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LERER, B., H. ALTMAN AND M. STANLEY. Enhancement a/memory by a cholinesterase inhibitor associated with
muscarinic receptor down-regulation. PHARMACOL BlOCHEM BEHAV 21(3)467-469, 1984.-Rats trained on a passive
avoidance task 24 hours following a single intraperitoneal injection of diisopropyl fluorophosphate (DFP, 1.2 rng/kg)
showed enhanced retention when tested 7 days later. In a parallel group of rats, reduced cortical ["H] quinuclidinyl
benzilate binding was demonstrable 24 hours following DFP administration. The association of reduced muscarinic recep
tor binding and enhanced performance on a memory task contradicts previous reports which suggested that retention was
impaired by treatments which down-regulate muscarinic receptors. This contradiction may be reconciled if pre-synaptic
factors such as agonist availability are considered in conjunction with post-synaptic receptor effects.

Diisopropyl fluorophosphate Memory ["H] Quinuclidinyl benzilate binding Muscarinic receptors

CHRONIC exposure to agents which increase the synaptic
concentration of acetylcholine has been shown to induce a
decrease in brain muscarinic receptor density [3,12]. Recent
reports have suggested that muscarinic receptor down
regulation may be associated with impairment of memory
function [4, 5, 9]. Thus chronic pretreatment with physo
stigmine was reported to impair subsequent performance by
rats on a passive avoidance task [9]. Loullis et al. [9]
suggested that this impairment may be a function of reduced
muscarinic receptor density induced by chronic exposure to
acetylcholine.

~
. iatiQ.11 of muscarinic receptor down-regulation with

me or impairment has also been reported in relation to
elect convulsive shock (ECS) [4,5]. Single ECS induces
immediate reductions in brain acetylcholine levels and in
creases in acetylcholineesterase activity which are consis
tent with acute release of the neurotransmitter [2, 8, 13].
Repeated (but not single) ECS induces a significant reduc
tion in cortical muscarinic receptors and an anterograde am
nesia characterized by a specific deficit in delayed recall of
an aversive stimulus [4,5]. Lerer et al. [4,5] have suggested
that reduced cortical muscarinic receptor density may
underlie the anterograde amnesia induced by repeated ECS.

Diisopropyl fluorophosphate (DFP) is an irreversible in
hibitor of acetylcholineesterase which has been shown to
enhance memory in rodents following chronic administration
[1]. Chronic [12], but also single [6,7] administration of DFP
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induces a significant reduction in the number of brain mus
carinic receptor binding sites. These two phenomena, if
studied in conjunction, may shed further light on the role of
alterations in muscarinic receptor density in memory func
tion. More specifically, it might be expected that even a
single dose of DFP, if sufficient to down-regulate muscarinic
receptors, should impair rather than enhance memory func
tion. It was therefore of interest to examine the effect of a
dose of DFP previously shown to reduce brain muscarinic
receptor density [6]on both cortical [3H] quinuclidinyl benzi
late ([3H] QNB) binding and retention following a one-trial
passive avoidance task in rats.

METHOD

Animals

Male albino rats (Sprague-Dawley) weighing 175-200 g
were housed 2 per cage in a temperature controlled (24°C)
environment with a regular 12 hour light-dark cycle. Food
and water were continuously available.

Drug Administration

Following a 7 day adaptation to their home cages, rats
were administered diisopropyl fluorophosphate (DFP,
Sigma) 1.2 mg/kg IP. Control rats received vehicle (saline)
injections. Twenty four hours following DFP or vehicle ad-
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FIG. I. Effect of DFP on [3Hl QNB binding in rat cerebral cortex
(left) and on retention following one-trial passive avoidance training
(right). Rats weredecapitated for [3Hl QNB binding or were trained
in a shuttlebox24hours following administration of DFP (1.2 mg/kg
IP)or salinevehicle. Testingwas7 days following the training expo
sure. *p<O.OI, DFP vs. saline (Student's r-test, 2·tailed); **p<O.02,
DFP vs. saline (Student's r-test, 2-tailed).

ters using a modified Brandell cell harvester (Biochemical
Research and Development Laboratory, Inc., Gaithersburg,
MD). Filters were washed two more times with 3 ml of buffer
and placed in glass scintillation vials with 10 ml Aquasol-2
(New England Nuclear) and counted for 10 minutes in a
Beckman LS 6800 liquid scintillation counter. Counting effi
ciency was 45%. Specific binding was defined as that which
was displaced by 5 p.M atropine sulfate and represented ap
proximately 87% of total binding.

