations and trade names in
this report do not constitute an official Department of the Army
endorsement or approval of the products or services of these
organizations.
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1. STATEMENT OF THE PROBLEM

Defense against the possibility that military personnel and
sectors of the general population may be exposed to chemicals
which affect the cholinergic neurotran<mitter system depends upon
an understanding of the plasticity of the system to chronic low
level exposure as well as acute exposure. The proposed research
is aimed at expanding present knowledge about behavioral and
neurochemical adaptation to these agents and to withdrawal from
chronic exposure. The major drug groups to be studied are
organophosphate and carbamate anticholinesterases (anti-ChEs),
muscarinic agonists and antagonists and inhibitors of high
affinity transport of choline, the process believed to be
rate-limiting in acetylcholine (ACh) synthesis. A series of
neurochemical and behavioral probes will be used to establish the
time course and mechanisms of tolerance development, including
cross-tolerance or sensitization to challenge doses of other
agents. The proposed program, by clarifying the mechanisms of
action of compounds affecting the cholinergic system, can provide
a rationale for the design and development of drugs of preventive
and therapeutic value and regimens for their most effective use.
Such knowledge may also be expected to help alleviate conditions
underlying pathological states involving malfunction of the
cholinergic system.

2. BACKGROUND
2.1 CHOLINERGIC MECHANISMS IN ADAPTIVE PROCESSES

There is ample evidence to implicate cholinergic mechanisms
in a wide variety of adaptive processes in living organisms as
changes occur in their internal and external environments. Such
processes are evident both neurochemically and behaviorally;
concomitant variations between the two suggest that they are
related and that the latter is a consequence of varic_ions in the
former, i.e., that the cholinergic system provides substrates for
behavior (l1). The integrated actions of the neurochemical and
behavioral systems provide the plasticity which characterizes the
adaptive processes. The systems concept of living organisms
proposes that adaptation normally occurs within the limits of
such plasticity (2). When limits are exceeded, malfunctions
occur, as in cases of spontaneous states of neuropsychiatric
disturbance and of perturbations caused by exposure to chemical
agents.

Among the adaptive processes are two which are functions of
repeated or chronic exposure to a drug or chemical agent:
tolerance and withdrawal rebound. The course of these processes
can be studied (a) by measuring changes in neurochemical or
behavioral variables at various times during chronic exposure or
(b) by measuring effects on such variables of 'challenges" by
other drugs or agents. By concurrent measurement of
neurochemical and behavioral variables, hypotheses about
relations between the two can be tested. Other hypotheses about
the order of such relations, i.e., which is the antecedent and
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which the consequent, can be studied by direct manipulation of
one class of variable while measuring the other. All of these
logical approaches have been used in studying tolerance and can
be as readily applied to the investigation of withdrawal
phenomena. In the present research program, manipulation of the
cholinergic system provides the independent variable; measures of
concomitant neurochemical physiological and behavioral effects,
the dependent variables.

2.2 MANIPULATING THE CHOLINERGIC SYSTEM EXPERIMENTALLY

Cholinergic function may be altered experimentally at
several points, although agents acting at any one of these are :
seldom specific, and generally act also at others.

Inhibition of high affinity Ch transport. Hemicholinium
(intraventricularly) both depletes and inhibits synthesis of ACh
and produces characteristic behavioral effects. Inhibition of
synthesis has also been demonstrated in isolated and perfused
preparations (3,4) and in synaptosomes, where the inhibition of
incorporation of labeled pyruvate and labeled Ch into ACh has
been shown to be linearly related (5). Hemicholinium has been
shown to be an extremely potent inhibitor of high affinity
choline transport, to which the depletion and inhibition of
synthesis are usually ascribed. Many compounds apparently behave
as poor substrates of the high affinity carrier (6) and may be
acetylated in intact tissues or synaptosomes. Some of the
acetylated compounds are released under stimulation and therefore
behave as false transmitters (7), which have been used to analyze
the nature of the coupling between transport and acetylation (6)
and the kinetics of synthesis, turnover and release (8).

Interference with supply of Acetyl-CoA. This interference
may be accomplished by hypoxia (9), glucose restriction,
inhibition of pyruvate transport (10) or inhibition of pyruvate
dehydrogenase (11). Any of these measures will also interfere
with metabolic processes of all cells. It may be significant,
however, that pathological states involving any of these steps
may produce effects referable to cholinergic hypofunction (12),
and hence may be susceptible to therapeutic amelioration based on
this mechanism. If the supply of acetyl-CoA is subject to
regulatory control, this point of potential pharmacological
attack remains to be exploited.

Inhibition of choline acetyltransferase (CAT). CAT
inhibitors are clearly a potentially interesting class of
compounds, and a number of potent inhibitors of this enzyme have
been reported (13), some of which are quite specific and have
very little effect upon cholinesterases. Two of these
(naphthylvinylpyridine and 3'-chlorostilbazole) have been
investigated pharmacologically in some detail (14), and these
studies have led to the important conclusion that CAT could not
be rate-limiting, since levels and turnover of ACh in rat and
mouse brain were essentially unaffected at the expected doses,
despite the fact that brain concentrations of one of the
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‘kq inhibitors reached levels up to 100 times the in vitro I.,. A

ot different type of CAT inhibitor has recently been Hescriggd (15)
%ﬁ‘ which is more water-soluble and therefore less likely to be
S protein bound than earlier inhibitors.
{;@ Interference with release of ACh. The mechanisms of release
?%x and the factors controlling it are still not well understood.

:ﬁﬁ The literature is complicated by the fact that the rate of

By release in vivo and in many preparations in vitro may be

' influenced not only by a direct effect on the release mechanism
Ty but by indirect actions involving other modulators or even
gy neuronal loops. The most logical way to resolve most of these
o ambiguities is by parallel studies on several experimental models
e of graded complexity.
hy *
e Interference with the inactivation of ACh. For ACh to be
I effective as a neurotransmitter, it must be released within time
WX limits required for the normal response characteristics of the
,ig biological units upon which it acts and then be removed.

N Acetylcholinesterase (AChE) is responsible for hydrolyzing ACh

which is released from the nerve terminal. Assays by gas

i chromatography-mass spectrometry GCMS (16) of homogenates from
L whole brain or from brain regions of rats have shown that ACh is
50 [elevated] after acute injection of the anti-ChE, diisoprophyl

$ flourophosphonate (DFP), and remains so throughout a period of

ot chronic administration (17). By leading to accumulation of

g endogenous ACh at its receptor sites, the anti-ChE produces
effects which are due to excessive stimulation of the receptors;
i.e., the anti-ChE acts as an indirect agonist.

%& Effects at cholinergic receptors. Many classical agents are
the known which exert agonist or antagonist effects at cholinergic
s:” receptors, some of which are well known, extremely potent and

. commonly used both experimentally and clinically. The
K oxotremorine analogs used in the present study are unique in
A several respects; they are not only exceedingly potent but
S relatively specific for the tral nervous system (CNS), and

; ; y Sp ; centra y :
jﬁ.' include partial agonists and irreversible ligands.
oo Among these several possibilities, the present research

0 program is focused on the last two.
ﬁg' 2.3 ANTICHOLINESTERASES
4 ..'
%g Anti-ChE agents have received much attention from

. researchers and the general public because of their extensive
ﬁq applications as toxic agents, particularly in the form of
5% agricultural insecticides. Reports of human occupational or

ﬁ% adventitious exposures describe general symptoms which include:
:ﬁ\ loss of discrimination performance, difficulty in concentration
¢ﬁi and expressing thoughts, confusion, disorientation, and signs of
s anxiety and depression. Early experiments (1) using animal

— models concluded that exposure to anti-ChEs produced differential
I:Q effects on behavior, some behavior patterns being affected and
w@ others not. Behaviors affected involved the extinction of old
:if‘;:
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L responses which were no longer appropriate in coping with new

e environmental demands. Dose-effect data revealed a critical

.gﬁ- brain AChE activity level at about 457 of normal, below which the
e behavior was significantly affected. These behaviors were

" considerably more sensitive to effects of anti-ChEs than were

o other pathological signs. Such observations have been replicated
ﬁ{ in many more recent studies of a variety of anti-ChE agents,

Ny using different routes of entry and more sophisticated behavioral
L analyses. Improved techniques for neurochemical analyses of

(3 2

effects of anti-ChE agents on the cholinergic system have been
applied in the investigation of relations between neurochemical

§

o and behavioral variables. The search for mechanisms of action
ckﬁ involved in the development of behavioral tolerance to chronic
Y decreases in AChE activity illustrates the direction in which

gﬁx research is now proceeding (18).

o Observations involving both human subjects and animal models
oD show that tolerance develops during chronic exposure to ChE

%# inhibitors. Traditionally tolerance has been defined in terms of
W three major characteristics: an acute change in the criterion
.Q{ variable, a diminution in the effect with repeated administration
. of a fixed dose, and reinstatement of the original effect by an

. ¥ increase in dose. To these may be added the fact that tolerant
T subjects react quite differently than non-tolerant subjects to

A challenges by other chemical agents. Results of investigations
P of chronic exposures to anti-ChE compounds with different

oo chemical structures have been sufficiently similar to warrant a

~ general summary of their effects. Early parasympathomimetic

" signs of reduced ChE activity decrease with chronicity of

he treatment and disappear even as the enzyme activity continues to
é* be depressed, as evidenced in serum, red blood cells and brain.
) Measurements of a wide variety of innate and acquired behaviors
ﬁ$ have shown that the same chronic treatment leads to differential
by effects; i.e., some behaviors show tolerance and others do not.
wf For those variables that do develop tolerance, there are limits
1 when exposures are sufficiently high to exceed the plasticity of
NS the system and to prodice gross pathological signs and in-

e capacitation. Below these limits, magnitude of acute effects and
s duration of exposure (before tolerance is complete) are dose

foas dependent (19). Studies in which subjects who have recovered to

’ pretreatment behavioral baselines have been '"challenged" with
o other agents make it clear that there may remain long-lasting
z* biochemical effects in the absence of overt symptoms.

Several hypotheses have been proposed about the
neurochemical mechanism(s) of action underlying tolerance
development to anti-ChE agents. Among those eliminated after
tests of their validity are: non-specific metabolic changes,
end-product inhibition of ACh synthesis, and neurochemical
redundancy with activity shunted into another, non-cholinergic
pathway (20). The possibility that reduction in AChE activity
could induce changes at presynaptic subcellular levels has been

L X2
s
R &S

LR ok 3
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Tk studied using in vitro and in vivo preparations. The in vitro
e studies have involved the use of techniques for subcellular

fractionation and for integrated GCMS to measure endogenous and
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N tracer variants of Ch and ACh in synaptosomes prepared from the
Ll brains of rats at various stages of tolerance development (21).
N No statistically significant differences were found among
& treatment groups in the total concentration of ACh or Ch, the
~ synthesis of ACh, or the high affinity transport of Ch. In the
458 in vivo studies, rats at the same stages of tolerance were given
e pulse intravenous injections of [?H,]-Ch 1 min before death by
YA microwave irradiation of the head. "Homogenates from the whole

e brain or from regions were assayed by GCMS. Significant in-
T creases (157 above control values) in total brain ACh were seen

‘ 4-48 hr after an acute injection and after 1-22 days of chronic
AN administration. Total brain Ch did not vary concomitantly with
Q}- the development of tolerance: levels were significantly

AT decreased for 2-24 hr and were significantly greater than control
B\ values 10 and 2Z days after chronic administration. No changes

E were seen in ACh synthesis or Ch uptake, indicating that the

1 behavioral tolerance could not be due to end-product inhibition.
Yo Psychopharma- cological evidence suggested that the more probable
}ﬁ mechanism(s) of tolerance to anti-ChE compounds might involve
e changes in muscarinic receptors. Direct evidence was first
e obtained by Schiller (22) and has now come from several other

- investigators (23, 24, 25) that postsynaptic mAChRs are indeed
Qé' involved: tolerance development is associated with a decrease in
:iﬁ numbers of postsynaptic mAChRs.
-;E 2.4 CHOLINERGIC AND ANTI-CHOLINERGIC AGENTS
1
= Tolerance has been shown to develop during chronic
e administration of such agonists as oxotremorine. The studies are
90 limited in number and in the variety of behaviors measured.

o Early experimentation showed tolerance developing to tremorine,
hﬁg but found no cross-tolerance to oxotremorine (26, 27). Later
é‘- investigations observed acute tolerance development in as little
i as a few hours during treatments of 1-3 doses of pilocarpine,
‘f_ tremorine and oxotremorine (28, 29). Curves for such measures as
¥ salivation, tremor, hypothermia and motor coordination are

ﬁg reported to shift in parallel to the right on chronic exposure to
ﬁ? oxotremorine, with no significant differences in amounts of

Lo receptor or its affinity (30). A more recent report in which

< chronic oxotremorine treatment was administered via an indwelling
" i.v. cannula describes both development of tolerance and changes
‘e in cholinergic neurochemistry (31). The former was observed in
o such symptoms as salivation, lacrimation and tremor and in

o5e measures of hypothermia and rotarod performance; concomitant

2 changes, i.e., a decrease in number of mAChRs, occurred in some,
e but not all, of the aspects of brain cholinergic function
Lugtn, studied. The authors of this report stated that behavioral
;b' tolerance seemed develop before significant alterations in
&g‘ Quinuclidinyl Benzilate (QNB) binding or CAT activity occurred.
e This cbservation suggests the possible involvement of additional
fv’ mechanisms in the development of tolerance to oxotremorine.
’ Similar observations have been made in cross-sectional studies of
T mAChR changes accompanying development of behavioral tolerance to
S the indirect agonist, DFP (22). More recent studies of ACh
P levels and dynamics in rat brain have led to the conclusion that,
i;:
-
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under conditions of increased levels of ACh, it is not
implausible that adaptive changes in receptor concentrations
could result at both pre- and postsynaptic sites (17). The
present limited state of knowledge about tolerance to cholinergic
agonists and the mechanisms underlying this tolerance has led to
the design of the present experiments, which will (a) expand
information about the extent of susceptible behavior and (b)
investigate presynaptic events, i.e., ACh synthesis and release,
which may result from effects of chronically elevated levels of
cholinergic function mediated via autoreceptors.

