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BENINGER, R. J., B. A. WIRSCHING, P. E. MALLET, K. JHAMANDAS AND R. J. BOEGMAN. Physostigmine,
but not 3,4-diaminopyridine, improves radial maze performance in memory-impaired rats. PHARMACOL BIOCHEM
BEHAYV 51(4) 739-746, 1995. — The results of some studies suggest that 3,4-diaminopyridine (3,4-DAP), a drug that enhances
the release of acetylcholine, may improve memory. The present study examined the ability of 3,4-DAP to reverse the memory
impairment produced by scopolamine and the ability of 3,4-DAP and physostigmine to reverse the memory impairment
produced by quinolinic acid lesions of the nucleus basalis magnocellularis (nbm) in rats. Mnemonic functioning was assessed
with the use of a partially baited eight-arm radial maze. Entries into arms that were never baited were defined as reference
memory errors; entries into baited arms from which the food already had been eaten were defined as working memory errors.
In Experiment 1, 0.1 mg/kg scopolamine produced a significant increase in working and reference memory errors. Various
doses of 3,4-DAP had no significant ameliorative effect on the mnemonic deficit. In Experiment 2, cholinergic function was
impaired using a unilateral intra-nbm injection of quinolinic acid (120 nmol in 1.0 gl). These lesions reduced the levels of the
cholinergic marker, choline acetyltransferase, in the cortex by more than 40%. Resuits showed that the nbm lesion animals
were significantly more impaired on the working than reference memory component of the task. Physostigmine (0.01, 0.05,
0.10, 0.20, 0.50 mg/kg) dose-dependently decreased the number of working but not reference memory errors. 3,4-DAP (107%,
1075, 1074, 1072, 10° mg/kg) had no reliable effect. It was concluded that physostigmine, but not 3,4-DAP, ameliorates

memory impairments following decreases in cholinergic function.
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THE AMINOPYRIDINES have been classified as the monoa-
mino and diamino derivatives of pyridine (25). These com-
pounds have the interesting property of blocking neuronal K*
channels and facilitating neurotransmitter release (25). Recent
studies have confirmed that various aminopyridines have these
effects on central cholinergic neurons. Thus, 4-aminopyridine
blocked K* release from basal forebrain cholinergic neurons
in brain slices (26) and 2,4-diaminopyridine, when injected
directly into the striatum, stimulated acetylcholine release
from striatal neurons, detected with intracerebral dialysis (14).
The cholinergic action of aminopyridines has made them use-
ful pharmacotherapies for the treatment of disorders requiring
increased cholinergic neurotransmission [e.g., myasthenia gra-
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vis (30)] and has made them candidates for use as memory-
enhancing compounds.

Many data have implicated central cholinergic neurotrans-
mission in memory. Decreased cholinergic function is seen
with normal aging and is associated with age-related memory
impairments (4). Similar memory impairments can be induced
in young people treated with anticholinergic drugs (19). More-
over, memory impairment is the earliest clinical sign of Alzhei-
mer’s disease, characterized by an extensive loss of basal fore-
brain cholinergic neurons (13).

In animal studies, excitotoxic lesions of the basal forebrain
that damage cholinergic neurons of the nucleus basalis magno-
cellularis (nbm) produced memory impairments in 2 number



740

of paradigms (9,20,28,47). Recently, we have shown that dif-
ferent excitotoxins differentially damage cortico- and amyg-
dalopetal cholinergic neurons of the nbm (10). Those exci-
totoxins producing the greatest damage to amygdalopetal
cholinergic neurons (e.g., ibotenic, quinolinic, phthalic, and
N-methyl-D-aspartic acids) have been reported to produce the
greatest mnemonic impairments (12,32,33). Significant but
less severe mnemonic impairments have been reported follow-
ing intra-nbm injections of quisqualic acid, an excitotoxin that
is relatively selective for corticopetal cholinergic projections
of the nbm (9). Thus, there is strong evidence from animal
research supporting a role for nbm cholinergic cells in the
control of memory.