Statistical Analysis. Two-way ANOVA and Student's t
test (two-tailed) were used for statistical analyses .
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RESULTS

Administration of DFP 24 hours before decapitation re
sulted in a 24% (p<0.0l) reduction in cortical Tl-QlxB bind
ing compared to levels in rats pretreated with vehicle (Fig.
I). A parallel group of rats was trained on a passive
avoidance task 24 hours following DFP administration and
tested 7 days later. Retention was significantly enhanced
(p<0.02) by DFP pretreatment (Fig. 1). An additional group
of rats, trained 24 hours following DFP and tested 14 days
later, showed persistence of this effect 14 days after DFP
administration (DFP 398±8I.20 sec N=lO, vs. Saline
193±75.34 sec, N=lO. Two-way ANOVA for 7 and 14 day
results: F(I)=9.03, p<0.05 for treatment effect; F(I)=2.08,
p=NS for time effect; F(1)=0.03 , p =NS for interaction).
Rats trained 7 days following DFP administration and tested
7 days later showed no enhanced retention as compared to
vehicle-treated controls (DFP 224±77.82 sec, N= 10 vs,
Saline 254±SO.67 sec, N=lO). There were no differences in
training latency between the DFP and control groups.

DISCUSSION

The findings reported here confirm previous observations
that pretreatment with by DFP enhances performance on
memory tasks [1]. In the present study rats were exposed to
the training situation 24 hours following DFP administration.
Enhancement of retention was demonstrable in the DFP
treated rats when tested 7 or 14 days later. A significant
reduction in cortical :lH-QNB binding was present in a paral
lel group of animals which were decapitated 24 hours follow
ing DFP administration. The persistence of enhanced reten-

Behavioral Testing

Rats were trained 24 hours or 7 days following DFP or
vehicle administration and tested 7 or 14days later. Training
and testing were conducted in a two-compartment black
Plexiglas shuttle-box (76.2x34.3x50.8 em high). The smaller
(start) compartment of the shuttle-box was illuminated by
five (7.5 watt D.C.) bulbs mounted along the top of the rear
wall and separated from a larger dark compartment by a door
which could be manually opened and closed from above. The
floor was constructed of 0.6 em diameter stainless-steel bars
spaced 1.9 em apart and connected to a Grayson-Stadler
(Model 700) scrambled shock source.

During training, each animal was placed in the lighted
compartment with the door separating the two chambers
closed and allowed 30 seconds to freely explore that side of
the apparatus. The door was then raised and the animal was
allowed to enter the dark compartment. Once the animal had
completely crossed over to the dark side (all four paws) the
door was lowered and a 3.0 sec, 0.3 rnA inescapable shock
was delivered via the grid floor. Immediately after the shock
the animal was removed from the dark compartment and
returned to his home cage. The latency to cross from the
lighted to the dark compartment was recorded for each
animal. Testing followed the same procedure except that no
shock was applied ifand when the animal crossed to the dark
side. The initial latency to cross (i.e. , step-through latency)
from the lighted to the dark chamber was recorded. A test
session lasted a maximum of 600 seconds. Any animals
which failed to cross within 600 seconds were removed from
the apparatus and assigned a maximum score of 600.

ministration half the rats in each group were assigned to
behavioral training and the other half were decapitated for
~H-QNB binding studies.

