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Acetylcholinesterase activity in regions of mouse brain following
acute and chronic treatment with a benzodiazepine inverse
agonist
1M.E. Appleyard, S.C. Taylor & 2H.J. Little

Department of Pharmacology, South Parks Road, Oxford OX1 3QT

1 Chronic administration of the benzodiazepine inverse agonist FG 7142 has previously been shown to
induce seizure activity in mice. In the present study we have investigated the effects of acute and chronic
treatment with FG 7142 in mice on the levels of acetylcholinesterase activity in cortex, hippocampus,
midbrain and striatum. We have also investigated the effects of acute and chronic stress in the form of
handling (vehicle-injection) on acetylcholinesterase levels.
2 A single dose of FG 7142 produced a marked elevation of total acetylcholinesterase activities in the
hippocampus and midbrain when compared with vehicle-injected control levels, but the levels were not
different from those in unhandled animals.
3 Acute stress, in the form of vehicle-injection produced decreases in cortical and hippocampal soluble
acetylcholinesterase activity but FG 7142 had no effect upon these stress-induced changes.
4 Total cortical and hippocampal acetylcholinesterase activities were increased by 56% and 16% respec-
tively in the chronic FG 7142-treated mice that exhibited seizure activity (compared with vehicle-injected
controls).
5 Soluble acetylcholinesterase activity in the midbrain was decreased to 82% of control levels only in
animals that had undergone FG 7142-induced kindling. Smaller or no changes in acetylcholinesterase
activity in the midbrain were observed in chronically FG 7142-treated animals that exhibited no seizure
activity.
6 Mice that did not demonstrate seizure activity in response to chronic FG 7142 treatment showed
alterations in the soluble acetylcholinesterase activities of the hippocampus and midbrain.
7 It is concluded that chronic treatment with the benzodiazepine inverse agonist FG 7142 produces
alterations in the acetylcholinesterase activities of various brain regions, in a manner related to the kind-
ling that can be produced by this treatment.
8 Chronic mild stress, in the form of repeated handling (vehicle injection), induced changes in brain
activity with decreases in total activity occurring in the cortex and hippocampus, and an increase in
soluble acetylcholinesterase activity occurring in the midbrain.
9 All these stress-induced changes appeared to be prevented by administration of FG 7142 at the time of
the stress. It would appear therefore that FG 7142 can prevent the effects of chronic stress on brain
acetylcholinesterase activity.

Introduction

Chronic administration of inverse agonists at the benzodiaze-
pine receptor has been shown to produce chemical kindling
(Little et al., 1984; Morin, 1984) i.e. repeated administration of
a dose of FG 7142 which is initially proconvulsant (but which
does not itself produce convulsions) reliably produces gener-
alised seizures in 60% of mice so treated. This effect persists
for at least six months after cessation of treatment. The devel-
opment of this chemical kindling phenomenon is prevented by
concurrent administration of benzodiazepine antagonist Ro
15-1788 (Little et al., 1984) indicating that FG 7142 kindling is
mediated via the benzodiazepine receptor. Ro 15-1788 also
prevents electrically kindled seizures (Robertson & Riives,
1983).
Chemical kindling can also be induced by repeated cholin-

ergic stimulation of the limbic regions. The development and
manifestation of this cholinergic kindling is prevented by atro-
pine treatment (Wasterlain et al., 1978; Olney et al., 1983;
Turski et al., 1983). Similarly atropine also retards electrically-
induced kindling (Arnold et al., 1973) indicating that choliner-
gic hypersensitivity may be responsible for the development of

seizures. Supersensitivity to endogenous acetylcholine (ACh)
may also be a factor in cortical epileptogenesis: the
chronically isolated cortex shows both spontaneous and pro-
longed epileptiform after discharges, and increased sensitivity
to topically applied ACh after several weeks (Echlin & Bat-
tista, 1963). This increase in the sensitivity of the isolated
cortex parallels a decrease in the acetylcholinesterase (EC
3.1.1.7; AChE) activity of the tissue (Hebb et al., 1963;
Rosenberg & Echlin, 1965; Chu et al., 1971) prompting Girgis
(1981) to propose that AChE may have a protective function
in limbic structures prone to epileptiform activity.

Convulsions induced with a single electroconvulsive shock
have previously been found to induce transient increases in
the AChE activity of cortex and striatum, and sustained
decreases in the AChE activity of the hippocampus and mid-
brain of rats (Appleyard et al., 1986). We have therefore exam-
ined the AChE activities of various brain regions from mice
that were kindled with chronic FG 7142 treatment. The effects
produced by FG 7142 kindling were compared with those
produced by a single dose of FG 7142. A preliminary report of
some of these findings has been published as an abstract
(Appleyard et al., 1985).