Few previous studies have evaluated the behavioral and/or
mnemonic effects of aminopyridines. Peterson and Gibson
(41) reported that 3,4-diaminopyridine (3,4-DAP), given sys-
temically in nanogram doses, improved motor performance of
aged mice. Haroutunian et al. (27) found that posttraining
injections of 4-aminopyridine improved memory of rats in a
passive avoidance task. Conflicting results have been reported
for 3,4-DAP; it improved memory of aged rats in the radial
maze (16) but had no significant effect on memory of aged
primates (2). Similarly, in humans, Wessling et al. (45) found
improvement in Alzheimer patients given 4-aminopyridine
whereas Davidson et al. (15) did not. Thus, at present, the
possible memory-enhancing effects of aminopyridines remain
in question.

In a review of possible cholinergic pharmacotherapies for
the treatment of memory disorders, Bartus et al. (5) suggested
that more attention should be given to the aminopyridines. As
the effects of these compounds remain in question, the present
experiments were undertaken to further evaluate the possible
memory-improving effects of 3,4-DAP. In two experiments,
rats were trained in a radial maze task requiring reference
and working memory (39). In Experiment 1, trained rats were
treated with the anticholinergic agent scopolamine and in Ex-
periment 2, trained rats received quinolinic acid lesions of the
nbm; both treatments produced memory impairments. The
ability of a wide range of doses of 3,4-DAP to reverse mne-
monic impairments in these animals was tested. Additionally,
in Experiment 2, the anticholinesterase physostigmine was
tested as a reference compound that would improve memory
(27,34).

METHOD
Subjects

Treatment of the subjects used in the present experiment
was in accordance with the guidelines of the Canadian Council
on Animal Care, the Animals for Research Act, and relevant
university policies and was reviewed and approved by the
Queen’s University Animal Care Committee.

Eighty-eight (13 in Experiment 1 and 75 in Experiment 2)
male Sprague-Dawley rats (Charles River Canada) weighing
250-350 g at the beginning of the experiment were individually
housed in wire mesh cages in a temperature-controlled (21 +
1°C) colony room kept on a 12L : 12D (0700-1900 h) cycle.
Rats were deprived and maintained at 80% of their free-
feeding weights, adjusted for growth, by daily feeding with
measured rations of chow (Purina); water was always avail-
able in the home cage.

Animals from Experiment 2 that failed to learn the task to
criterion (n = 19), died during training for reasons unrelated
to the experiment (n = 1), died during surgery (n = 3), failed
to perform the task postoperatively (n = 3), did not perform
on at least two of the drug sessions (# = 2), or had their
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cannulae placed outside of the target zone (n = 3) were ex-
cluded from the experiment.

Preparation for Surgery

Because of the anorexic effects of nbm lesions (6), rats in
the quinolinic acid group of Experiment 2 (see below) received
a highly palatable diet of wet mash, chocolate chip cookies,
and Eagle brand milk beginning 3-4 days prior to surgery and
continuing during the postoperative recovery period until they
attained 80% of their free-feeding weights (adjusted for
growth).

Surgery

Rats from Experiment 2 were anesthetized using an oxygen
flow containing 2% halothane (Halocarbon, Malton, Ont.)
and positioned in a Narashighe stereotaxic frame. With the
incisor bar set at 3.3 mm below the horizontal plane passing
through the interaural line, unilateral microinjections were
aimed at the right or left nbm with coordinates from bregma
being 0.8 mm posterior, 2.6 mm lateral to the midline, and 8.0
mm ventral to the surface of the skull. All rats received 1.0 ul
infused over 2.5 min, and the cannula (Hamilton, 0.35 mm
0.d.) was left in place for an additional 3 min to promote
diffusion. Quinolinic acid (Sigma) was injected in a dose of
120 nmol titrated to pH 7.4 with 1 M NaOH. Sham rats re-
ceived 0.9% saline.