Effects on behavior of healthy human volunteers of exposure
to anticholinergics have led to the concept of a "central
anticholinergic syndrome (32).'" Symptoms described have include
hallucinations, confusion, incoherence, impaired memory and
disorientation. Effects on behavior of acute administration of
anticholinergics were observed in a number of experimental
studies using animal models. As with drugs generally, the nature
of the effects has been shown to be dependent upon the behavior
(task) measured, and the efficacy with which they are acquired;
i.e., effects are differential, not behaviors affecting all
behaviors indiscriminately (18, 33). It is also the case that
particular behaviors may be affected similarly by both
cholinergic and anticholinergic agents (34). Relatively few
experimental studies of behavioral effects of chronic
administration of anticholinergic agents have appeared.
Tolerance to the belladonna drugs occurs in man to a limited
extent, e.g., patients with Parkinsonism may eventually receive
daily doses of atropine or scopolamine that, if given to the
uninitiated, would result in poisoning. That adaptation
(tolerance) to repeated doses of anticholinergics can also occur
in normal human subjects has been demonstrated experimentally
(35). Limitations on research with such subjects has required
the focusing of attention on animal models. Reports of
diminished responsivity on a passive avoidance task to a second
administration of scopolamine suggest that tolerance to such
agents could develop rapidly during chronic exposure.
Experiments involving longer periods of chronic treatment have
reported the occurence of tolerance development in a variety of
behaviors including locomotor activity, exploratory behavior,
several schedules of operant responding, conditioned avoidance
behavior, visual discrimination, maze performance, and behavior
under conditions requiring multiple schedule responding. Early
studies of tolerance indicated that neurochemical changes could
take place without readily recognizable overt signs. In such
instances the possibility that adaption had occured could be
tested by 'challenging' the system with another cholinergic or
anticholinergic agent. For example, following a chronic regimen
of scopolamine, administration of pilocarpine produced a
supersensitivity of the hypothermic response (36). It is also
significant that adaption to chronic scopolamine may include
changes primarily of a behavioral rather than
neuropharmacological origin, 'behaviorally augmented" tolerance
(37, 38). For example, administration of scopolamine before a
trial prevents complete learning; after a learning trial it
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) appears to interfere with neither learning nor performance and
:h} allows the development of tolerance to pretreatment levels of
"yt behavior.

2.5 OXOTREMORINE ANALOGS

m

5: Although for purposes of comparison, the present research
kf; program will study tolerance development as it is evidenced in
gﬂ effects of chronic administration of certain of the well-known
!‘ \

cholinergic and anti-cholinergic agents, special interest is in a
ae: series of oxotremorine analogs which are not generally available
oy for research. These compounds (synthesized by Richard Dahlbom,

?5 Bjorn Ringdahl and their colleagues at the University of Uppsala,
rﬁ Sweden) (39) vary from strong-to-partial agonists to strong
hid antagonists. Research in collaboration with Dahlbom has

- proceeded to the point where behavioral as well as

o neuropharmacological experiments are feasible and have begun.

T These compounds provide means of manipulating the function of the
Sk cholinergic system which have significant advantages. For
Kx example, the study of structure-activity relations is possible,
3 ¥ using molecules which are basically similar but differ in
il particulars deliberately chosen prior to their synthesis. The
CF availability of both tertiary and quaternary forms enables

S comparisons between peripheral and central effects without major
8y intervention in the integrity of the organism via

$ cerebroventricular or other routes. As with all new compounds,
it is necessary to study their effects in vitro and in vivo, at

e subcellular, cellular and tissue levels and, finally, on
e physiological and behavioral assays.
a0
tu
g:, 3. APPROACH TO THE PROBLEM
K.
2? The general strategy used in approaching the problem is
based upon the concept of the "integrated organism." To cope

! with their ever-changing environments, living organisms depend
T upon interactions among all their basic properties:
SN morphological, biochemical, electrophysiological and behavioral.
*3 Changes in any one of these may be reflected in changes in one or
N more of the others. When chemical agents enter the body through
L1 any route, their effects must be regarded as ultimate
e consequences of physiochemical interactions between the agent and
) functionally important molecules in the organism. Such

N interactions begin a series of effects which may have, as an end
§§b point, significant consequences for behavior, for the capability
J5Y of the organism to make normal adjustments to the demands of its
e environment,

Based upon this general concept, the present research

b program undertakes a coordinated approach in which investigators
) with special capabilities range from organic chemists with the

/ skills to synthesize chemical compounds of a desired structure to

me psychopharmacologists with expertise in the measurement of

T behavior. They include neurochemists, neuropharmacologists and
L ) specialists in electronics. By coordinating such knowledge and
3

o

3

4
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i

g& skills, it is possible to study a particular compound throughout
?? its entire course of action.

» Putting this general approach to work, several specific
oy hypotheses were tested during the first year of the program. As
:51 discussed above, the independent variable in each of these has
“S consisted of pharmacological manipulations of the cholinergic
ﬁﬂ system. Three different types of chemical agents were used: an
ﬁh anti-ChE, DFP; a cholinergic agonist, oxotremorine; and two

b oxotremorine mustards, BM 123 and BM 130. The inclusion of soman
A was delayed by the renovation of the laboratory to meet the
‘4 requirements of the Facility Security and Safety Plan, but
Yy preparations have been made to enter it into the ongoing program
ﬁﬁ in June 1984. The dependent variables measured are described in
) detail below. Effects of acute and chronic administration of the
: agents and their abrupt withdrawal were measured.
® 4. METHODS AND RESULTS
Lo
ﬁs The paragraphs that follow report results of research during
b the first year of the contract. During that period the full
o range of capabilities of our laboratories were involved. This
:i¥ included: synthesis of new organic compounds, study of the
K formation and decomposition of their biologically active forms,
o< determination of their neurochemical and pharmacological
L properties and assays of their behavioral and physiological

o effects. The compounds involved have promise for use in

" "protection' against exposure to antiAChE agents, incurred

s adventitiously or occupationally. The first year's research

e program also included experiments designed to study effects of
5¢ the antiChE, DFP.

bl The following presentation is organized in two major

v sections, each with several subsections. The major sections

. indicate the primary thrusts of the overall research program:

Y ""Neurochemical and Pharmacological Studies"; ''Behavioral and
db Physiological Studies'". The subdivisions indicate more

K specifically the particular directions for experimentation during
q; Year 1. It is important to understand that, within our overall
A plan, studies reported in both major sections were integrated in
' a manner which maximized the transfer of information among
! experiments. The section, "Neurochemical and Pharmacological

1y Studies", reports results of a series of in vivo and in vitro

;. experiments designed to determine the pharmacological

o characteristics of two mustard anaolgs of oxotremorine and their
. possible effects in providing long-lasting resistance to
oo ("protection' against) both direct and indirect cholinergic
:gQ agonists (e.g., anticholinesterases). This section also
\ summarizes results of other in vivo and in vitro experiments
.% concerned with vital steps in the mechanism(s) of action of the
N oxotremorine analogs, i.e., the formation and decomposition of

» aziridinium ions; their effects on the binding properties of

- muscarinic receptors in brain, heart and muscle tissues. The

R second major section, ''Behavioral and Physiological Studies",

ﬁ? present results relating these neurochemical and pharmacological
!.’—"‘

u
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2 processes to the capabilities of the total, integrated organism
s to maintain or to regain it normal functioning during
g‘* manipulation of its cholinergic system. The capability to adapt
o to such manipulation is essential if the organism is to survive
and to cope with the requirements of the physical and
psychosocial environments within which it must operate.

e
o0
{5 4.1 NEUROCHEMICAL AND PHARMACOLOGICAL STUDIES
')
e 4.1.1 Synthesis of BM 123, BM 130 and their hydrolysis products
?g” The chemical structures and transformation pathways of
uﬁd BM 123 and BM 130 are shown in Figure 1. Compound III,
b0 N-[4-(2-hydroxyethylmethylamino)-2-butynyl]-2-pyrrolidone, was
*M prepared as described by Sterk et al. (40) and purified by vacuum
* distillation; b.p. 169 °C (0.015 mm Hg). BM 123,
. N-[4-(2-chloroethylmethylamino)-2-butynyl]-2-pyrrolidone
AL hydrochloride, was obtained from Compound III as previously
WY described (40) in 487 yield. After recrystallization from an
il ethanol-ether mixture it had m.p. 140-142 °C in agreement with
o the reported m.p. of 142 °C (40).
if Compound IV, N-[4-(2-hydroxymethylpyrrolidino)-2-butynyl]-
g?: 2-pyrrolidone, was prepared throcugh the Mannich reaction from
DA N-(2-propynyl)-2-pyrrolidone, 2-hydroxymethylpyrrolidine,
Y paraformaldehyde and a catalytic amount of cuprous chloride
N according to a method previously described (41); b.p. 174 °C
s (0.8 mm Hg), yield 547. Anal. Calculated for C,4H, N,O,:
. C 66.07; H 8.53; N 11.85. Found C 65.82; H 8.407 £°1%.7%6.
ﬁg BM 130, N-[4-(2-chloromethylpyrrolidino)-2-butynyl]-2-
b pyrrolidone hydrochloride was prepared by adding a solution of
-~ Compound IV (0.009 mol) in anhydrous chloroform (50 ml) to a
! solution of thionyl chloride (0.025 mol) in anhydrous chloroform
= (20 ml). The reaction mixture was stirred at room temperature
i for 2 hr and was then refluxed for 2 hr. After cooling, the
’k*ﬁ solvent and the excess of thionyl chloride were removed under
Ay reduced pressure. The residue, a viscous dark oil, was dissolved
< in ethanol and boiled with activated charcoal. After filtration
hag on celite, the solution was concentrated in vacuum, some ether
- added and the crystalline product recrystallized from an
W ethanol-ether mixture; m.p. 122-123 °C, yield 53%7. Anal.
o Calculated for C;,H;oN,Cl0°HCl: C 53.62; H 6.92; Cl 24.35;
e N 9.62. Found: -¢ 39.%5; u 7.20; C1 24.10; N 9.30.
1‘ v
?%_ Compound V, N-[4-(3-hydroxypiperidino)-2-butynyl]-2-
s pyrrolidone, was synthesized by the Mannich reaction from
ﬁﬁ N-(2-propynyl)-2-pyrrolidone, 3-hydroxypiperidine and
ﬁ¢' paraformaldehyde as previously described (17); b.p. 179 °C
e (0.05 mm Hg), yield 607%.
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Chemical structures of some oxotremorine analogues

BM 123 and BM 13Q are transformed in aqueous solution at neutral pH

to the aziridinium ions I and II, respectively. These are then

hydrolysed to the aminoalcohols III-V.
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4.1.2 Methods

(1) Formation and decomposition of aziridinium ions

The method used to quantitate aziridinium ions was based on
that of Gill and Rang (42). A 2.0 mM solution of BM 123 or
BM 130 in 30 mM sodium-potassium phosphate buffer (pH 7.0) was
kept at constant temperature (23 or 37 °C) and aliquots (5 ml)
were removed at various times. The cyclization was stopped by
the addition of 0.2 N acetic acid (1 ml). Then 0.5 ml of 0.05 N
sodium thiosulfate was added. After 20 min, residual thiosulfate
was estimated by titration with standardized potassium triiodide
(0.01 N). A starch indicator was used to determine the end
point.

