Pharmacology Biochemistry & Behavior, Vol. 36, pp. 89-95. ® Pergamon Press plc, 1990. Printed in the U.S.A.

Reversal of Age-Related Cognitive
Impairments by an M1
Cholinergic Agonist, AF102B

R. BRANDEIS,*! S. DACHIR,* M. SAPIR,* A. LEVY*
AND A. FISHERT

*Department of Pharmacology and {Department of Organic Chemistry
Israel Institute for Biological Research, P.O. Box 19, Ness-Ziona 70450, Israel

Received 13 March 1989

BRANDEIS, R., S. DACHIR, M. SAPIR, A. LEVY AND A. FISHER. Reversal of age-related cognitive impairments by an M1
cholinergic agonist, AF102B. PHARMACOL BIOCHEM BEHAV 36(1) 89-95, 1990.—This study examined the effect of a
specific M1 cholinergic agonist, AF102B, on place learning of aged and young rats. Spatial reference memory was tested in the Morris
Water Maze task, while spatial working memory was tested on an 8-arm radial maze. Both memory functions were impaired in aged
rats compared to young animals. However, the administration of AF102B significantly reduced the age-related cognitive impairments
observed in both tasks. This data supports the assertion of the ‘‘cholinergic hypothesis,”” namely that specific enhancement of
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cholinergic function may reverse geriatric cognitive deficits.
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AGING is associated with cognitive behavioral impairments, as
well as brain structural and biochemical alterations in discrete
neuronal subsystems. Both aged rats and aged humans can exhibit
severe deficits in cognitive abilities (1, 2, 4).

Recent studies (4, 10, 40) have shown that the degree of
cognitive impairments in humans is highly correlated with degen-
eration or atrophy of the basal forebrain cholinergic projection
system, which provides major cholinergic afferent inputs to both
the hippocampal formation and the neocortical mantle. Decline in
cerebral cholinergic function is seen also in aging rodents (4, 23,
29). Since the age-related decline in learning and memory is
reminiscent of the deficits seen after lesions to the septo-hippo-
campal system in rats, decrements or degenerative changes in the
septo-hippocampal cholinergic - projection system may play a
major role in the development of such deficits. Pharmacological
data also suggests a cholinergic involvement in learning in rats as
muscarinic antagonists impair place learning (6, 8, 26, 28, 30, 41,
46), probably by blocking neurotransmission at M1 muscarinic
receptors in the brain (25,28).

Recently, M1 selective muscarinic agonists have been pro-
posed as a promising treatment strategy in Alzheimer’s disease
(AD) (25, 28, 31, 42, 50), the major type of dementia among the
elderly. Conformationally rigid analogs of acetylcholine (ACh)
may provide such selective agonists. Such a rigid analog of ACh,
() cis-2-methyl-spiro-(1,3-oxathiolane-5,3")-quinuclidine (AF102B),

has been recently synthetized by us (16-20). The design of this
drug was based on the premise that utmost rigidity would limit the
ability of the ligand to adapt to subtle differences in receptor
structure, or its microenvironment and thus provide selectivity
towards a certain population of the muscarinic receptors. It was
shown by us and others, that AF102B is a centrally active agonist
which exhibits M1 selectivity (16-20, 33). Moreover, in ethyl-
choline aziridinium (AF64A)-injected rats, low doses of AF102B
reversed cognitive impairments shown in three learning and
memory tasks, namely one-trial, step-through passive-avoidance
(PA), 8-arm radial maze (RAM) and Morris Water Maze (MWM).