Apparatus

The radial maze, elevated 60 cm above the floor, consisted
of a circular platform (32 cm diameter) surrounded by eight
equally spaced radial arms (68 cm long x 10 cm wide). Food
wells, located 6 cm from the end of each arm were 1.5 cm deep
and 2.5 cm in diameter. Testing was carried out in a white
painted room lit by 70-W fluorescent tubes. Several visually
distinct cues (e.g., door, shelf, chair) were present in the room
and remained in the same position with respect to the maze.

Experiment 1

Pretraining. During the first 2 weeks in the colony, rats
were handled daily, exposed to the reinforcer for the maze
task (pieces of Froot Loops cereal), and deprivation was be-
gun. Maze training began by placing each rat on the maze for
20 min each day for 2 days and then for 10 min on each of
the following 2 days. During the first two of these sessions,
reinforcers were scattered about all arms of the maze and
during the second 2 days reinforcers were placed along a ran-
domly selected four arms that would subsequently constitute
the baited arms for that rat.

Training. Formal training began the next day and all rats
were tested for one session each day, 5 days a week. At the
beginning of each session the appropriate four arms were
baited by placing a reinforcer in the food well and the rat was
placed on the center platform such that it faced arm 1. The
session was terminated when the four baited arms had been
entered, 14 choices had been made, or 10 min elapsed, which-
ever came first. After each session the maze was cleaned with
a dilute cider vinegar solution. Working memory errors and
reference memory errors were recorded for each rat. Entries
into arms that were never baited were defined as reference
memory errors; entries into baited arms from which the food
already had been eaten were defined as working memory er-
rors. All rats were tested until they achieved a criterion of two
consecutive sessions with a total of seven out of eight correct
choices, summing the first four choices from each session.
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Drug testing. Once criterion was reached, drug sessions
were begun. Drugs were always given in two-session blocks.
The two drug sessions were never separated by a weekend,
nor were the two criterion sessions and the two drug sessions
separated by a weekend. Thus, the two-session criterion could
only be met on a Monday-Tuesday, Tuesday-Wednesday, or
Friday-Monday.

Thirty minutes prior to each drug session, each rat was
injected IP with 0.1 mg/kg scopolamine hydrobromide
(Sigma) dissolved in 0.9% saline at a concentration of 0.1
mg/ml. Fifteen minutes later a second IP injection was given
consisting of 0.9% saline or one of the following doses of
3,4-DAP (Aldrich) adjusted to a pH of 6.5-7.5 in a volume of
1.0 ml/kg: 1075, 107°, 107%, 1073, 1072, 107}, 10° mg/kg.
Each rat received scopolamine followed by saline for the first
two drug sessions. Drug-free trials were then conducted until
criterion was again established. For each rat the first dose of
3,4-DAP was randomly selected and administered after sco-
polamine for the next two drug sessions. Criterion was again
established in drug-free sessions and then the next dose of
3,4-DAP was selected, etc. After all doses of 3,4-DAP had
been tested for a rat, criterion was again established and then
a final pair of drug sessions with scopolamine followed by
saline was given. Table 1 shows the order of 3,4-DAP doses
for each rat as well as the number of drug-free sessions re-
quired to establish criterion prior to each pair of drug sessions.

Experiment 2

Training. Rats were trained to perform the radial maze
task in a manner similar to that described in Experiment 1.
Following training, rats were matched according to the num-
ber of days to criterion and randomly assigned to either the
quinolinic acid (n = 37) or sham (n = 12) group. The quino-
linic acid group was further subdivided into a nondrug (n
= 11), a physostigmine (n = 13), and a 3,4-DAP (n = 13)
group.

Postoperative testing. Following at least 1 week of recov-
ery animals were tested on the radial maze for 32 consecutive
days. The physostigmine and 3,4-DAP groups were tested for
8 consecutive days prior to beginning drug testing.
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Drug testing. This phase consisted of six 4-day blocks of
treatment with one sessior. per day. Each treatment block was
preceded by four nondrug sessions. In each group, every rat
received every dose.