Chloride ion released during the cyclization was measured by
argentometric titration according to the method of Kolthoff and
Stenger (43).

Rate constants were estimated by fitting kinetic models to
the data by an unweighted Gauss-Newton nonlinear regression
routine programmed on a Hewlett Packard Model 67 calculator;k t
Chloride release data were fitted to the equation » =1 - e 1,
where ) is the molar proportion of chloride released, k, is the
apparent first order rate constant for the cyclization }eaction
and t is time. The concentration of aziridinium ions as a
function of time was fitted to the equation

kl -klt -kzt
9 = EE—:-EI (e - e )

where @ is the molar ratio of aziridinium ion concentration to
starting concentration of the parent compound, and k, and k, are
the rate constants for the formation and decay of th% aziriainium
ion, respectively. Apparent rate constants (k ) for chloride
release from BM 130 were estimatgd oyer the pBPRange 5.2 - 7.6
by fitting the equation ) = l-e “app  to data (a,t) over thime
range 0 - 90 min. The resulting estimates of k at each pH
were then used as input for a regression analysigpaccording to
the equation

k)

app
1 + 10¢PK; - pH)

where k1 is the rate constant for chloride release from the free
base of "BM 130 and K_ is the acid dissociation constant of
BM 130. This analysis provides estimates of pKa and kl'

e s 0 OO0 AN A » ran n P - - -
"‘."u'-‘» ?‘; .‘ AN Ji&:‘\‘p l" l"-*u"'n‘t.:‘f "'A'a"! Al ?& O, !h“"‘e’!"‘; ) ‘.‘l.“! ﬁ\“ !a‘.i- . .I 1 "!‘ {m




LE - 17 -
R

]
wﬁj (2) 1Isolated guinea pig ileum
win!
Ji A standard guinea pig ileum preparation was set up at 37 °C
e in Tyrode's solution (NaCl 137 mM, NaHCO, 12 mM, glucose 5 mM,
" KCL 2.7 mM, MgSO, 1 mM, NaH,PO, 0.4 mM afd CaCl, 1.8 mM; pH 7.4)
‘igh . . 4
$ as previously deécrlbed (44
v'..
0 The muscarinic activity of BM 123 and BM 130 at different
%@‘ times after their dissolution (as 2 mM solutions) in 30 mM

b sodium-potassium phosphate buffer (pH 7.0) of room temperature
e, was estimated by recording cumulative dose-response curves at
dodg intervals over a period of 12 hr. Three different preparations
S were used for each of these experiments. Potencies at each time
g{: point were expressed relative to that of oxotremorine-M used as a
SN standard agonist. At the time of maximal muscarinic activity,

dose-response curves to BM 123 and BM 130 were also obtained in
‘ the presence of methylatropine (20 nM) and hexamethonium
Wy (0.3 mM).

o Separate experiments were performed to examine the effects
WX of prolonged exposure of the ileum to BM 123, BM 130 and

?5‘ oxotremorine-M. For these experiments, BM 123 and BM 130 were
L cyclized as 2 mM solutions in 50 mM sodium-potassium phosphate
A buffer (pH 7.4) at room temperature for 60 and 15 min,

o respectively, when the concentration of aziridinium ions was near
2 maximal. Control responses to oxotremorine-M, oxotremorine and
3*1 BM 5 (see below under Drugs) were obtained. The tissue was then
¢ exposed to BM 123 (2yM or 20 yM) or BM 130 (5 yM or 20 M) for 30

min., All concentrations of BM 123 and BM 130 quoted in this

{j study are those of the parent mustards. After the exposure, the
$¥$ tissue was washed with Tyrode's solution for 60 or 90 min.

o Sodium thiosulfate (0.1 mM) was always included in the Tyrode's
[{-1 solution during the first 15 min of the wash period in order to
R destroy any remaining aziridinium ions. Dose-response curves to
— oxotremorine-M were then obtained at intervals for the next 2.5
;; to 3.5 hr. Percent receptor occupancy (p) by BM 123 or BM 130
3% was calculated from the ratio of equiactive concentrations of

{& oxotremorine-M at different times after the wash period and
3 before the 30 min exposure (dose ratio) using the relationship 1
v (45)

(Dose ratio - 1) x 100

- _
;m% P Dose ratio (1)
ahts

*ﬁ‘ Tests for recovery of responses to oxotremorine and BM 5 were
R performed 2 hr after the exposure to BM 123 or BM 130. Receptor

e protection experiments were carried out with methylatropine
(20 nM) which was allowed to equilibrate with the tissue for

N 30 min before the addition of BM 123 or BM 130. In control
o experiments, the ileum was exposed to oxotremorine-M (2 M and
tpﬁ 20 yM) for 30 min. Tests for recovery from desensitization and

for subsequent changes in sensitivity of the ileum as a function
of time were performed at 15 min intervals for 4.5 hr using
oxotremorine-M.
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Antagonists (Compounds IV and V) were tested against
carbachol and were allowed to equilibrate with the preparation
for 10 min. Tests for competitive antagonism were performed
according to the procedure of Arunlakshana and Schild (46).

(3) Frog rectus abdominis

A standard frog rectus abdominis (Rana pipiens) preparation
(47) was set up at 20 °C in aerated Clark-Ringer solution (NaCl
110 mM, NaHCO, 2.4 mM, glucose 10 mM, KCl 1.89 mM, Naii,PO
0.08 mM and CACl, 1.08 mM; pH 7.4). The tissue was alfowéd to
rest for 1 hr be%ore being stimulated with carbachol until
constant responses were obtained. The preparation was exposed to
each drug concentration for 5 min. Responses were expressed as a
percentage of the maximal response to carbachol. BM 130 was
cyclized for 15 min in a 2 mM solution in 50 mM sodium-potassium
phosphate buffer (pH 7.4). BM 123 was cyclized for 1 hr as a
20 mM solution in 100 mM sodium-potassium phosphate buffer
(pH 7.4) because of the high concentrations required to record
dose-response curves in this preparation.

(4) Muscarinic receptor binding assays

Muscarinic receptor binding assays were run on segments of
the guinea pig ileum that had been exposed to BM 123 and BM 130
for 30 min so that a comparison could be made between the
estimates of receptor alkylation determined by [3H]ligand binding
methods and by application of equation 1 as described above. For
these experiments, solutions (2 mM) of BM 123 and BM 130 in 50 mM
sodium-potassium phosphate buffer (pH 7.4) were incubated at room
temperature for 60 and 15 min, respectively, to allow formation
of the aziridinium ions. The solutions were put on ice and used
immediately. Segments (2.5 - 3.5 cm) of the guinea pig ileum
were preincubated in Tyrode's solution at 37 °C gassed with 957
0, and 57 CO, for 15 - 30 min. An aliquot of BM 123 or BM 130
wgs added, a&d the tissue was incubated for an additional 30 min.
The incubation was stopped by transferring the ileum to fresh
Tyrode's solution containing 1.0 mM thiosulfate. The tissue was
washed for 60 min, during which time, it was transferred to fresh
Tyrode's solution every 20 min. Next, the ileum was mounted on a
1 ml pipet and the outer longitudinal muscle layer was gently
rubbed off with a cotton swab. The longitudinal muscle was then
minced with scissors and homogenized with a Potter Elvehjem glass
homogenizer with teflon pestle in 50 mM sodium-potassium
phosphate buffer (pH 7.4) to a concentration representing 10 mg
original wet tissue weight/ml phosphate buffer. The tissue was
rehomogenized with the Polytron (Brinkman) at setting #5 for
20 sec and filtered through three layers of cheese cloth. The
homogenates were washed twice by centrifugation at 27,000 x g for
10 min followed by resuspension in fresh 50 mM sodium-potassium
phosphate buffer (pH 7.4) with the final homogenate concentration
being 4.0 mg original wet tissue weight/ml phosphate buffer.
This homogenate was assayed subsequently for the binding of
[3H] (-)3-quinuclidinyl benzilate ([3H](-)QNB).

......
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0
é&: In another series of experiments, homogenates of the
oy longitudinal muscle of the guinea pig ileum were incubated with
gi BM 123 and BM 130 to determine what effect this would have on the

binding of the specific muscarinic antagonist,
[3H]N-methylscopolamine ([3H]JNMS). For these experiments,

33 solutions (2 mM) of BM 123 and BM 130 were incubated at 37 °C for
Ade 40 and 5 min, respectively, to allow formation of the aziridinium
%ﬁ ions. The longitudinal muscle was removed from the guinea pig

i ileum and homogenized in 50 mM phosphate buffer to a

‘ concentration of 25 mg original wet tissue weight /ml phosphate
buffer as described above. Aliquots (2 ml) of the homogenate
were added to small tubes and preincubated at 37 °C for 10 min in

=

g

'kg a shaking water bath. Next, BM 123 or BM 130 was added to each
%3 tube at a final concentration of 10 uM, and the tubes were

oL, incubated for an additional 20 min. The reaction was stopped

o immediately by addition of atropine (0.1 mM) and thiosulfate

- (1.0 mM). The homogenates were washed 5 times by centrifugation
% at 27,000 x g for 10 min followed by resugpension in 3 ml of

8 pgosphate buffered saline (PBS; 181 mM Na , 100 mM C1 , 9.5 mM

o K', 50 mM PO,, pH 7.4). After the first centrifugation, the

Iﬁa homogenates were resuspended in PBS containing thiosulfate

io (1.0 mM). After the second, third, and fourth centrifugations,

* the homogenates were incubated for 5, 10, and 20 min,

o respectively, to allow time for the dissociation of atropine that
gﬂ might have been bound tightly to muscarinic receptors. After the
ki~ fifth centrifugation, the pellets were frozen immediately at

hé -20 °C and thawed the next day for assay of [3H]NMS binding. The
o pellets were resuspended with a Potter Elvehjem homogenizer to a
w concentration representing 1.25 mg original wet tissue weight/ml
y 50 mM sodium-potassium phosphate buffer.

B

nﬁ The specific binding of [3H](-)QNB was measured according to
o the rapid filtration method of Yamamura and Snyder (48), and the
s binding of [3H]NMS was measured by the centrifugation method

w; described by Birdsall et al. (49). The following modifications
gv of the assays were made. Aliquots (0.5 ml) of ileal homogenate
AN were incubated with [3H]ligand in a final volume of 2 ml

\p containing 50 mM sodium-potassium phosphate buffer (pH 7.4). The
Wy incubation of tissue with [3H](-)QNB lasted 60 min at 37 °C, and
e that for [3H]NMS lasted 30 min at 30 °C. The incubation with

" [3H]NMS was terminated by centrifugation at 27,000 x g for

o 10 min. Nonspecific binding for both [3H]ligands was defined as
,*} the amount of radioactivity measured in the presence of 10 .M

a* atropine. The binding data for [3H]NMS were calculated assuming
R that both enantiomers of racemic [*H]NMS bound nonspecifically to
e the same extent but that only the (-)enantiomer contributed to

ﬁg specific binding. Protein was measured by the Lowry method (50)
;?t using bovine serum albumin as the standard.

»

:E (5) Drugs

L)

@' Oxotremorine sesquioxalate (51), oxotremorine-M (52),

jm oxotremorine methiodide (53), and BM 5, N-methyl-N-(4-pyrrolidino
et -l-methyl-2-butynyl)-acetamide oxalate (54) were prepared as

,§” previously described. Other drugs and their sources were the

)
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k A following: carbamylcholine chloride (Aldrich Chemical Co.,

» Milwaukee, Wisc.), hexamethonium chloride and methylatropine

$ bromide (K & K Laboratories, Plainview, NY), [3H](-)QNB

L (40.2 Ci/mmole) and [3H]NMS (84.8 Ci/mmole) (New England Nuclear
" Corporation, Boston, Mass.).