Acute and repeated stress have also been reported to have
marked effects upon the AChE activity of numerous brain
nuclei. Increased levels of AChE activity have been observed
in the cortex, thalamus and hypothalamus of rats that had
been stressed by application of electric foot shocks (Singh et
al., 1979). Acute and chronic immobilization stress induced
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increases in the AChE activity of certain hypothalamic and
brain stem nuclei (Romero, 1981). Repeated handling can be
regarded as a form of mild chronic stress (Graham-Jones et
al., 1983; Stanford et al., 1984) and has been shown to induce
long-lasting changes in several cortical chemical parameters,
such as adrenoceptor number. Therefore the effects of acute
and chronic handling upon the AChE activity of various brain
regions were also investigated by comparing vehicle-injected
mice with handled animals.

Methods

Animals and seizure administration
Male CD1 mice (Charles River) weighing between 30-35g
were used for all experiments. They were housed in groups of
8-12 under conditions of controlled lighting and temperature,
and with free access to food and water. Acute and chronic
experiments were performed; in each case there were three
experimental groups of mice consisting of FG 7142-treated,
vehicle-injected (handled) and unhandled animals.
FG 7142 (A/S Ferrosan, Denmark) was suspended in dis-

tilled water with one drop of Tween 80 per 10 ml, and was
administered in a volume of 10 ml kg-', i.p.

In the acute experiments mice received a single injection of
40mgkg-1 FG 7142 i.p. and were killed seven days later by
cervical dislocation. Vehicle-injected (handled) animals
received a single injection of the Tween 80 vehicle and were
also killed seven days later. Unhandled mice that arrived in
the department with, and were housed under the same condi-
tions as the experimental groups, but which received no treat-
ments and remained unhandled during their stay in the
department, were killed at the same time as the other groups.

In the chronic treatment experiments, a single dose of
40mgkg-1 FG 7142 (i.p.) was administered daily at 10h
00min for 12 days. On days 10, 11 and 12 the mice were
observed for 1 h after each injection in open top cages
(30cm x 60cm). Observations were made of their behaviour
during this time and the incidence of myoclonic jerks and full
generalized seizures were recorded. A full generalized seizure
was defined as clonic or tonic contractions of all limbs plus
loss of posture (i.e. the mice fell onto their side or back). All
injections and observations were made by the same observer
and all injections were performed in the same room. Vehicle-
injected (handled) animals received daily injections of the
Tween 80 vehicle. On day 19, seven days after the last injec-
tion, all the mice were killed by cervical dislocation.
Unhandled mice that had arrived in the department on the
same day, and were housed under the same conditions, as the
treatment groups were also killed by cervical dislocation at
the same time as the other groups.

Measurement of acetylcholinesterase activity in brain
regions
After the mice were killed by cervical dislocation their brains
were removed and rapidly dissected at 00C to obtain total
cortex, hippocampus, midbrain and striatum. After weighing
the dissected areas were stored at - 20OC until analysis which
was within four weeks.

Brain regions were homogenized in 20 volumes per wet
weight of ice-cold 0.03 M sucrose, and homogenates were
frozen and thawed once to liberate, as far as possible, the
soluble AChE. Aliquots of this total homogenate were then
centrifuged at 50,000g for 120min to sediment the membranes
and their bound AChE.

Acetylcholinesterase activities of the total homogenate and
supernatant were measured by a stopped assay version
(Chubb & Smith, 1976) of the Ellman assay (Ellman et al.,
1961) using 1.0mM acetylthiocholine as substrate, and the spe-
cific AChE inhibitor BW 284c51 to distinguish between AChE
and non-specific cholinesterase activities. Protein was mea-
sured in the soluble and total fractions by the method of
Lowry et al. (1951) after precipitation by 6% trichloroacetic
acid.

Statistics
Results are expressed as mean + s.e.mean and were analyzed
by use of Student's two-tailed t test and Welch's d approx-
imation where appropriate.

In order to determine the effects of FG 7142 treatment,
levels in FG 7142-treated animals were compared with those
found in vehicle-injected animals. The possible effects of stress
(in the form of handling) were determined by comparing levels
in the vehicle-injected mice with those found in unhandled
mice.

Drug

FG 7142 (N-methyl-f-carboline-3-carboxamide) was obtained
from A/S Ferrosan, Denmark.

Results

Acetylcholinesterase activitiesfollowing acute
administration ofFG 7142

The total and soluble AChE activities per mg protein were
determined in homogenates of cortex, hippocampus, midbrain
and striatum seven days after administration of a single dose
of FG 7142 or the Tween vehicle.