In the present study, we examined the effects of AF102B
administration on place learning in two spatial memory tasks,
MWM and RAM, in aged rats. Both tasks appear to be particularly
sensitive to lesions of the hippocampal formation and the nucleus
basalis magnocellularis (NBM) (7, 24, 32, 35, 37-39, 45, 49), as
well as to the aging process (3, 9, 11, 13, 14, 21, 43, 47). The first
task, the MWM, assesses spatial learning abilities in a reference
memory (RM) procedure which is free from working memory
(WM) components (24,28), as well as from local olfactory visual
or kinaesthetic cues (34). The other paradigm, the RAM, measures
spatial WM ability, which is considered the closest analogy to
recent memory in man (37). This task is also free of local cues but
with recourse to food deprivation.
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METHOD

SUBJECTS

Old male Wistar rats (18-19 months old, in the MWM task and
2627 months old in the RAM task, 500-730 g), were housed two
(MWM) or one (RAM) per cage, in a temperature-controlled
environment (22 * 1°C) with 12-hr normal light/dark cycle. Young
male Wistar rats (3 months old, 300-350 g), were housed under
the same conditions. The MWM task animals had ad lib access to
food and drinking water. The RAM task animals were food-
restricted until reaching approximately 75% of their free feeding
weight. Afterwards the rats received 6 food pellets (Altromin,
Lage) per day. Two days before training, the rats were fed with
precision pellets (Bioserv Inc., Frenchtown, NJ), which were later
used for reinforcement in the maze. The rats had free access to
water. Behavioral testing was carried out between 08.00 and 14.00
hr, five days a week.

BEHAVIORAL TESTS

MWM

Drug administration. Each of the young and old groups of rats
was subdivided into two treatment subgroups (n= 10): Subgroup 1
was treated with AF102B and subgroup 2 was treated with saline.
AF102B (1 mg/kg, IP) in a volume of 1 ml/kg and saline were
administered once a day for 5 days, 30 min before testing.

Apparatus. Rats were trained and tested in a white circular
metal water maze measuring 140 cm (dia.) X 50 cm (height) and
filled to a depth of 25 cm with water (26 = 1°C). The maze was
brightly lit and surrounded by well lit, salient objects. Perfor-
mance in the maze was monitored by a tracking system consisting
of an overhead video camera linked to a TV monitor and an
image-analyzer (CIS-2) coupled to a microcomputer (SMZHz-
IBM AT) (system designed and produced by Galai Laboratories,
Ltd., Migdal Ha-Emek).

The pool surface was divided into 4 quadrants of equal area,
NE, NW, SE and SW. During place navigation training, escape
was provided by a wooden platform (12X 12 cm) covered by a
wire mesh and painted white, which stood 2 cm below the water
surface. Addition of dried milk powder rendered the platform
invisible at water level. The platform was placed midway between
the center and rim of the pool in any one of the 4 quadrants.

Procedure.

Habituation. Seventy-two hr prior to the start of training, rats were
placed in the pool with no platform for a one-minute habituation
trial.

Training. Each rat was given four training trials per day on four
consecutive days. Starting locations were randomly varied except
that in each day, the rat had to start at least once from each starting
point. A trial started when the rat, held facing the pool wall, was
immersed in the water. It was then allowed 120 sec in which to
search for the platform and if it failed to escape within this time
period, it was placed on the platform. Irrespective of whether the
rat found the platform or was placed on it, it remained there for 60
sec. The rat was then removed and given the other three trials and
finally returned to its cage. For each rat, the platform position
remained constant throughout the four training days. Escape
latency (the time to find the platform), path length (the distance
travelled by the rat) and speed (the swimming rate of the rats) were
recorded on each trial by the monitoring system.

Reversal test. Twenty-four hours after the final training trial (day
5), the “‘reversal ability’’ of the rat was tested. Rats were tested as
in the training session, except that the platform position
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was changed to the quadrant opposite to the training quadrant.
Reversal testing was continued for four trials. Measures taken
were the same as in the training period.

RAM

Drug administration. Each of the young and old groups of rats
was subdivided into two treatment subgroups (n= 10): subgroup 1
was treated with AF102B and subgroup 2 was treated with saline.
AF102B (1 mg/kg, IP) and saline in a volume of 1 ml/kg were
administered once a day for two weeks, 5 days a week, two
minutes before testing.