4. _‘\,\

;ﬁf 4.1.3 Formation and decomposition of aziridinium ions

Y The cyclization of BM 123 and BM 130 in phosphate buffer

A (pH 7.0) was monitored by measurement of chloride ion release and
o~ by utilizing the quantitative reaction of the formed aziridinium
ﬁ# ions with thiosulfate. The latter reaction was also used to

&ﬁ follow the hydrolysis of the aziridinium ions. Figure 2 shows
mﬂ the time course for the liberation of chloride ion and for the
e formation and decay of the aziridinium ion from BM 123 at 37 °C.
et The rate constant for the cyc}}zation of BM 123, as @fasured by
- chloride release, was 1.14 hr ~ at 37 °C and 0.16 hr =~ at 23 °C.
3& The rate constants for the decay of the aziridinium ion I were
L) 1.98 and 0.56 hr ~, respectively, at 37 °C and 23 °C. The

- ! aziridinium ion concentration reached its maximum after 40 min at
§@§ 37 °C (287) and after 150 min at 23 °C (187).

L)

{: Figure 3 illustrates the time course of chloride ion release
Al and of aziridinium ion formation from BM 130 at 37 °C. The rate
ﬁv: constant for the cyclizatjon of BM 130, as measuyed from chloride
[}

) ion release, was 63.6 hr = at 37 °C and 10.9 hr =~ at 23 °C. The
B> time course of the decay at 37 °C of the aziridinium ion derived
* from BM_}3O also is shown in Fig. 3. Rate constants of 0.75 and

. 0.18 hr =, respectively, were obtained at 37 °C and 23 °C. The
R aziridinium ion concentration reached its maximum after 5 min at i
:'# 37 °C (847) and after 20 min at 23 °C (77%).
W :
}tﬁ We also studied the effect of pH on the rate of cyclization '
e of BM 130 at 23 °C (Fig. 4). The rate of chloride release
r: increased with pH up to pH 7.0 but did not increase much beyond ‘
Nﬁ this. The apparent rate constant for chloride release was in
! excellent agreement with the theoretical equation derived from
sh the assumption that only the free base cyclizes under these
f‘ conditions. Regression analysis yielded an estimated pK_ value
e of 6.37_gnd a first order rate constant for the free bas€ of
. 14.2 hr
I' LY
;iz 4.1.4 Identification of the hydrolysis products of BM 130
L]
;F' The hydrolysis of the aziridinium ion II may give rise to
*f two isomeric amino-alcohols IV and V (Fig. 1). In order to
: determine the relative amounts of these, BM 130 (25 mg) was
b dissolved in 5 ml of 50 mM sodium-potassium phosphate buffer
.\§ (pH 7.4) and the solution was left at room temperature for 48 hr.
o The solution was then made faintly alkaline by the addition of
- 1 N NaOH and extracted with dichloromethane (2 x 10 ml). The
e organic phase was dried over K,CO,. To 1 ml of the
O dichloromethane solution was aadea 0.1 ml of bis(trimethylsilyl)-
.mu trifluoroacetamide (BSTFA) reagent (Regis Chemical Co., Morton
)

QA Grove, I1l.) and the solution was heated in a closed tube at
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,,.'4. Fig. 2 Chloride release (®) and aziridinium ion formation and decay

At (o) from BM 123 at pH 7.0 and 37 °C
)

The ordinate shows concentrations of the ions as percentages of the
Xl maxiomum of 1 Eq/mole of BM 123. Ion concentrations were determined

as described in Materials and Methods and are mean values of 3
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separate experiments. The standard errors of the concentrations were
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always less than 2 percentage units.
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Fig. 3 Chloride release (®) and aziridinium ion formation and decay

(O) from BM 130 at pH 7.0 and 37 °C

For details see Fig. 2,
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Fig. 4 pH Dependency of chloride release frowm BM 130
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Chloride release was measured in phosphate buffer (pH 5.2 - 7.6) and

in water (initial pH 3.5) at 23 °C as described in Materials and

-
~

Methods. Data are from single experiments (pH 3.5 and 5.2) or from 2

Il

separate experiments (pH 6.2, 6.9 and 7.6).
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o 60 °C for 1 hr. A volume of 1 yl of this solution was injected
e to a Hewlett Packard 5840A Gas Chromatograph equipped with a

;}: flame ionization detector. A silanized glass column (2 m x 2 mm
S i.d.) containing 100/120 mesh Supelcoport coated with 57 QF-1
. (Supelco Inc., Bellefonte, Penns.) was used. The column

ol temperature was maintained at 200 °C. Injection port and

e detector temperatures were 225 °C. Two sharp peaks were observed
4S (retention times 7.51 and 8.78 min) with relative areas of 5:3.
‘{b Samples of Compounds IV and V derivatized as above gave single

peaks and retention times of 7.50 and 8.75 min, respectively. A
sample containing equimolar amounts of Compounds IV and V after

ot derivatization gave two peaks with retention times of 7.50 and
e 8.75 min and relative areas 1:1. Therefore, both amino-alcohols
,53 are formed from BM 130 but Compound IV is the more abundant

ff* product. In addition to hydrolysis, aziridinium ions in

i phosphate buffer also are subject to nucleophilic attack by

- phosphate anion. Thus a phosphate adduct has been shown to be a
o decomposition product of propyl- benzilylcholine mustard in

s phosphate buffer (53). The extent of formation of such an adduct
i&j from BM 123 and BM 130 is not known.

>

{1' 4.1.5 Muscle contractile response: muscarinic

‘?ﬁ: BM 123 and BM 130 were potent stimulants of the guinea pig

ileum. The contractile responses elicited by the two compounds
resembled those of oxotremorine-M and oxotremorine methiodide
N (Fig. 5). The muscarinic activity of solutions of BM 123 and
i BM 130 in phosphate buffer (pH 7.0) varied greatly with time
after dissolution. For BM 123, maximal muscarinic activity was
observed with a solution kept at room temperature for 2-4 hr,

.~:L‘

Lt
A A
P

oL whereas solutions of BM 130 showed maximal activity 15-60 min
,}5 after dissolution (Fig. 6). The short exposure (about 1.5 min)
oy of the ileum to the low concentrations of BM 123 and BM 130

- required to record dose-response curves did not alter the muscle
r{, responses to oxotremorine-M, i.e. no alkylation of the receptors
e was detected under these conditions. Therefore, BM 123 and
L~ BM 130 were bioassayed against oxotremorine-M. Relative
e potencies of BM 123 and BM 130 were obtained at the time of peak
b%b activity. The results are summarized in Table 1 and Fig. 5 which
Rt also include oxotremorine methiodide and carbachol,
o Methylatropine (20 nM) increased the ED 0 values of BM 123 and
v BM 130 28-30 fold, whereas hexamethoniu% (0.3 mM) was without

ﬁ§ effect.

3

=~ The muscarinic activity of solutions of BM 123 and BM 130 in
" phosphate buffer (pH 7.0) over a time period of 12 hr closely
St paralleled the aziridinium ion concentration as determined by
'}; thiosulfate consumption (Fig. 6). Forty-eight hours after

o dissolution, no aziridinium ion was detected in solutions of

o7 BM 123 and BM 130. At this time, solutions of BM 123 still
> showed weak muscarinic activity (less than 17 of the maximal

activity), whereas solutions of BM 130 did not exhibit such
activity. Treatment of a solution of BM 123 which had been kept
at room temperature and pH 7.0 for 3 hr, and which therefore had
maximal muscarinic activity (Fig. 6), with sodium thiosulfate
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g 0 Fig. 5 Dose-response curves in the isolated guinea pig ileum and in the frog

( ;
f;::' rectus abdominis muscle of oxotremorine-M (@), BM 123 (M),
t

carbachol (), BM 130 (A) and oxotremorine methiodide (A)

-L: Responses are expressed as a percentage of the maximum contraction
)

,‘:“ . elicited by oxotremorine-M (guinea pig ileum) or carbachol (frog

rectus). Vertical bars show standard error.
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PERCENT OF MAXIMAL MUSCARINIC
ACTIVITY OR AZIRIDINIUM ION
CONCENTRATION

1 ! 1 1 1

—
o] 2 4 6 8 10 12
HOURS AFTER DISSOLUTION

Correlation of muscarinic activity and aziridinium ion concentration

in solutions of BM 123 and BM 130

The solutions were kept in phosphate buffer at pH 7.0 and 23 °C. The
muscarinic activity (®) and the aziridinium ion concentration (O)
in the solhtion of BM 123 are expressed in terms of the muscarinic
activity and the aziridinium ion concentration of a sample taken at

3 hr. For the solution of BM 130, the muscarinic activity (A) and

the aziridinium ion concentration (A ) are given relative to those of

a sample withdrawn at 20 win. Vertical bars show standard error of

3-4 experiments.



Aq TABLE 1

Muscarinic and nicotinic activity of some oxotremorine analogues

)

f%" The muscarinic and nicotinic activities are expressed as equipotent molar
;zg ratios (EPMR) * standard error relative to oxotremorine-M. The number of
o preparations used is given in parenthesis.

Wa, ED50 Frog rectus
N Isolated guinea Frog rectus
k Compound pig ileum EPMR abdominis EPMR ED5 Guinea pig ileum

0

BM 123 1.4

1+

0.12 (6) 30.2 * 2.4 (&) 6590

1+

0.58 (6) 4.9

I+

3” BM 130 5.6 0.79 (4) 270

I+

2.0 (4) 5.0

1+

o Oxotremorine 19.1 0.42 (4) 81
A

. Methiodide

Carbachol 3.9

i+

0.30 (5) 0.48

1+

0.04 (4) 36

Oxotremorine~-M 1.0 1.0 288
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N (0.1 mM for 15 min) almost completely abolished the muscarinic
; response. Since this solution had liberated only 407 of the

3
{, theoretical amount of chloride (data not shown), it still
AX contained about 607 of the original concentration of the parent
- mustard. Thiosulfate treatment of a solution of BM 130, which
K> had been kept at room temperature for 30 min, totally abolished
N the muscarinic response. This solution had liberated virtually
e all the chloride (Fig. 4) and therefore did not contain the
«%ﬁ parent mustard. On the other hand, sodium thiosulfate (10 uM)
b added to the organ bath did not protect against the muscarinic
2 actions of BM 123 and BM 130. Finally, thiosulfate treatment had
P no effect on the muscarinic activity of a solution of
o oxotremorine-M.

.
N The alcohol (III) formed by hydrolysis of BM 123 was a
i muscarinic agonist which had less than 0.17 of the potency of

oxotremorine-M. Both alcohols formed by hydrolysis of BM 130

NS were weak antagonists to carbachol on the isolated guinea pig

: ileum. Compound IV behaved like a competitive antagonist with a
b dissociation constant (K;) of 11.9 + 0.8 M (S.E., n=4).

~7 Compound V appeared to b8 a non-competitive antagonist with a Kg
‘f value of 295 £ 60 yM (S.E., n=4).
k. To investigate possible alkylation of muscarinic receptors,
L. segments of the isolated guinea pig ileum were exposed to BM 123

? or BM 130 for 30 min. The length of the muscle was monitored
continuously during this exposure. After the initial
contraction, the length of the muscle increased steadily and in
some experiments returned to near resting length before the end
of the 30 min exposure period. 1In other experiments, the resting
length was not restored during the 30 min exposure but was
restored during the subsequent wash period. In some experiments,

»

Al

:i in which the muscle was exposed to the higher concentration
‘ (20 yM) of BM 123 and BM 130, there was a decrease in the resting
~ length which was not influenced by washing or by atropine (1 yM).

‘ A similar phenomenon has been previously noted with acetylcholine
mustard (55). The latter experiments were discarded.

! Recovery from desensitization caused by exposure of the
b ileum to oxotremorine-M at 2 yM and 20 yM was complete within 50
and 80 min, respectively. Therefore, tests for recovery of

éﬁ responses to oxotremorine-M after exposure to BM 123 at 2 yM and
- BM 130 at 5 M were begun after a wash period of 60 min. After
g exposure to a concentration of 20 M of BM 123 and BM 130, the

N wash period was extended to 90 min. From the dose-response

- curves to oxotremorine-M before and at different times after the
- exposure of the ileum to BM 123 and BM 130, the percentage

o receptor occupation by BM 123 and BM 130 was calculated

iy (Table 2). Corrections were made for the small changes in the

.- sensitivity of the ileum to oxotremorine-M occurring with time as

evidenced in the control experiments. BM 123 and BM 130 caused a
dose-dependent decrease of the sensitivity of the guinea pig
ileum to oxotremorine-M. No significant recovery of responses to
5 oxotremorine-M was observed over a time period of 4.5 hours after
L the exposure.

-----
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A test of the specificity of action of BM 123 and BM 130 was
made by measuring the protecting action of methylatropine against
the irreversible effects. Methylatropine (20 nM) significantly
reduced the fraction of receptors occupied by BM 123 at 20 yM and
by BM 130 at 20 yM and 5 yM and almost fully protected against
the irreversible actions of BM 123 at 2 yM (Table 2).