In the cortex there were no significant differences in the
total AChE activity between these groups of mice (Figure 1).
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Figure 1 Acute and chronic effects of FG 7142 administration upon
acetylcholinesterase activities in (A) the total homogenate (B) the
soluble fraction of the cortex: (a) unhandled animals; (b) vehicle-
injected controls; (c) FG 7142-treated animals not demonstrating
seizure activity; (d) FG 7142-kindled animals. Acetylcholinesterase
activity is expressed in nmol acetylthiocholine hydrolysed
min- mg- total or soluble protein, as appropriate. Data are pre-
sented as mean + s.e.mean. Significantly different from controls with
*P <0.05 and **P <0.001.
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Figure 2 Acetylcholinesterase activities (expressed in nmol acetyl-
thiocholine hydrolysed min 1 mg' protein) in (A) the total homoge-
nate and (B) the soluble fraction of the hippocampus following acute
and chronic administration of FG 7142: (a) unhandled animals; (b)
vehicle-injected controls; (c) FG 7142-treated animals not showing
seizure activity; (d) FG 7142-kindled animals. Significantly different
from vehicle injected controls with * P < 0.05 and ** P < 0.005.

The soluble AChE activity in the cortex of FG 7142-treated
mice was not significantly different from that observed in the
vehicle-injected animals (Figure 1).

In both hippocampal and midbrain regions the total AChE
activities of mice treated acutely with FG 7142 were signifi-
cantly higher (by 57% and 52% respectively) than those in the
vehicle-injected group (Figures 2 and 3). In contrast, no
changes in soluble AChE activity were observed in the hippo-
campus and midbrain of FG 7142-treated mice when com-
pared to levels in vehicle-injected animals (Figures 2 and 3).
No differences in either total or soluble striatal AChE activ-

ity were observed between the two groups (Figure 4).

Acetylcholinesterase activitiesfollowing acute stress in
theform of handling

AChE activities found in the brains of vehicle-injected
(handled) mice were compared with those found in unhandled
mice.

In the cortex there were no significant differences in the
total AChE activity, but the soluble AChE activity of the
handled Tween-injected mice was significantly (P < 0.05)
lower (by 24%) than that in the unhandled mice (Figure 1).

Total AChE levels in the hippocampus and midbrain were
significantly lower (by 41% in both cases) in the vehicle-
injected mice compared with levels in unhandled mice. Signifi-
cantly lower levels (by 39%) of soluble AChE activity were

T
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Figure 3 Acetylcholinesterase activities (expressed in nmol acetyl-
thiocholine hydrolysed min 1mg-1 protein) in (A) the total homoge-
nate and (B) the soluble fraction of the midbrain following acute and
chronic administration of FG 7142; (a) unhandled animals; (b)
vehicle-injected controls; (c) FG 7142-treated animals not showing
seizure activity; (d) FG 7142-kindled animals. Significantly different
from vehicle-injected controls with * P < 0.05 and ** P < 0.005.

also observed in the hippocampus of vehicle-injected mice
(Figures 2 and 3).
No differences in either total or soluble AChE activity were

observed between the two groups (Figure 4).

Acetylcholinesterase activitiesfollowing chronic
administration ofFG 7142

The total and soluble AChE activities per mg protein were
determined in several brain regions (cortex, hippocampus,
midbrain and striatum) from mice that received a single daily
injection of FG 7142 for 12 days and were killed seven days
later. No behavioral effects were obvious after a single dose of
FG 7142 but by day 5, animals showed brief myoclonic jerks
of the head and neck in response to the FG 7142 injection.
This progressed to generalized seizure activity with squeaking,
and the number of mice convulsing increased throughout the
treatment schedule, until by day 12 seizure activity was
observed in 65% of the animals. The identity of mice that
exhibited seizure activity was noted. In general, seizures were
observed only once after each injection with a latency which
tended to be constant for a given mouse but which varied
between mice. The duration of the seizure was 10-20 s.