Apparatus. Behavioral testing was conducted in an elevated
(70 cm) 8-arm radial maze made of transparent PVC. The arms (75
cm long and 10 cm wide) extended from an octagonal central arena
(40 cm wide). At the end of each arm a self feeder was placed (45
mg pellet dispenser, Model 8000, Lafayette Instrument Compa-
ny). Photocells installed within the maze and connected to a
computer monitored correct and incorrect entries as well as the
time spent in the task (System designed and produced by Mezada
Corp., Ness-Ziona).

Procedure.

Pretraining. Before starting the actual test, rats were familiarized
with the RAM. Pellets were scattered in the whole area of the
maze. Rats were placed in the central arena, one at a time, always
facing the same direction, and were permitted to run from arm to
arm until visiting all 8 arms or until 15 min had elapsed.
Pretraining was continued for three days, one session per day.
Training. Each rat was placed in the central arena, immediately
following injection of AF102B or saline. Two minutes postinjec-
tion, the doors were opened and the rats were permitted to run
from arm to arm until 8 pellets were collected or until 15 min had
elapsed. All movements within the maze were recorded, elapsed
time as well as correct and incorrect responses. Training continued
for two weeks, 5 days a week.

RESULTS

Escape Latency

For each rat, the escape latencies of the four trials in each day
were grouped into blocks (one block for each day).

The escape latency scores were analyzed by a three-way
ANOVA (2x2x4) with one repeated variable (days) and two
nonrepeated variables (age-old/young and treatment-AF102B/sa-
line). Figure | presents the mean*S.E.M. of the escape latency
measures (the scores of one animal from each of the old subgroups
were excluded because these animals were floating rather than
swimming). Because of the statistical requirements, one score of
each of the young subgroups was also excluded randomly.

Old rats showed significantly larger escape latencies (indicat-
ing a worse RM performance) than the young rats, F(1,32)=
43.38, p<0.001. The results indicated also an interaction between
age and treatment, F(1,32)=5.53, p<<0.05. The escape latencies
of the old rats treated with AF102B was significantly shorter than
that of the old rats treated with saline during the 4 days of training
and also during the reversal test (p<<0.01, by a simple main effects
contrasts analysis). There was no significant difference between
the escape latencies of the young rats treated with AF102B and
young rats treated with saline during both training and reversal,
perhaps because of a ‘‘ceiling”’ effect.

A significant general effect of training was shown, F(4,128) =
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FIG. 1. Escape latency of old and young rats in presence of AF102B and
saline.

30.98, p<<0.001. The escape latencies decreased during the first
three days of testing and then became stable. The results indicated
also an interaction between age and days of learning, F(4,128) =
8.25, p<<0.001. More specifically, the escape latencies of the old
rats decreased during the first three days of testing and then the
escape latencies stabilized, while the escape latencies of the young
rats decreased already during the first two days and only then
became stable.

The standard deviation of the old rats treated with AF102B
(9.65) was significantly smaller than that of the old rats treated
with saline (18.66), F(9,9)=3.73, p<<0.05.

Path Length

The measure of path length was added in this study in order to
test whether rats learned to use a true mapping strategy instead of
acquiring a nonspatial strategy which might help them to find the
hidden platform.

The scores of this measure were statistically analyzed as
described for the escape latency scores. Figure 2 presents the
means =S .E.M. of the path length measures. (The scores of one
animal from each of the old subgroups were excluded because of
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FIG. 2. Distance run by old and young rats in presence of AF102B and
saline.
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FIG. 3. A characteristic computer depiction of the path length of old and
young rats in presence of AF102B and saline.

the same reasons described in the escape latency chapter.)