We also studied changes in the height of the contractile
responses of oxotremorine-M, oxotremorine and BM 5, a partial
muscarinic agonist (54), caused by the treatments of the ileum
with BM 123 and BM 130 described above. In this way, we hoped to
obtain an independent verification of the method used to
determine the extent of receptor alkylation. The maximal
response to oxotremorine-M was not depressed in any of the
experiments summarized in Table 2. The response to oxotremorine
was always depressed after exposure of the ileum to BM 123 at
20 yM and in two of the four expriments in which the ileum was
exposed to BM 130 at 20 yM. 1In all other experiments, the
maximal response to oxotremorine was virtually unaffected.
Finally, the response to BM 5 was abolished in two experiments
and depressed in all others although the depression was small in
those experiments in which methylatropine protected against
extensive receptor alkylation (Table 2).

4.1.6 Muscle contractile response: nicotinic

BM 123 and BM 130 as well as oxotremorine-M and oxotremorine
methiodide caused slow contractions of the frog rectus abdominis
muscle similar to those elicited by carbachol (Fig. 5). The
equipotent molar ratios relative to oxotremorine-M are summarized
in Table 1, which also shows the ratio of the ED5 values for
contraction of the frog rectus and of the guinea Sig ileum for
each compound. This ratio was calculated to obtain a measure of
the selectivity for muscarinic receptors. There was no clear
evidence of irreversible actions of BM 123 or BM 130 under the
conditions used to record dose-response curves in the frog rectus
abdominis preparation.

4,1.7 Muscarinic receptor binding activity: muscle

Treatment of the guinea pig ileum with BM 123 and BM 130
caused an irreversible inhibition of the binding of [3H] (-)NMS.
Homogenates of the longitudinal muscle of the guinea pig ileum
were incubated with BM 123 and BM 130 (10 yM) for 20 min and then
washed extensively. Control homogenates were treated identically
except for exposure to BM 123 and BM 130. Measurements of the
specific binding of [3H](-)NMS to the homogenates were made at
racemic [3H])ligand concentrations of 0.069, 0.17, 0.44, 1.1, and
2.8 nM, and the results were analyzed by nonlinear regression
analysis to determine the effect of incubation with BM 123 and
BM 130 on the dissociation constant and binding capacity of
[(3H] (-)NMS. The control binding isotherm was consistent with a
Langmuir isotherm having a dissociation constant of 0.18 nM and
binding capacity of 1.52 pmol/mg protein. Prior treatment of the
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homogenates with BM 123 and BM 130 caused a significant reduction
in the binding capacity to 0.656 and 0.851 pmol/mg protein,
respectively, without significantly affecting the apparent
affinity of [3H](-)NMS. Nonlinear regression and analysis of
variance showed no significant increase in residual error (F =
0.905, p = 0.438) when the data were fitted sharing the control
estimate of the dissociation constant among the three binding
isotherms. We have found a greater reduction in receptor
capacity after an incubation of tissue with BM 123 or BM 130 when
the reaction was not stopped immediately by addition of atropine.

Binding assays with [3H](-)QNB were run on ilea which had
been incubated with BM 123 or BM 130 for 30 min to determine if
the extent of receptor alkylation determined pharmacologically
was comparable to that estimated by measuring the reduction in
[3H] (-)QNB binding. Segments of the guinea pig ileum were
incubated with BM 123 (2 uM and 20 uM) and BM 130 (5 uM and
20 uM) for 30 min and then washed extensively as described in the
Methods. Control ilea were treated the same way except for
exposure to BM 123 and BM 130. [3H](-)QNB binding was measured
at a concentration of 0.4 nM in homogenates of the longitudinal
muscle of the guinea pig ileum. The percentage of receptors
alkylated by BM 123 and BM 130 was calculated as the percent
inhibition of specific [3H](-)QNB binding. Because experiments
with [3H]NMS showed that the inhibitory effect of BM 123 and
BM 130 on muscarinic receptor binding properties was due to a
selective reduction in binding capacity without an affect on
affinity, it was assumed that the reduction in the binding of
[3H] (-)QNB was proportional to the decline in receptor capacity.
The results of these experiments are shown in Table 2. It can be
seen that there is general agreement among the various estimates
of receptor alkylation caused by treatment of the ileum with
BM 123 and BM 130.

4.1.8 Effects of BM 123 on muscarinic receptor binding

Collectively, our earlier results are consistent with the
postulate that BM 123 binds covalently to the recognition site of
the muscarinic receptor. In another series of experiments we
examined in detail the influence of BM 123 on the binding
properties of muscarinic receptors in the rat cerebral cortex.

In principle, the rate of alkylation of a receptor by a reactive
ligand should be proportional to receptor occupancy. By
measuring the rate of receptor alkylation over a range of ligand
concentrations it should be possible to estimate both the rate
constant for alkylation and the apparent affinity of the reactive
ligand for the receptor. The results of such studies are
presented below and are shown to be consistent with the postulate
that BM 123 discriminates kinetically among different agonist
subclasses of the muscarinic receptor in rat cerebral cortex. We
have also estimated the affinity of the aziridinium ion by
competitive inhibition of [3H]ligand binding to the muscarinic
receptor at 0°, conditions under which little or no receptor
alkylation occurs, and have found general agreement among the

At B AT 14 vy¥ iy O ' L0 0 . D¢ '
VoL R OO OO A N L LR AR A N A DI AT IR ORI

Ou

o iy

0.8




';’_“ . M ad ada ol T eoa Al Ao ok oda —-WWWW"‘WW‘T
oY
e - 32 -
I
ﬁg estimates of the dissociation constants determined kinetically
W and at equilibrium.
a
e (1) Formation of the aziridinium ion
o
§$ Unless indicated otherwise, solutions of BM 123 were first
Wy incubated in vitro to allow formation of the aziridinium ion
e before the solution was used in an experiment. Stock solutions
W of BM 123 were made up at a concentration of 2.0 mM in 0.05 M
o phosphate buffer (81 mM Na', 9.5 mM K', 50 mM PO,) at pH 7.4 or
&“ at a highe; concentration of 20 mM in 0.1 M phosphate buffer
ﬁ% (188 mM Na , 5.8 mM K', 100 mM POA) at pH 7.8. These solutions
P were incubated immediately at 37° for 40 min, placed on ice, and
iy used as soon as possible. This incubation procedure represents
e conditions under which the aziridinium ion reaches its peak
e concentration of 287 of the original parent mustard
b concentration. BM 123 and its alcoholic hydrolysis product were
‘% obtained as described previously.
L)
§ (2) Tissue preparation
» In most of the experiments described in this report,
ﬁi homogenates of rat cerebral cortex were incubated with BM 123 for
@Q a given length of time, washed extensively, and then assayed for
w [3H]ligand binding to estimate the amount of receptors alkylated
e by BM 123. The tissue preparation and incubation conditions for
e these experiments were as follows. The freshly excised cerebral
e cortex from male Sprague Dawley rats (200 - 250 g) was
54 homogenized in 0.05 M phosphate buffer at pH 7.4 with a Potter
zq: Elvehjem glass homogenizer and teflon pestle to a concentration
R of approximately 2.57 (w/v). The homogenate was centrifuged at
ﬁ: 30,000 x g for 10 min and resuspended in 0.05 M phosphate buffer
A containing MgSO, (1.0 mM) to a concentration representing 25 mg
o original wet tifsue weight per ml buffer. The homogenate was
M@ pipetted (2 ml aliquots) into small plastic tubes and
ﬁ& preincubated at 37° for 10 min in a Dubnoff shaking water bath.
fﬁ: An aliquot (100 ul) of a solution of BM 123 that had been
N incubated in vitro to allow formation of the aziridinium ion was
erh added, and the tissue was incubated further at 37° for various
—_ times. The reaction was stopped immediately by the addition of
N atropine (0.1 mM) and sodium thiosulfate (1.0 mM). The tissue
Q\ was washed five times to remove the atropine, thiosulfate,
ﬁk BM 123, and its transformation products. Washing was
5& accomplished by centrifugation at 27,000 x g for 10 min followed
s by resuspension o£ the pellet in 3 ml of+phosphate buffered
Zas saline (181 mM Na', 100 mM C1~, 9.5 mM K', 50 mM PO,) at pH 7.4.
5; After the first centrifugation, the pellets were reéuspended in
. buffer containing thiosulfate (1.0 mM). After the second, third
ol and fourth centrifugations, the homogenates were incubated at 37°
I for 5, 10 and 20 min, respectively, to allow sufficient time for
! the dissociation of atropine that might have been tightly bound
~ to the muscarinic receptor. After the fifth centrifugation the
ds cortical pellets were frozen immediately. On the next day, when
L [3H]ligand binding was measured, the pellets were thawed and
W
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o

ot resuspended to a concentration representing 10 mg original wet
At tissue weight/ml phosphate buffer. The washing procedure

??‘ described above was sufficient to restore the binding of

. [3H] (-)QNB to control levels following incubation of cortical
g homogenates with atropine (0.1 mM) for 1 hr.

In other experiments, various nonlabelled drugs including
’ BM 123 and its transformation products were included in the
binding assay during the incubation of cortex with [3H]ligand.
For these experiments, rat cerebral cortex was homogenized as
_ described above and centrifuged at 30,000 x g for 10 min. The
s pellet was resuspended in 0.05 M phosphate buffer to a

‘ol concentration representing 10 mg original wet tissue weight/ml
O buffer.
¢

(3) Binding assays

o The binding of the specific muscarinic antagonist [3H](-)QNB
3 (33.4 Ci/mmole; New England Nuclear; Boston, Massachusetts) was

Wy measured using the rapid filtration method of Yamamura and Snyder
ﬁﬁ (56) with the following modifications. Brain homogenate (0.1 ml)

was incubated with [3H](-)QNB in a final volume of 2 ml

L containing 0.05 M phosphate buffer, at pH 7.4, and 1.0 mM MgSO, .
;Pa The incubation was always carried out at 37° for 1 hr. Membraﬂe
4 bound [3H](-)QNB was trapped subsequently by rapid vacuum
35{ filtration of the incubation mixture over glass fiber filters
o (Whatman, GF/B). The filters were rinsed with three aliquots
w (4 ml each) of ice cold saline. All assays were run in

. triplicate, and nonspecific binding was determined in the
'ﬁﬂ presence of 10 uM atropine. Protein was measured by the method
Wy of Lowry et al. (50) using bovine serum albumin as the standard.
ix& The binding of the specific muscarinic antagonist [3H](-)NMS
‘@y (84.8 Ci/mmole; New England Nuclear) was measured in the same
o manner as that described for [3H](-)QNB except for the following
. modifications. Since equilibrium is achieved more rapidly with
3 [3H](-)NMS than with [3H](-)QNB (6), the incubation of tissue
o with [3H](-)NMS can be shortened and run at lower temperatures.
N In our experiments, incubations with [3H](-)NMS were done at 30°
L. for 30 min or 0° for 60 min, The incubations were carried out
AR in small plastic scintillation vials (4 ml; Omnivials), and
- membrane bound radioactivity was trapped at the end of the
a} incubation by centrifugation at 27,000 x g for 10 min. The
‘23 pellets were washed superficially with two aliquots (3 ml each)
% of ice-cold saline, and the tubes were inverted and allowed to
ﬂg dry for one hour. The insides of the tubes were blotted dry

without disturbing the pellet, and scintillation cocktail was
added. The tubes were then vortexed immediately to resuspend the
membranes in the scintillation fluid.

The procedure for measuring the binding of the specific
muscarinic agonists [3H](+)cis-2-methyl-4-dimethylaminomethyl-
1,3-dioxolane methiodide ([JH](+)CD; 38.1 Ci/mmole; New England
Nuclear) and [3H]oxo-M (82.5 Ci/mmole; New England Nuclear) was
essentially the same as that described for [3H](-)NMS except that
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more tissue was used in the incubation (10 mg, based on original
wet tissue weight). The incubations were run at 0° for one hour.

(4) Kinetic theory

The kinetics of the alkylation of the muscarinic receptor by
BM 123A were investigated over a range of BM 123 concentrations
so that it would be possible to determine both the affinity of
the aziridinium ion for the receptor and its rate constant for
alkylation. The kinetic parameters were estimated from the
experimental data by nonlinear least squares regression analysis
according to the equations 5 and 6, derived below.