Total cortical AChE activity was significantly (P < 0.001)
higher (by 56%) in the chronic FG 7142-treated animals that
exhibited seizure activity (i.e. that had undergone kindling)
compared with vehicle-injected animals. However, this effect
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Figure 4 Acetylcholinesterase activities (expressed in nmol acetyl-
thiocholine hydrolysed min 'mg-1 protein) in (A) the total homoge-
nate and (B) the soluble fraction of the striatum following acute and
chronic administration of FG 7142: (a) unhandled animals; (b)
vehicle-injected controls; (c) FG 7142-treated animals not showing
seizure activity; (d) FG 7142-kindled animals. Significantly different
from vehicle-injected controls with * P < 0.05 and ** P < 0.005
respectively.

was absent from the FG 7142-treated animals that did not
exhibit seizure activity. In contrast, there were no differences
in the soluble cortical AChE activity between any of the
groups (Figure 1).
A similar phenomenon was also observed in the hippo-

campus, with a significant increase of 16% in the total AChE
activity occurring in the kindled group compared with the
vehicle-injected group but there was no difference in the mean
total activity of vehicle-injected mice and FG 7142-treated
mice that did not exhibit seizure activity. No changes in the
soluble AChE activity of the hippocampus were observed,
apart from a small (20%) but statistically significant decrease
in the FG 7142-treated animals that did not exhibit seizure
activity (Figure 2).

In the midbrain region there were no alterations in the total
AChE activity induced by chronic FG 7142 treatment com-

pared with the vehicle-injected group (Figure 3). However, sig-
nificantly lower levels (by 18%) of soluble AChE activity were

observed in the midbrain of FG 7142 kindled mice. No such
difference was apparent in the FG 7142-treated animals that
did not exhibit seizure activity (Figure 3).
No differences in the total AChE activity of the striatum

were induced by chronic FG 7142 treatment, however, a sig-
nificantly (P < 0.02) higher (by 90%) level of soluble striatal
AChE activity was observed in the FG 7142-treated animals
that did not exhibit seizure activity, but not in the FG 7142-
kindled animals when compared with the vehicle-injected
group (Figure 4).

Acetylcholinesterase activitiesfollowing chronic stress in
theform of handling
AChE activities in the brains of mice that had received daily
injections of Tween were compared with those in unhandled
animals.

Total cortical AChE activity was significantly lower (by
29%) in the Tween-injected mice compared with the
unhandled mice, but there were no differences in the soluble
cortical AChE activity (Figure 1).
A similar phenomenon was observed in the hippocampus

where total AChE levels were also lower (by 20%) in the
vehicle-injected mice, but soluble levels were unchanged
(Figure 2).

In the midbrain there were no differences in total AChE
activities between the two groups but soluble AChE activity
was significantly elevated in the handled vehicle-injected
group (Figure 3).

If the unhandled animals for the acute and chronic experi-
ments are compared then there are significant differences in
every brain region examined. Total AChE activity was mark-
edly lower in both the hippocampus and midbrain of the
chronic group (Figures 2 and 3) whilst cortical levels were
similar in both groups of unhandled mice. Soluble AChE
activity was markedly lower in the cortex and midbrain
(Figures 1 and 3) but higher in the hippocampus of the
chronic group.

Discussion

Increased levels of total AChE activity were observed in the
cortex and hippocampus of only those chronic FG 7142-
treated mice which exhibited kindling. Therefore these effects
appear to be directly related to the kindling process, or the
occurrence of seizures and are not a consequence simply of the
chronic administration of FG 7142. However an increased
level of hippocampal AChE activity was also observed follow-
ing acute administration of FG 7142, a treatment which did
not induce seizure activity. It is possible that such an effect
reflected initiation of the kindling process.
A decrease in total hippocampal AChE activity has pre-

viously been observed in rats for up to 3 h immediately follow-
ing a convulsion induced by acute electroconvulsive shock
treatment (Appleyard et al., 1986). It suggests that the changes
in AChE activity which occur in the hippocampus are indeed
related to the seizure process since susceptibility is decreased
for a similar time period immediately following a single elec-
troconvulsive shock (Nutt et al., 1981) and increased (at least
to FG 7142) following FG 7142 kindling. This could explain
why the changes in AChE activity produced by these two
treatments are in opposite directions. Cortical and midbrain
changes in AChE activity may not be as important for seizure
susceptibility since increased levels of total cortical activity
and decreased levels of midbrain soluble AChE activity were
observed following both FG 7142 kindling in mice and a
single electroconvulsive shock in rats (Appleyard et al., 1986)
despite their opposite effects on seizure susceptibility. Species
differences could contribute to this discrepancy. It should be
noted however that FG 7142 kindling does not appear to be
associated with a general decrease in seizure threshold since it
produced less change in the seizure threshold to convulsant
drugs such as pentylenetetrazol and bicuculline than the
effects of benzodiazepine receptor ligands (Little et al., 1986;
1987). Furthermore the changes seen in AChE activity after a
single electroconvulsive shock are probably not causally
related to the concurrent increase in seizure threshold since no
such changes in AChE activity were observed following the
last of a series of ten electroconvulsive shocks (Appleyard &
Green, 1988) despite the rise in seizure threshold produced by
this treatment. Hence, although the present study demon-
strates changes in AChE activity in several brain regions
which are specific to animals exhibiting kindling in response
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to chronic FG 7142 treatment the precise contribution of
these changes to the kindling process is at present unclear.
Changes in AChE activity that occurred only in animals