Old rats showed a significantly longer path length (indicating a
worse RM performance than the young rats, F(1,32)=38.41,
p<0.001. A statistically significant interaction between age and
treatment, F(1,32)=5.70, p<<0.025, showed that in the old rats
AF102B decreased the length of the path during the 4 days of
training and also during the reversal test (¢7<<0.01, by simple main
effects contrasts analysis), while in the young rats this effect was
not found, maybe because of a ‘‘ceiling’’ effect. A significant
general effect of learning had been shown, F(4,128)=33.38,
p<0.001. The path length decreased during the first three training
days and then stabilized. An interaction between age and days of
learning was found, F(4,128) =6.14, p<<0.001. The path length of
the old rats improved during the first three days (p<<0.05) and then
stabilized, while in the young rats this improvement was shown
already in the first two days.

The standard deviation of the old rats treated with AF102B
(149.20) was significantly smaller than that of the old rats treated
with saline (370.15), F(9,9)=6.15, p<0.01.

A characteristic computer depiction of the path length travelled
by the old and young rats in presence and absence of AF102B or
saline is shown in Fig. 3.

Swimming Speed

The parameter of swimming speed (cmy/sec) is intended to
measure the swimming ability of the rats. This motor coordination
measure was introduced in order to separate the specific memory
impairment from the more generalized motor changes associated
with aging.

The scores of this measure were statistically analyzed as
described for the escape latency and the path length scores. Figure
4 presents the means = S.E.M. of the swimming speed measures.

An interaction was found between age and days of training,
F(4,144)=2.65, p<0.05. In the first two days of training, the
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FIG. 4. Swimming speed of old and young rats under AF102B and saline
treatments.

swimming speed of the old rats was significantly slower than that
of the young rats. However, such a difference was not found
later on.

The administration of the drug (AF102B) had no effect on the
swimming speed of the rats.

Radial Arm Maze

In the following analyses, the scores of two animals from each
of the old subgroups were excluded because these animals were
extremely slow in adapting to the maze. Because of the statistical
requirements, two scores of each of the young subgroups were also
excluded randomly.

Correct Choices

An overall significant difference was found in the average
number of correct choices out of the first eight entries between the
old and young rats, by a three-way ANOVA with one repeated
measures variable, F(1,28)=5.5, p<0.05. Young rats performed
significantly better than old rats (7.4 +0.09 vs. 6.7 £0.19 correct
choices, see Fig. 5). A three-variable interaction between group
(old/young) X treatment (AF102B/saline) X trial (week I/week II)
was also found.
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FIG. 5. Correct choices of old and young rats treated with AF102B or
saline.
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FIG. 6. Percent errors of old and young rats treated with AF102B or saline.

A simple main effect contrasts analysis revealed that during the
first week, the AF102B-treated old rats made significantly less
correct choices than the saline-treated old rats (6.1+0.4 vs.
6.7+0.4, p<0.01). However, during the second week, the
situation was reversed: the AF102B-treated old rats made signif-
icantly more correct choices than the saline-treated old rats
(7.4+0.2 vs. 6.9%0.5, p<0.05). At the same time, AF102B-
treated old rats improved their performance significantly from the
first to the second week (6.1*0.4 vs. 7.4 £0.2 correct choices,
p<0.001) while the saline-treated old rats did not exhibit any
improvement (6.7 +0.4 vs. 6.9 +0.5).

No significant differences were found between the AF102B-
treated young rats and the saline-treated young rats during the first
or the second week of the experiment. However, there was a
significant impairment of performance of AF102B-treated young
rats during the second week of the experiment where they made
less correct choices than during the first week [7.5%0.1 (first
week) vs. 7.1+0.1 (second week), p<0.02). The saline-treated
rats showed no change in performance.