The simplest model to describe the interaction of BM 123A
(A) with the muscarinic receptor (R) is:

K K
A+ R A aAR—2
k_y

where k+ and k_, are the rate constants for association and

dissocialion, reépectively, of the reversible BM 123A receptor

complex (AR), and kg is the rate constant for formation of the
o

~ A-R (L)

alkylated receptor Complex (A-R). If the values of k 1 and k_1
are large with respect to k,, then the rate of loss of
unalkylated receptors can b% described by the following
differential equation:
(2)
dt A + K,

In this equation, R_: is equal to the unalkylated receptors (R. =
R + AR) and K, is eaual to the apparent dissociation constant of
the AR receptér complex (K, = l/k+ ). During an incubation of
BM 123 with muscarinic recéptorE at §7°, the concentration of A
does not remain constant. In a previous study of the formation
and hydrolysis of BM 123A in phosphate buffer at neutral pH, it
was shown that the aziridinium ion reaches its peak concentration
40 min after dissolution in aqueous buffer at 37°, and that its
concentration slowly declines to half of its peak concentration
approximately 60 min later. Regression analysis of our data
showed that the aziridinium ion decayed from its peak
concentration of 287 in a manner well described by the simple
exponential equation:

A = Aoe_kot (3)

where A is the peak concentration of the aziridinium ion, k_ 1is
the obs8rved rate constant for decay of the aziridinium ion

k = 0.0117 min ~), and t denotes time after the aziridinium ion
réaches its peak concentration. As described above, BM 123 was
first incubated for 40 min at 37° to allow the aziridinium ion to
reach its peak concentration before incubation with tissue
homogenate so that the aziridinium ion concentration could be
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predicted at various times during the incubation by the simple
exponential equation (Eq. 3). Substituting equation 3 for A in
equation 2 yields:

-k t

dRe _ -k,Aje "o~ Rg .
dt Aoe o A

Integrating equation 4 and evaluating the integral over the time
interval beginning with t = 0 yields:
+ K

Aoe'kot A ko lk,

Y=P (5)

Ao + KA
In this equation, Y is the percentage of remaining unalkylated
receptors, and P is the estimate of 1007 binding. The value of Y
was estimated by measuring [3H]ligand binding to cortical
membranes which had been previously incubated with BM 123 for
various times. The kinetics of the loss [3H](-)QNB binding sites
were adequately described by the two-site version of equation 5:

Aoe—kot + Ky ky/k, Aoe-kot kp/k,
Y =Pla + (1 - a)

+ KL

6)
Ao + KH Ao + KL
where K, and K, are the dissociation constants and k, and k; are
the rat8 constints of alkylation of the high and low affini%y
sites, respectively, and a is the proportion of high affinity
sites.

(5) Analysis of equilibrium binding data

The equilibrium binding parameters of [3H](-)NMS and
nonlabelled drugs were determined by fitting the experimental
data to the equations described below using nonlinear least
squares regression analysis. The binding data for [3H](-)NMS
were calculated assuming that both enantiomers of racemic [3H]NMS
bound nonspecifically to the same extent but that only the
(-)enantiomer contributed to specific binding. The dissociation
constant (K S) and receptor capacity (Bm ) of [3H](-)NMS were
determined §§ regression analysis of the ng]ligand binding
isotherm according to the following equation:

B =X Bm X /(X + K

where B is specifically bound [3H](-)NMS, and X is the free
concentration of [3H](-)NMS. The binding parameters of
nonlabelled ligands were determined by measuring their ability to
inhibit [3H]ligand binding competitively and by fitting the data
to the one and two-site equations (Eq. 8, 9) shown below:

a
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o

"..‘

?} y-p (8)
Eﬁi + x/K

Ead

. In this one-site equation, Y is the percent of [3H]ligand bound,
oo P is the estimate of 1007 [3H]ligand bound in the absence of the

inhibitor, x is the concentration of nonlabelled inhibitor, and

)
e K' is the apparent dissociation constant of the nonlabelled

';} inhibitor. 1In the following two-site equation

a (1-a)

\") Y B P 1) + 1 (9)
ﬁ& 1 + x/KH 1+ x/KL
:5 a is the proportion of high affinity sites and K,,' and K,' are

) the apparent dissociation constants of the high and low %ffinity
@ sites, respectively. The apparent dissociation constants (K')
ey were corrected to give the true dissociation constants (K) using
[~ the following equation:
o
} K=K'"/( + Y/Ky) (10)
L where y is the concentration of the [3H]ligand and K_ is the
;k dissociation constant of the [3H]ligand, which was dé€termined

W independently. The concentration of nonlabelled inhibitor
oy required for half-maximal occupation of receptors (X.,) was
A calculated from the IC., value (concentration of inhigitor that
o caused half-maximal inﬁgbition of specific [3H]ligand binding)

. according to the following equation:

.

:ﬁ Xeo = ICSO/(I + y/Ky) (11)
‘fﬁ As described below, low concentrations of [3H]oxo-M and [3H](+)CD
: were used to label selectively a subpopulation of agonist binding
o sites designated as the superhigh affinity site. The

iy dissociation constants (KY) of oxo-M and (+)CD for the site were
Lo determined by running oxo=M/[3H]oxo-M and CD/[3H] (+)CD
}3 competition experiments and correcting the respective IC values
ﬁ@ according to the following equation which is a special cgge of
-~ equation 10:
"-" = - o
3;§ Ky IC50 y (12)
" where y is the concentration of [3H]oxo-M or [3H](+)CD used in
.+ the experiment which was 1.0 nM or 2.0 nM, respectively.
:;; (6) Alkylation of specific binding sites by BM 123
.Ei Treatment of the rat cerebral cortex with BM 123 caused an
5% irreversible inhibition of the binding of [3H](-)NMS.
‘ol Homogenates of the rat cerebral cortex were incubated with BM 123
o for 20 min and 1 hr and then washed extensively. Control

. homogenates were treated identically except for exposure to

N BM 123. Measurements of the specific binding of [3H](-)NMS were
f;? made at various [*H]ligand concentrations, and these results are
e
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) shown in Figure 7. Nonlinear regression analysis showed that the
1 control binding measurements were consistent with a single

] binding site having a dissociation constant of 0.044 nM and a
binding capacity of 0.68 pmole/mg protein. BM 123 treatment
caused a selective reduction in the binding capacity of

{3H] (-)NMS without significantly affecting the apparent affinity.
Cortical homogenates that had been incubated with BM 123 (1.0 mM)
for 20 and 60 min showed reduced binding capacities for
[3H])(-)NMS of 0.16 and 0.078 pmole/mg protein, respectively.
Analysis of variance showed no significant increase in residual
error when the data were fitted by nonlinear regression analysis
sharing the control estimate of the dissociation constant among
the three binding isotherms (F, 12 = 0.136, P = 0.87).

Experiments were run to determine if a recovery of
[3H] (-)NMS binding could be detected in homogenates that had been
treated with BM 123 and then incubated at 37° for periods up to 4
hr. In these experiments, homogenates of rat cerebral cortex
were incubated with BM 123 (10 yM) for 20 min at 37°. The
reaction was stopped by a twenty-fold dilution with 1.0 mM
thiosulfate in 0.05 M phosphate buffer. The homogenate was
incubated an additional 20 min at 37° to inactivate the residual
aziridinium ion and then washed twice by centrifugation at 30,000
X g for 10 min followed by resuspension in fresh phosphate
buffer. The homogenate was then incubated at 37° for 4 hr. At
the beginning and at various times (0.5, 1, 2, and 4 hr) during
the incubation, aliquots of the homogenate were removed and
assayed for [3H](-)NMS binding at 0° using a [3H]ligand
concentration of 0.4 nM. 1In control homogenates, specific
[3H] (-)NMS binding declined from an initial value of 0.574 +
0.031 pmol/mg protein to 0.485 + 0.017 pmol/mg protein after 4 hr
at 37°. Specific [3H](-)NMS binding in the BM 123 treated
homogenate was initially 0.113 + 0.008 pmol/mg protein and did
not change significantly durlng the 4 hr incubation at 37°. When
specific [3H](-)NMS binding in the BM 123 treated homogenate is
expressed as a percent of control, the binding values increase
from an initial value of 207 to a value of 247 after incubation
of the homogenate at 37° for 4 hr. Whether this small, apparent
rate (17Z/hr) of recovery of binding is due to a dissociation of
the alkylated receptor complex or to proteolysis of receptors in
che control homogenate is unclear from the present data.

Experiments were run to determine the effect of tissue
concentration on the rate of muscarinic receptor alkylation by
BM 123. Homogenates of the rat cerebral cortex were incubated
with BM 123 (1 y M) for various times, washed extensively, and
then assayed for [3H](-)QNB binding. The results in Figure 8
show that the relative rate at which BM 123 caused an
irreversible inhibition of ([3H](-)QNB binding, expressed as a
percent of control, was independent of tissue concentration from
5 to 25 mg original wet tissue weight/ml. The half-time for the
loss of [3H](-)QNB binding was approximately 40 min in both
cases. The remainder of the kinetic experiments were run using a
final tissue concentration of 25 mg of original tissue (wet
weight) per ml buffer as descrived in Materials and Methods. No

R N P e 7 L
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The effect of BM 123 treatment on [3H](-)NMS binding to

homogenates of the rat cerebral cortex

Specific [3H]NMS binding was measured at 30° in control
homogenates () and homogenates which had been incubated
at 37° with BM 123 (1.0 mM) for 20 min (@) and 60 min (@)-
The data points represent the mean binding values of five
experiments, each done in triplicate. The curves represent

the least squares fit to the data.
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The effect of tissue concentration and sodium thiosulfate

(1.0 mM) on the rate of alkylation of [3H](—)QNB binding

sites by BM 123 (1.0 mM)

Homogenates of the rat cerebral cortex were incubated at

37° with BM 123 for the indicated times, washed extensively,

and then assayed for specific [3H](-)QNB binding at 37° using _

a [3H]ligand concentration of 0.4 n}. The concentrations of
the cortical homogenates were 5 mg (Q©) and 25 mg (@,Q)
original wet tissue weight/ml phosphate buffer. The data
points represent the mean binding values of 3 experiments,

each done in triplicate.
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significant inhibition of [3H](-)QNB binding was observed when
the incubation of brain homogenate with BM 123 (1.0 uM) was
carried out in the presence of sodium thiosulfate (1.0 mM) (see
figure 3). Also, no significant inhibition of [3H](-)QNB binding
was detected in cortical homogenates which had been treated
simultaneously with BM 123 (1.0 mM) and atropine (0.1 mM) and
then incubated for 1 hr at 37° (data not shown). These results
showed that the addition of atropine (0.1 mM) to an incubation of
BM 123 with cortical homogenate immediately stopped the covalent
reaction even when BM 123 was present at concentrations as high
as 1.0 mM.

The rate at which BM 123 alkylated [3H](-)QNB binding sites
in cortical homogenates was sensitive to temperature. Reducing
the incubation temperature from 37° to 25° caused a seven-fold
increase in the half-time for the loss of [3H](-)QNB binding
sites when cortical homogenates were incubated with BM 123 at a
concentration of 10 M (data not shown). At 0°, no significant
alkylation of [3H](-)QNB binding sites occurred after incubating
homogenates for 1 hr with BM 123 at concentrations from 1.0 -

100 uM. After incubating cortical homogenates with 1.0 mM BM 123
for 1 hr at 0°, a 107 loss in [3H](-)QNB binding was measured.

(7) Affinity of BM 123 and its transformation products for
binding sites

The slow rate at which BM 123 inactivated [3H](-)QNB binding
sites at low temperature (0°) enabled the affinity of BM 123 and
its transformation products to be determined in competition
experiments with [3H]oxo-M and [3H](-)NMS. Preliminary binding
experiments with [3H]Joxo-M and [3H](-)NMS on the rat cerebral
cortex showed that equilibrium was achieved within 1 hr at 0° and
that binding measurements after 1 - 3 hr of incubation were
essentially equivalent. To assess the potency of the aziridinium
ion, aliquots of a solution of BM 123 that had been incubated in
vitro at 37° for 40 min to allow formation of the aziridinium ion
were added directly into the competitive binding assay at 0°.