3H-QNB Binding

Rats for 3H-QNB binding studies were killed
by decapitation 24 hours after the DFP or vehicle admin
istration. Brains were rapidly removed and dissected and
tissues were stored at -SO°C until assayed. Binding of
3H-QNB was determined in accordance with the methods
described by Wastek and Yamamura [14] with modifications .
A Brinkman Polytron (setting 7 for 15 sec) was used to
homogenize the samples in 50 volumes (w/v) of ice-cold 50
mM tris-HCl buffer (pH 7.4) containing 120 mM NaCI and 5
mM KCI. The homogenate was centrifuged at 30,000g for 10
minutes . The supernatant was decanted and the resulting
pellet was washed and centrifuged, as above, twice more .
After the last centrifugation, the pellet was resuspended in
33.3 volumes (w/v) of ice cold 50 mM tris-HCl buffer as
above. Protein on the final homogenate was determined ac
cording to Lowry et al. [10]and averaged approximately 0.05
mg/ml protein. Once the protein was determined, an aliquot
of the final homogenate was taken and diluted with 50 mM
Hepes buffer (pH 7.4) to a final concentration of 0.5 mg/ml
protein for the QNB receptor binding assay.

Samples (500 p.l) of the homogenate were incubated in
duplicate at 37°C with 100p.l of 3H-QNB at 25 pM 3H-QNB
concentration (specific activity , 33.1 Ci/mmole from New
England Nuclear) and with 100 p.l of either 50 roM Hepes
buffer or 5 p.M final concentration of atropine sulfate. Total
assay volume was adjusted to 2 mlwith 50 mM Hepes buffer.
After 60 minutes the incubate was diluted with 3 ml ice-cold
Hepes buffer and filtered through Whatman GF/B glass til-
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tion in animals tested 14 days after DFP administration
suggests that this enhancement is due to factors influencing
the training rather than the testing condition. Although in
creased presynaptic availability of acetylcholine due to per
sistent cholinesterase inhibition may still be operative 7 days
after DFP administration, this could not be the case 14 days
later [11]. Similarly, DFP-induced alterations in PH] QNB
binding are no longer demonstrable by a week following
administration of the drug [6]. Finally, the absence of any
effect on retention in animals trained 7 days following DFP
administration and tested 7 days later, further supports a
conclusion linking the significant enhancement observed in
animals trained 24 hours after DFP, to effects of the DFP
operative at the time of training.

Facilitation of memory in rats trained at a time when cor
tical muscarinic receptor binding was demonstrably reduced
would appear to contradict previous reports which associ
ated muscarinic receptor down-regulation with impairment
rather than enhancement of retention [4, 5, 9]. Such an
association was reported after both chronic physostigmine
[9] and repeated ECS [4,5] administration. This apparent
discrepancy may, however, be explained if presynaptic fac
tors are considered in conjunction with post-synaptic effects.
Russell et al. [11] reported that 24 hours following DFP ad
ministration (1.0 mg per kg) brain acetylcholineesterase
levels were reduced by 700/0 and brain acetylcholine levels
were increased by 400/0 over control values. Presynaptic
availability of acetylcholine was thus considerably increased
24 hours following a dose of DFP similar to that used in the
present study. It is therefore plausible that following DFP
administration, increased presynaptic availability of acetyl
choline may be sufficient to ensure a net increase in
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cholinergic neurotransmission in spite of a compensatory re
duction in post-synaptic muscarinic receptor number. This
would then explain the enhanced memory response in rats
pre-treated with DFP, in spite of a reduction in muscarinic
binding sites.

Following chronic ECS [4,5] or chronic physostigmine [9]
administration, presynaptic agonist availability may not be
sufficient to outweigh post-synaptic muscarinic receptor
subsensitivity. ECS-induced alterations in acetylcholine
turnover are short-lived (present 30 sec after the seizure) and
no longer demonstrable by 5 minutes [8]. Physostigmine is a
reversible inhibitor of acetylcholine esterase and in the ex
periment reported by LoulIis et al. [9], administration was
ceased 24 hours prior to training. Following ECS and
physostigmine administration, reduced muscarinic receptor
density could therefore result in a net reduction in choliner
gic neurotransmission which is not balanced or superceded
by increased presynaptic availability of the agonist.

Drug-induced alterations in cholinergic neurotransmis
sion should therefore be considered on the background of
presynaptic agonist availability in conjunction with changes
in post-synaptic receptor sensitivity. The effect of
cholinomimetics or cholinergic antagonists on memory is
likely to represent the net result of a complex interaction
between such presynaptic and postsynaptic factors.
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