Percent Errors

A comparison of the percent errors (total number of incorrect
entries as a percentage of the total number of entries) between the
four treatment subgroups (old/young, AF102B/saline), over the
two weeks, by a three-way ANOVA with one repeated variable,
showed an interaction between group X treatment X trial,
F(1,28)=4.3, p<0.05 (see Fig. 6). A simple main effect con-
trasts” analysis indicated that during the first week the AF102B-
treated old rats made significantly more errors than the saline-
treated old rats (28.0=5.2 vs. 20.5 = 6.1 percent errors, p<<0.05).
However, during the second week, the situation reversed: The
AF102B-treated old rats performed significantly better than the
saline-treated old rats (11.6+3.9 vs, 20.9+6.5 percent errors,
p<0.02). AF102B-treated old rats improved their performance
significantly from the first week to the second (28.0+5.2 vs.
11.6=3.9 percent errors, p<0.001), while the saline-treated old
rats showed no improvement. A significant impairment of perfor-
mance of AF102B-treated young rats was found during the second
week when compared to the first week (10.9+3.4 vs, 21.0%2.9,
p<0.01), while saline treatment had no effect on the rats’
performance. Similarly, no difference was found between AF102B-
treated young rats and saline-treated young rats during the first
week while during the second week the AF102B-treated young
rats made significantly more errors than the control saline-treated
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FIG. 7. Total time of old and young rats treated with AF102B or saline.

young rats (21.0+2.9 vs. 12.0x3.4, p<0.02).

Total Time

An overall significant difference was found in total perfor-
mance time between old and young rats, by a three-way ANOVA
with one repeated variable, F(1,28) =22.61, p<<0.001. Young rats
completed their tasks significantly faster than the old rats
(161.2+14.7 vs. 447.5 +45.07 sec) (see Fig. 7).

An interaction between group X treatment X trial was found
in this measure too. A simple main effect contrasts’ analysis
revealed that during the first week of the experiment, the AF102B-
treated old rats needed more time to conclude their task than
saline-treated old rats (619.1 +77.9 vs. 456.6 +99.7 sec, p<<0.01).
However, during the second week, no differences were detected
between the two groups. Both subgroups, AF102B-treated old rats
and saline-treated old rats improved their performance during the
second week. They needed significantly less time to conclude their
task as compared to the first week (321.4+70.0 vs. 619.1 +77.9
sec, p<<0.001 for the AF102B-treated subgroup and 393.0 = 96.3
v8. 456.6+£99.7 sec, p<<0.0S for the saline-treated subgroup). No
differences were found between the AF102B-treated young rats
and the saline-treated young rats during the first or the second
week. Also, no differences were found between the first and the
second week within each treatment group.

DISCUSSION

Cognitive disturbances represent one of the primary neuropsy-
chiatric complaints of the elderly (48). Of the many approaches to
developing animal models of age-related memory disturbances,
one that is gaining increasing popularity involves the use of aged
animals (5,22). This model is based on the underlying premise that
the more an animal model accurately mimics the etiology and
symptomatology of the aged human brain and behavior, the
greater will be its predictive value in applications, such as drug
testing (5). From this point of view, it seems that our chosen aged
animal model supports the criteria for developing behavioral
models of aging as well as for evaluating pharmacological treat-
ments.

Old rats demonstrated in this study a decrease in learning and
memory abilities; spatial RM in the MWM task and spatial WM in
the RAM task were both impaired. AF102B significantly reversed
the learning and memory impairments observed in both tasks.
Moreover, AF102B also improved the reversal learning impair-
ments of the old rats, as shown very clearly by both measures in
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the reversal test of the MWM. The result reveals the potential
effect of AF102B on the ability to adopt and shift strategies in
relation to task demands, a cognitive function which is impaired
both in aged rats and in AD. Such a **shifting of set’” behavior was
shown before to be very sensitive to cholinergic manipula-
tions (44).