The data were calculated assuming that the concentration of the
aziridinium ion was equivalent to 287 of the parent mustard
concentration. To determine the potency of the parent mustard,
solutions of BM 123 were made up in dilute HCl at 0° to prevent
formation of the aziridinium ion, and aliquots of these solutions
were added to the competitive binding assay in the presence of
0.1 mM sodium thiosulfate. The addition of thiosulfate to the
assay did not significantly affect the ligand/[3H]oxo-M competi-
tion curves. It can be seen in Figure 9 that BM 123A and oxo-M
have nearly equal affinity for the binding site labelled by
[3H]oxo-M with their respective IC5 values being 3.5 nM and

2.8 nM. In contrast, the parent Z-thoroethylamine (BM 123) and
the alcoholic hydrolysis product were 100 - 200 fold less potent
with IC values of 0.63 yM and 2.5 yM, respectively. Previous
experimggts by birdsall et al. (57) have shown that at a
concentration of 1.0 nM, [3H]oxo-M labels almost exclusively a
very high affinity agonist subpopulation of muscarinic receptors
designated as the superhigh affinity site. The dissociation
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The competitive inhibition of [3H]oxo—M binding to the rat

cerebral cortex bv oxo-M (A), BM 123 (0), its aziridinium

ion (O) and alcoholic hydrolysis product (@).

The specific binding of [3H]oxo-M was measured at 0° in
the presence of the indicated concentrations of the various
compounds. The concentration of [3H]oxo—M was 1.0 nM.

Each data points represents the mean binding of 3 experiments,

each done in triplicate.




':t, )
)

‘:f:" - 42 -

*1.‘:-
B
ﬁk: constant (Kq) of oxo-M, BM 123 and its transformation products
ﬁ%‘ for the supgghigh affinity site were calculated from their
T{: respective IC50 values and are given in Table 3.

" Figure 10 shows the competitive inhibition of [3H](-)NMS
O binding by oxo-M, BM 123 and its transformation products. It can
‘ﬁ~ be seen that oxo-M and the aziridinium ion have similar IC

o values of 6.3 yM and 4.5 uM, respectively, although the shages of
5} their respective competition curves differed slightly. Both the
N parent 2-chloroethylamine and the alcoholic hydrolysis product
. were less active and both had IC., values of approximately 0.32
B mM. Nonlinear regression and anagysis of variance showed a
;Eﬁ significant reduction in residual error when the competition
B in curves of oxo-M and BM 123A were fitted to a two-site model as
By (s compared to a one-site model. The dissociation constants of the
il high and low affinity sites (K, and KL) and the relative

- proportion of high affinity sifes are given in Table 3. Analysis
e of variance showed a significant increase in residual error when
VK the oxo-M and BM 123A competition data were fitted by nonlinear
}ﬁ regression analysis sharing the estimate of K, between the data
awf (F = 9.603, P < .01). The competition cubves of the parent
ﬁﬁ Z-ghigroethylamine and the alcoholic hydrolysis product were not
=3 examined in detail, but their respective IC., values were
.;j corrected to give the Xy, values shown in TaB1e 3.
’§E (8) Kinetics of the alkylation of the superhigh affinity
10
s site
o The kinetics of muscarinic receptor alkylation by BM 123

e were investigated by measuring the binding of both [3H](+)CD and
Y [3H] (-)QNB to cortical homogenates that had been incubated with
a BM 123 for various times. The reaction of BM 123 with the
K muscarinic receptor was stopped immediately by the addition of

' atropine (0.1 mM) and thiosulfate (1.0 mM), and the tissue was

.: subsequently washed five times as described in the Materials and
P& Methods. Figure 12 shows the loss of [3H](+)CD binding sites

o following incubation of cortical homogenates with BM 123 (0.001 -
s 10.0 yM) for various times. To get a rough estimate of the

qﬁ observed rate constant for alkylation (k s) at various
i concentrations of BM 123, the curves sho in Figure 11 were

A fitted independently to the simple exponential equation:
3 ,\.:
o Y = 100 x e Kobst (13)
o~ where Y is the percent [3H](+)CD bound and t is time. The

k- estimate of the observed rate constant for alkylation at the
A various concentrations of BM 123 are plotted in Figure 13 as the
J,ﬁ open symbols according to the ordinate scale on the left hand
'y side of the figure. The concentration of the aziridinium ion
1058 causing a half-maximal increase in k was estimated to be
4“ 2.8 nM. Receptor occupancy for the ggfridinium ion was

e determined independently by measuring the percent displacement of
= [3H] (+)CD binding to cortical homogenates by BM 123A at 0°. When
2 the percent displacement values are scaled to the maximum value
;b: of the observed rate constant and corrected for receptor
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4 TABLE 3

The binding parameters of oxo-M, BM 123 and its transformation products a,

e

e Compound KSH KH KL XSO high

. affinity

X () () () (u) sites

ﬁ‘ oxo-M (V) 1.8 19.7 3.06 0.93 31

{» BM 123A (II) 2.25 12.9 1.23 0.66 25

BM 123 (I) 405 47

L
:.'::' Alcohol (III) 1607 47

! 2 The binding parameters were estimated from the data shown in figures
o;:‘ b 4 and 5.

ht The Roman numerals in parentheses refer to the structures of the

. compounds shown in figure 1.
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The competitive inhibition of [BH](—)NMS binding to the

rat cerebral cortex by oxo-M (A), BM 123 (0O), its

aziridinium ion (O ) and alcoholic hydrolysis product (@).

The specific binding of [BH](-—)NMS was measured at 0° in the
presence of the indicated concentrations of the various
compounds. The concentration of [BIl](—)NMS was 0.15 nM.
Each data point represents the mean binding value of five

experiments, each done in triplicate.
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::""f Fig 11 The kinetics of the alkylation of L3H](+)CD binding sites
. by BM 123 in the rat cerebral .cortex.
'4
,2- ) Cortical homogenates were incubated at 37° with various
25
:' concentrations of BM 123 for the indicated times, washed
o ~
»".’ extensively, and then assayed for [3H](+)CD binding at 0°
3
" using [3H]ligand concentration of 2.0 nM. Specific [3H](+)CD
d
::" binding was measured in homogenates that had been previously
A
_{ incubated with BM 123 at concentrations at 0.001 uM (Q),
(8
;:: 0.01 uM (O), 0.1 uM (A), 1.0 uM (@), and 10.0 uM (@).
wly
A Each point represents the mean binding value of five experiments,
‘ each done in triplicate.
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e
LA CE The observed rate constants for the alkylation of [3H](+)CD

“~
Ayt
By binding sites were calculated from the data in figure 6 as

y
oo described in the text and are plotted in open symbols (Q)

)
;" according to the ordinate scale on the left. Receptor occupancy
&
[}
“:!, I was determined by measuring percent displacement of [3H](+)CD
R binding by the aziridinium ion of BM 123 at 0°, and these estimates
%

5G]
z: are plotted with the closed symbols (@) according to the
&?1
o{m ! ordinate scale on the right. 100% receptor occupancy has been
.'~ _ scaled to the maximum value of the rate constant. The BM 123/
-\
"-'S [3H](+)CD competition curve has been corrected for receptor
1908

"
-,v. occpancy by [3H](+)CD. The indicated concentrations of BM 123
: refer to the initial concentration of the parent 2-chloroalkylamine.
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occupancy by [3H](+)CD the resulting occupancy values (see
Figure 13; right-hand ordinate scale) agree with the observed
rate constants for alkylation. Thus, we conclude that the rate
of alkylation is proportional to receptor occupancy. The
simplest model to explain the interaction of BM 123A with the
[3H](+)CD binding sites is the scheme in equation 1 which is
rewritten below in the appropriate terminology for the superhigh
affinity site:

K k

SH

A+R SH, ArR.., —SH _A-R (14)

SH SH SH

where R y is the superhigh affinity site, K H is the dissociation
constan§, k is the rate constant for alky%ation, and ARSH and
A-Rg, are tRB reversible and covalent complexes of the
azi§§dinium ion with the superhigh affinity site, respectively.
To test the compatability of the data with the model shown above,
the data in figure 6 were fitted simultaneously to equation 5 in
the Methods which yielded estimates of Kq, and kS of 2.7 nM and
0.014 min -, respectively. Analysis of égriance ghowed that the
variance estimate based on deviations of the mean binding values
from the regression equation was not significantly greater than
that estimated by replicate measurements of [3H](+)CD binding,
illustrating that the model adequately described the data (F
=178, P > .25). 20,92

(9) Kinetics of alkylation of high and low affinity sites

The loss of [3H](-)QNB binding sites following incubation of
cortical homogenates with various concentrations of BM 123 is
shown in Figure 13. A comparison of the kinetic plots in Figures
11 and 13 shows that the alkylation of [3H](-)QNB binding sites
by BM 123 differs from that observed in [3H](+)CD binding
experiments in the following ways. Firstly, the rate of loss of
[3H] (-)QNB sites at high concentrations of BM 123 is much faster
than the maximum rate of loss of [3H](+)CD sites. Moreover, the
rate of alkylation of the [3H](-)QNB sites continues to increase
over a broader concentration range and does not plateau until the
BM 123 concentration exceeds 0.1 mM. Finally, the kinetic curves
for the loss of [3H](-)QNB sites are more complex, being markedly
biphasic at high concentrations of BM 123. This behavior is
inconsistent with a simple one-site model, but can be explained
by a model in which the aziridinium ion (A) discriminates between
high (R,;,) and low (RE) affinity sites, each having its respective
dissocigtion constant (K, and KL) and rate constant for
alkylation (kH and kL):

L N T
ARy “Ry

Kp k
A + RL= ARL-—-* A-RL

A+ R (15)

H

In this scheme, the aziridinium ion quickly binds with the
receptors forming reversible complexes (AR, and AR;) which
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Fig. 13 The kinetics of alkylation of [3H](-)QNB binding site in

the rat cerebral cortex by BM 123.

Cortical homogenates were incubated at 37° with various
concentrations of BM 123 for the indicated times, washed
extensively, and then assayed for [3H](—)QNB binding at 37°

using a [BHJIigand concentration of 0.4 nM. Specific

[3H](-)QNB binding was measured in homogenates that had been i
previously incubated with BM 123 at concentrations of 0.0l uM

(O), 0.1 uM (TU), 1.0 uM (A), 10.0 uM (@) and 100.0 uM

(W). Each point represents the mean binding value of six

experiments, each done in triplicate.
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convert to covalent complexes (A-R;; and A-R;) at relatively
slower rates. To test the model, ghe kinet&c data were fitted
simultaneously to equation 6, the theoretical basis for which is
described in Materials and Methods. The results of this analysis

4 e > wm e s

CJ
-

e showed that BM 123A discriminated between high and low affinity
> sites having dissociation constants of 18.5 nM and 5.3 M and
e relative abundances of 30 and 707, respectively. The,rate of
N alkylation of the high affinity site (ky = 0.022 min™") wgs much
e slower than that of the low affinity site (k, = 0.26 min 7). The

good agreement between the data and the modeY can be seen by the
theoretical curves in Figure 13 which represent the least squares

;Qﬁ fit of the data to equation 6. There is some discrepancy between
:}ﬁ the estimates of the dissociation constants (K,, and KL)

e determined kinetically at 37° and those determined at equilibrium
L0 by competitive inhibition of [3H](-)NMS binding at 0° (see

Y Table 3). Part of the discrepancy can be attributed to the

- difference in the incubation temperature of the two experiments,
'gﬁ. and this issue is discussed below.
R -“"u
é&ﬁ To obtain independent estimates of the rate constants for

alkylation of the high and low affinity sites, the kinetics of
alkylation were examined at a saturating concentration of BM 123
s (1.0 mM) so that both sites would be fully occupied by the
”ip aziridinium ion, and the observed rate constant for alkylation of
N each site (ky obs’ k bs) should be equivalent to the actual
o rate constants ?ﬁ , k ?. Figure 14 shows the loss of [3H](-)QNB
Pl binding sites fol%owikg incubation of cortical homogenates with
: BM 123 (1.0 mM) for various times. The semi-log plot of
measurements of [3H](-)QNB binding against time (Figure 15)
clearly shows two components. The data in Figure 15 were fitted

"

R N ) .
A
B

:Jb to the following biexponential equation to estimate the observed
A rate constants for each component and the relative proportion (a)
N of the slowly alkylated component:
5
. -k t -k t
e Y = 100 (ae H(OPS)T 4 (3 _ gye L(ODS)T (16)
)
:;? In this equation, Y denotes specifically bound [3H](-)QNB (7).
I The agreement between the data and equation (16) can be seen by
T the theoretical curve in Figure 15 which represents the least
s squares fit to the data. Nonlinear regression analysis showed
N that 257 of the receptors were alkylated slowly, with an observed
hee rate constant (k s) of 0.016 min -, whereas the remaining
Yy sites were alkylgtgg_Tore rapidly with an observed rate constant
L»; (k ) of 0.30 min °. These estimates of the observed rate
- g co&s?gﬁts which were measured at a saturating concentration of
S BM 123 are in general agreement with the rate constants estimated
'Q} from the data shown in Figure 14. Moreover, the estimate (257)
Y of the proportion of sites which are slowly alkylated by BM 123
:i at a concentration of 1.0 mM is in reasonable agreement with the
e estimates of the proportion of high affinity sites determined
o from the kinetic data in figure 8 (307) and from the equilibrium
e competition data summarized in Table 3 (257).
t‘)‘.
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Fig. 14 The kinetics of the alkylation of [3H1 (~)QNB binding sites

in the rat cerebral cortex by BM 123 (1.0 mM).