Rats in the physostigmine group received either an IP injec-
tion (1 ml/kg) of 0.9% saline or physostigmine (Sigma) dis-
solved in distilled water at doses of 0.01, 0.05, 0.10, 0.20, or
0.50 mg/kg, 30 min prior to a session. For treatment blocks
1-3, six animals received either saline, 0.05, or 0.20 mg/kg of
physostigmine in a counterbalanced order. During treatment
blocks 4-6 these animals received the remaining doses of 0.01,
0.10, or 0.50 mg/kg, which were also administered in a coun-
terbalanced order. The remaining six animals received the re-
verse order of administration: 0.01, 0.10, or 0.50 mg/kg dur-
ing treatment blocks 1-3, followed by either saline, 0.05, or
0.20 mg/kg during treatment blocks 4-6. Animals were ran-
domly assigned to the orders.

Rats in the 3,4-DAP group received either an IP injection
(1 mg/kg) of 0.9% saline or 3,4-DAP (Aldrich) at doses of
1072, 1075, 1074, 107, or 10° mg/kg, 15 min prior to a ses-
sion. The doses of 3,4-DAP were dissolved in 0.9% saline and
the pH was adjusted to 6.5-7.5 by adding a small quantity of
0.1 molar HCI. Six animals received either saline, 107, or
1072 mg/kg of 3,4-DAP in a counterbalanced order during
treatment blocks 1-3, followed by 1078, 107% or 10° mg/
kg, which were also administered in a counterbalanced order
during treatment blocks 4-6. The remaining animals received
the drug in the reverse order: 107%, 107%, or 10 mg/kg during
treatment blocks 1-3, followed by either saline, 107¢, or 1072
mg/kg during treatment blocks 4-6. Animals were randomly
assigned to the order.

ChAT assay. Following behavioral testing, animals were
killed by decapitation and their brains rapidly removed and
rinsed in ice-cold saline for 15 s. ChAT assays were then car-
ried out using a modification of the procedure described by
Fonnum (23). A sample of frontoparietal cortex was obtained
from a coronal slice taken 3 mm caudal to the posterior aspect
of the optic chiasm. Tissue was dissected on ice and homoge-
nized in ChAT homogenizing buffer before being stored at
—75°C. Protein assays (29) were then carried out within 1
week of freezing and the amount of ChAT activity was ex-

TABLE 1

DRUG DOSES IN CHRONOLOGICAL ORDER FOR EACH RAT AND SESSIONS REQUIRED TO
ESTABLISH CRITERION PRIOR TO EACH DOSE IN EXPERIMENT 1

Scop Scop Scop Scop Scop Scop Scop Scop Scop

Rat T + DI T + D2 T + D3 T + D4 T + DS T + D6 T + D7 T + D8 T + D9
3 25  Sal 9 107 2 1072 3 107! 3 10°* 4 10 3 1077 3 10°¢ 7  Sal

6 25 Sal 8 10! 3 10°° 3 1072 3 10° 3 107t 4 107* 3 10°-° 7  Sal

7 35  Sal 3 1073 3 107" 32 10°¢ 3 1072 5 10° 3 107¢ 6 10-° 3 Sal

8 35 Sal 3 107! 3 10°° g8 10° 3 107° 4 10°° 7 100% 26 10°° 3 Sal

10 25  Sal 8 102 3 107! 3 107 32 10°° 14 10°¢ 7 10° 3 10°¢ 5  Sal
12 36 Sal 2 107} 2 1073 5 10° 2 107! 3 1074 3 107¢ 8 1072 2 Sal
14 12 Sal 1 10° 3 1072 4 107! 3 107* 6 107¢ 2 10°° 4 107 3 Sal
15 15  Sal 37 100° 10 10° 11 102 3 107! 3 10-* 5 10°¢ 3 107° 4  Sal
16 17 Sal 7 10°¢ 2 10° 19 1075 18 107 6 1073 3 1072 19 107! 3  Sal
18 12 Sal 6 107¢ 3 1073 3 1072 4 1077 3 10°¢ 7 107! 210 4  Sal
19 15  Sal 9 107! 4 1072 17 1073 2 10° 3 107 8 10°* 3 107* 2 Sal
20 20 Sat 8 107 33 1073 3 107} 4 10° 2 107* 4 10°° 2 107! 2 Sal
23 16  Sal 7 10°* 3 107! 4 1073 3 1072 6 10°¢ 2 10° 4 10°° 3 Sal

T: number of sessions required to reach criterion of seven out of eight correct choices summing the first four choices over two consecutive

sessions.