chronically treated with FG 7142 but which did not exhibit
seizure activity were also apparent, such as a decrease in
soluble hippocampal activity. Similar changes have been
observed in rats following a single electroconvulsive shock,
and could reflect a compensatory mechanism that raises the
seizure threshold, so preventing the development of kindling.
No such changes in AChE activity were caused by acute
administration ofFG 7142.

Chronic mild stress, in the form of repeated handling,
induced changes in the AChE activity of all three brain
regions studied. Repeated handling makes animals tame and
has been shown to decrease the emotional reactivity of rats in
the open field test (Broadhurst, 1960; Coscina et al., 1975).
The changes in brain AChE activity observed in the handled
animals could therefore be a direct result of the repeated
stress, or could reflect a gradual adaptation to repeated stimu-
lation of an initially stressful nature. Comparison of the effects
of acute and chronic handling should distinguish between
these two possibilities. A single injection of vehicle had no
effect upon total cortical AChE activity, unlike repeated injec-
tions, so the changes in AChE activity observed in this brain
region probably reflected adaptation to the repeated mild
stress, as did changes in the midbrain. However, in the hippo-
campus, similar decreases in total AChE activity were
observed following both a single injection of vehicle and
repeated injections, and so this is probably a direct effect of
the stress itself. It should be noted that there were marked
differences in the AChE activity of all brain regions of
unhandled animals for the acute and chronic experiments.
These two groups of animals differed only in the amount of
time they spent in the department.
Mild acute stress, in the form of a single vehicle injection

induced long-lasting decreases in the AChE activity of both
the hippocampus and the midbrain. Administration of a single
dose of FG 7142 at the time of handling appeared to abolish
this effect of stress since there was no difference between these
FG 7142-treated mice and unhandled mice. Chronic FG 7142
treatment also appeared to prevent the appearance of chronic
stress-induced changes in AChE activities. It is puzzling that
FG 7142 appears to prevent the stress-induced changes in
AChE activity, since its anxiogenic properties would be

expected to intensify the effect of the stress. However, similar
effects have been observed with adrenoceptors. Chronic mild
stress in the form of repeated saline injections resulted in a
decrease in cortical adrenoceptor binding in rats (Stanford et
al., 1984) whilst chronic FG 7142 treatment produced an ele-
vation of cortical adrenoceptor binding over vehicle-injected
levels in mice (Stanford et al., 1986). It could be that these
alterations in adrenoceptors and AChE reflect an adaptive
process for coping with the stress, and that this is prevented
by the anxiogenic agent.
What is the relevance of the alterations in AChE activity

observed in animals kindled with FG 7142? The increases in
total AChE activity that occurred in the cortex and hippo-
campus of kindled mice were due to increased levels of
membrane-bound AChE, since levels of soluble enzyme
remained unchanged. In cholinergic regions such as the cortex
and hippocampus, such AChE would primarily function to
terminate cholinergic transmission by hydrolysis of acetyl-
choline. Hence these altered levels of AChE activity could
reflect, or result in, disruptions of cholinergic transmission
that have been induced by, or contribute to, the kindling
process. It is obviously important therefore to determine
whether other cholinergic system markers are also affected by
FG 1742 kindling. The influence of cholinomimetic drugs on
the development of FG 7142 kindling should also be investi-
gated.

In the midbrain, FG 7142 kindling led to decreased levels of
soluble AChE. One of the main AChE-containing regions of
the midbrain is the substantia nigra, a region where there is
good evidence that soluble AChE is secreted and can affect
the activity of pars compacta neurones (Greenfield, 1984;
Greenfield et al., 1988). Alterations of the level of soluble
AChE could reflect, or result in, an altered secretion of the
protein, and hence of nigral activity. Indeed, previous studies
have shown that an increased secretion of AChE during a
seizure (induced by electroconvulsive shock) (Appleyard et al.,
1987) resulted in decreased levels of midbrain AChE
(Appleyard et al., 1986). It has been suggested that the sub-
stantia nigra functions as a gate in the propagation of seizures
(McNamara et al., 1983; Garant & Gale, 1983). Obviously, if
such a mechanism exists, any alteration of nigral activity
could affect the incidence of seizure activity and so contribute
to the kindling process.
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