Cortical homogenates were incubated at 37° with BM 123

for various times, washed extensively, and then assayed for
[3H](_-)QNB binding at 37° using [3H]1i.gand concentration
of 0.4 nM. Each point represents the mean binding value of

four experiments, each done in triplicate.
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(10) Selective alkylation of high and low affinity sites

Collectively, the foregoing results are consistent with the :
postulate that the aziridinium ion discriminates between high and f
low affinity sites, and that it alkylates the low affinity site |
at a much faster rate. To test this postulate further, we
examined the agonist binding properties of the residual,
unalkylated receptors in cortical homogenates which had been
treated with BM 123 (1.0 mM) for 10.3 min. This time of
incubation with BM 123 corresponds to the bend in the semi-log
plot shown in Figure 14. Using the parameter values estimated
above, it can be calculated that, at this point during the
incubation, 957 of the low affinity sites had been alkylated with
BM 123 whereas only 157 of the high affinity sites had been
alkylated. Figure 15A shows the results of oxo-M/[3H](-)NMS
competition curves run on control tissue and tissue which had
been previously incubated with BM 123 (1.0 mM) for 10.3 min and
washed extensively. Nonlinear regression analysis showed that
the control competition curve was compatible with the existence !
of high (K, = 0.028 yM) and low (K, = 10.6 M) affinity sites
having relgtive abundances of 30 akd 70%, respectively.
Following BM 123 treatment, 657 of the receptors were alkylated,
and there was a 25-fold reduction in the X 0 value of oxo-M from !
3.0 yM in control homogenates to 0.12 M ig BM 123 treated '
homogenates. Nonlinear regression analysis showed that this
shift in the oxo-M/[3H](-)NMS competition curve could be
attributed to a selective increase in the proportion of high
affinity sites to a value of 707. Similar results were observed
when the competitive inhibition of ([3H](-)NMS binding by
carbachol was studied in control and BM 123 treated (1.0 mM; 10.3
min) tissue (Figure 15B). Nonlinear regression showed that the |
control carbachol/[3H](-)NMS competition curve was consistent ‘
with the presence of high (K, = 0.21 M) and low (K, = 49 M)
affinity sites having relatille abundances of 277 anl 73%,
respectively. Following BM 123 treatment, there was a 25-fold
reduction in the X., value of carbachol from 25 M in controls to
1.0 yM in BM 123 t%gated homogenates, and an increase in the
proportion of high affinity sites to a value of 667.

In contrast, prior treatment of cortical homogenate with
BM 123 (1.0 mM) for 10.3 min had no significant influence on the
ability of atropine (X = 0.80 nM) and gallamine to inhibit
[3H] (-)NMS binding to ERe residual receptors (Figure 16). A high
concentration (1.0 mM) of gallamine did not fully displace
[3H] (-)NMS binding; consequently, the gallamine inhibition curve
plateaued at 807 inhibition of [3H](-)NMS binding. Stockton et
al. (58) have shown that gallamine does not directly compete with
{3H](-)NMS for the same site, but rather, it binds at an
allosteric locus to reduce the affinity of [3H](-)NMS for the
primary site. By fitting the gallamine/[3H](-)NMS inhibition
curve to the appropriate equation given by Stockton et al. (58),
we estimated that the dissociation constant of gallamine for its
site to be 5.1 M in the absence of [3H](-)NMS. A small but
significant increase in the concentration of pirenzepine required
to inhibit [3H](-)NMS binding by 507 was observed following
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Specifically Bound [ 2H](=) NMS (%)
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Log [ Oxotremorine-M] Log [Carbamylcholine]

Fig. = 15. The comnetitive inhibition of [3H](-)Nus binding by oxo-lf

(A) and carbamylcholine (B) in control homogenates (open

svmbols) and homogenates which had been incuhated at 37°

with BM 123 (1.0 mM) for 10.3 min and washed extensively

e

(closed svmbols).

The data points represent the mean binding value of 3 - 4

experiments, each done in triplicate. The incubation of

tissue with [3H](—)NMS (0.15 nM) lasted 30 min at 30°.
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Fig. 16. The inhibition of I3H](—)NMS binding by atropine (circles),

pirenzepine (squares), and gallamine (triangles) in control

homogenates (open symbols) and homogenates which had been at

37° incubated with BM 123 (1.0 mM) for 10.3 min and washed

extensively (closed symbols).

The data points represent the mean binding values of three
experiments, each done in triplicate. The incubation of

tissue with [3H](-)NMS (0.15 nM) was 30 min at 30° for the
experiments with atropine and pirenzepine and 3 hr for the

experiments with gallamine.
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incubation of cortical homogenates with BM 123 (1.0 mM) for
10.3 min (Figure 16). The X 0 value of pirenzepine increased
from 80 nM in controls to 143 nM in BM 123 treated homogenate.

Since the ratio of dissociation constants (K, /K,,) of the
aziridinium ion for the high and low affinity sité€s &as greater
than the ratio of alkylation rate constants (k /kH) for the two
sites, it seemed likely that we could selectiv%ly alkylate the
high affinity site by incubating cortical homogenates with a low
concentration of BM 123 (0.1 uM) for a relatively long time

(1 hr). Figure 17 shows the results of oxo-M/[3H](-)NMS
competition experiments run of control homogenates and
homogenates which had been incubated with BM 123 (0.1 uM) for

1 hr. Nonlinear regression analysis showed that the control
competition curve was compatible with the presence of high (KH =
28 nM) and low (K, = 4.4 uM) affinity sites having relative
abundances of 34 ¥nd 667, respectively. Following treatment with
BM 123 (0.1 uM) for 1 hr, 287 of the receptors were alkylated,
and there was a small but significant (P < 0.01) 1.9-fold
increase in the X of oxo-M from 1.3 uM in controls to 2.5 uM in
BM 123 treated hoéggenates. Regression analysis showed that it
was possible to explain this shift as being the result of a small
decrease in the proportion of high affinity sites, the proportion
of high affinity sites being 237 in the BM 123 treated tissue.

(11) Competitive inhibition of alkylation

Experiments were run to determine if there was agreement
between the potency of various reversible muscarinic agents for
competitively slowing the rate of receptor alkylation by BM 123
and their respective potencies for interacting with muscarinic
receptors. Figure 18A shows the results of experiments in which
[3H](-)QNB binding was measured in extensively washed homogenates
that had been previously exposed to BM 123 (10 uM) in combination
with various concentrations of atropine. It can be seen that
nanomolar concentrations of atropine slowed the rate of receptor
alkylation by BM 123 and that the rate of receptor alkylation
decreased with increasing atropine concentration. The simplest
scheme to illustrate the competitive inhibition of receptor
alkylation is:

Ka
A+I+R —AeAR ~A-R (17)

K; \‘_

A + IR

In this scheme, and K, are the dissociation constants of the

K
aziridinium ion (ﬁ) and Eompetitive inhibitor (I), respectively,
AR and IR are reversible receptor complexes, and A-R is the
covalent receptor complex. 1If we make the simplifying
assumptions that the concentrations of I and A are constant
during the reaction and that the rate of the alkylation is slower
than that of the reversible interactions, then it can be shown
that:
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s: o) Fig. 17. The competitive inhibition of [TH](-)NMS binding by oxo-M
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: in control homogenates (O) and homogenates which had been
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._. incubated at 37° with BM 123 (0.1 uM) for 1 hr and washed
2
-!‘-\'_ extensively (@).
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The data points represent the mean binding value of four

‘t

v

o experiments, each done in triplicate. The incubation of
18 :
et tissue with [3H](—)NMS (0.15 n¥) lasted 30 min at 30°.
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Fig. 18. The effects of atropine (A), oxotremorine (B) and oxo-M

(C) on the rate of alkylation of [3H](—)QNB binding sites

.-
t:}:
-{:*- in rat cerebral cortex bv BM 123 (10 uM).
Cortical homogenates were incubated at 37° with BM 123 for
-‘?.-
“::,. ) the indicated times in the absence (C) and presence of
g ; various concentrations of atropine: 1.0 nM (), 3.0 n41 (AQ),
;" 10 nM (@) and 100 nM (M); oxotremorine: 0.3 uM (O),
0! '
S 3.0 uM (A) and 30.0 yM (@®); and oxo-M: 1.0 yM (O), 10 uM
£
0N
:::"f (A) and 100 uM (@®). The homogenates were then washed
okt extensively and assayed for [3H](—)QNB binding at 37° using
A
:::i a [3H]ligand concentration of 0.4 nM. The data points represent
‘e
:2: the mean binding value of two experiments, each done in
ot triplicate.
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R-1-= I/KI' (18)

where R is the ratio of the half-times for alkylation of
muscarinic receptors in the presence .of I divided by that
measured in the absence of I, and K'; is the apparent
dissociation constant of the competiEive inhibitor (K'; = K;(1 +
A/K,)). 1In logarithmic form, equation (18) is a straiéht line
havéng a slope of one and an x-intercept equal to log K'I:

log (R - 1) = log (I) - log (K;") (19)

The competition data for atropine (Figure 18A) and similar data
for oxotremorine and oxo-M (Figure 18B,C) were plotted according
to equation (19) above, and the results of this analysis are
shown in Figure 19. The estimates of the apparent dissociation
constants for atropine, oxotremorine and oxo-M were 2.5 nM,

1.0 M and 4.0 M, respectively.

4.1.9 Recovery of muscarinic receptors

A clear understanding of homeostatic receptor regulation in
vivo may provide insight into mechanisms of drug tolerance or
supersensitivity and perhaps suggest ways of manipulating
receptor numbers for therpeutic benefit. The time course of
receptor recovery from irreversible blockade must ultimately
depend on these basic parameters of receptor regulation.

N-{4-(2-chloroethylmethylamino)-2-butynl]-2-pyrrolidone
(BM 123) was injected into rat tail veins in a dose schedule
which blocked more than 907 of cortjcal and striatial muscarinic
receptors (8, 20, and 50 ymoles kg at 1 hr intervals). Animals
were decapitated at later time points and densities of -6
unalkylated receptors present were determgne by specific (10 M
atropine displaceable) binding of 0.4 nM “H-l-quinuclidinyl
benzilate (QNB) to well-washed membrane fragments from
homogenates of cerebral cortex, striatum, and longitudinal muscle
of the ileum. The binding incubation was conducted in 50 mM Na/K
PO,, pH 7.4, for 1 hr at 37°C. Rapid filteration through GF/B
fiiters and 3 washes with cold saline terminated the assay.
Receptor densities were quantified in terms of fmoles/mg protein.

The recovery time course (Figure 7) in each tissue found to
approximate a singel exponential curve described by this model:
-kt
Rt = Rss - Rae
§ is free receptor density at time, t(hrs), as measured by

ﬁ-QNB binding. R is steady state receptor density which was
found to be the safi8 before (control tissue) and after
alkylation. R_ is the alkylated receptor density,_ixtrapolated
to t=0, and k ¥s the degradation rate constant (hr ) This
model assumes (a) a constant rate of receptor synthesis; (b)
first order rate of receptor degradation; (c) the R__ after
recovery is the same as Rss before alkylation. S8

Pty

X G R




Mo il ol e Al el Lol 4om ad Aok bol il Bod Aok Aok hod o 8 i r*‘v""'-‘wt—“vvuvu'vt:'*J‘Jv*:-x'f-t‘;v‘ar-T

- 58 -

A 100~ ‘ :

_ atropine oxotremorine

A _ IO o

v |

(WA

R o .

X |.OF oxotremorine -M
¥ | o

b | | | i 1 |

g W= = 5 5 -4

) Fig. 19. The effects of atropine, oxotremorine and oxo-M on the

rate of alkylation of [3H](-)QNB binding sites by BM 123

(10 uM).
}
'3 R refers to the ratio of half-times for the alkylation

R of [3H](-)QNB binding sites by BM 123 in the presence of

4 the inhibitor divided by that measured in the absence of the

‘j inhibitor: The R values were calculated from the data shown

~; in figure 13. The straight lines represent the least squares .
P fit to the data for atropine (slope = 1.01), o