The old rats varied tremendously with respect to their memory
disturbance, as was shown by their extremely large standard
deviation in the MWM. These individual differences in the
age-related decline of spatial memory have also been demonstrated
in other studies (21), and is an important feature of an animal
model of age-related memory dysfunction, since it mimics the
phenomenology of the human disorder very closely (15). The
marked individual variations in spatial memory capacity may
reflect various degrees of impairment in hippocampal synaptic
connectivity in animals of the same chronologically advanced age
(15,29). This was demonstrated by the partial decrease in the
number of perforated axospinous synapses in the dentate gyrus and
CA1 (15) and in the area of cells and number of ceils in CA3
hippocampal subfield (29).

The experimental findings reported in this study demonstrate
that the degree of individual differences in spatial memory deficit
in aged rats, can be markedly reduced by subchronic (one to two
weeks) treatment with AF102B, an M1 selective agonist. No
doubt that this should be one of the features of a future efficient
treatment for human age-related cognitive impairments.

Motor coordination effects could neither explain the behavioral
deficits of the old rats nor the beneficial effects of AF102B
expressed in both tasks, since no such effects were demonstrated
in the swimming ability test of the MWM task.

One of our findings that needs to to be explained was that the
treatment by AF102B at first caused a decrease in performance of
old rats (first week) in the RAM, followed by an improvement
during the second week. In young animals, the decrease in
performance appeared during the second week. A possible expla-
nation is that in young rats, an increase in release of acetylcholine
(ACh) following treatment with the cholinergic agonist AF102B is
compensated by down regulation of the cholinergic receptors.
After two weeks, the down regulation cannot compensate for the
consistent increase in ACh and decrease in performance occurs. In
older animals, the capability to down (or up) regulate the density
of receptors is reduced (36) and therefore increase in ACh causes
an almost immediate decrease in performance. However, it seems
that after a longer period of time (two weeks), a different
mechanism is affected by which the increase in ACh causes an
improvement in performance. This mechanism would probably be
related to receptor function (as compared to receptor density), for
instance, stimulation of the receptor-effector system (36). It is
reasonable to assume that this system would be impaired in old
animals and therefore prone to improvement, more so than in
young animals.

It is interesting to notice that this phenomenon was found only
for the RAM results. This could be due to the higher sensitivity of
the RAM to drug treatment possibly because of the prolonged food
deprivation associated with this task. In both tasks, however, a
repeated administration of AF102B at the same dose clearly
improved the spatial cognitive performance of old rats during
subchronic administration,

The first clear relationship to be established between age-
related loss of memory and related cognitive functions and a
dysfunction in neurotransmission involved the cholinergic system,
known as the ‘‘cholinergic hypothesis’’ (4). The results of this
study support the assertion of this hypothesis, namely that proper
enhancement of cholinergic function may significantly reduce the
severity of cognitive loss. These results may also provide a support
for the involvement of cholinergic input in the observed impair-
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ments of aging.

Whatever the positive results that have been claimed or
obtained in previous studies with cholinergic agents, one must
recognize that they were extremely subtle, quite variable and
offered little or no significant therapeutic relief in daily living
situations. Among the basic pharmacologic factors which were
responsible for the lack of significant therapeutic effects were the
pharmacokinetic properties of the available cholinergics tested to
date, including extremely short half-lives, lack of specificity to the
central nervous system (CNS), poor passage through the blood-
brain barrier, high incidence of adverse side effects and extremely
narrow therapeutic windows (12,27). Recent studies suggested the
use of more specific muscarinic agonists as a treatment strategy for
AD (25, 28, 31, 42, 50). Accordingly, M1 specific agonists may
be more efficacious in improving overall cholinergic function and
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possibly reducing cognitive disturbances associated with old age,
Alzheimer’s disease and other clinical conditions characterized, in
part, by a central cholinergic deficiency. AF102B was indeed
shown to be devoid of side-effects up to high doses, resulting in a
fairly wide therapeutic range (18). The development of this new
drug with greater specificity and selectivity for a receptor subclass,
M1, may provide a valuable tool for treating both AD, and
age-related cognitive impairments, since it has been proved to
have a unique activity in reversing learning and memory loss
associated with aging.
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