D1-D9: injection following scopolamine (Scop; 0.1 mg/kg): either saline (Sal) or a dose of 3,4-DAP (mg/kg).
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pressed in nmol of acetylcholine formed per mg of protein per
hour in each brain sample.

RESULTS
Experiment 1

Variables analyzed were working memory errors and refer-
ence memory errors. In each case, errors were summed over
the two drug sessions or two criterion sessions. The purpose
of conducting scopolamine foliowed by saline sessions at the
beginning and end of the drug series was to assess the effects
of scopolamine alone on memory and to assess the possibility
that the response to scopolamine changed with repeated test-
ing. As shown in Fig. 1 (top), it appeared that the effects of
scopolamine on working memory errors were greater at the
end of drug testing whereas the effects on reference memory
errors (Fig. 1, bottom) were about the same in the initial and
final block. Comparing the two scopolamine sessions, f-tests
for related measures revealed no significant differences in ref-
erence memory errors, #(12) = 0.77, p > 0.05, but a differ-
ence in working memory errors, #(12) = 2.30, p < 0.05. To
assess the possibility that there were systematic changes in the
effects of scopolamine on working and reference memory,
errors over each of the nine pairs of scopolamine sessions,
disregarding dose of 3,4-DAP, were analyzed with one-way
repeated-measures analyses of variance (ANOVA) using Geis-

N
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WORKING MEMORY ERRORS
1

0 T T T T T T T
1 2 3 4 5 6 7 8
2-DAY BLOCKS OF DRUG SESSIONS
IN CHRONOLOGICAL ORDER

© -
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L

REFERENCE MEMORY ERRORS
1

O T T T T T T T
3 4 5 6 7 8
2-DAY BLOCKS OF DRUG SESSIONS
IN CHRONOLOGICAL ORDER

n
@

FIG. 1. Mean + SEM working and reference memory errors
summed over 2-day blocks of drug sessions with scopolamine (0.1
mg/kg) followed by saline (1, 9) or scopolamine followed by 3,4-DAP
(2-8) in chronological order, disregarding dose of 3,4-DAP.
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FIG. 2. Mean + SEM working and reference memory errors
summed over 2-day blocks of all criterion sessions (mean CR), the
first and last scopolamine (0.1 mg/kg) plus saline sessions (mean
SCOP), or the scopolamine plus 3,4-DAP sessions for each dose of
3,4-DAP.

ser-Greenhouse adjusted degrees of freedom for repeated
measures to reduce type I errors related to violations of the
sphericity assumption. Although the effects of scopolamine
on working memory errors appeared to increase across blocks
of sessions (Fig. 1, top) and effects on reference memory er-
rors appeared to decrease (Fig. 1, bottom), results revealed no
significant effect of drug session for working memory errors,
F(3.68, 44.17) < 1.0, p > 0.05, or for reference memory er-
rors, F(3.41, 40.87) < 1.0, p > 0.05. Because repeated dos-
ing with scopolamine had no significant effect, data for the
two scopolamine plus saline sessions were averaged across
each of the dependent variables.

To assess the effects of scopolamine on memory, error
scores for the combined scopolamine plus saline sessions were
compared to criterion sessions. Criterion error scores for each
rat were computed by averaging errors across the nine pairs of
criterion sessions (Table 1). Scopolamine appeared to impair
both working and reference memory (Fig. 2). Results of #-tests
for related measures revealed that scopolamine led to increases
in working memory errors, 1(12) = 4.11, p < 0.01, and refer-
ence memory errors, #(12) = 2.39, p < 0.05.

The possible ameliorative effects of 3,4-DAP on scopol-
amine-induced memory impairments were analyzed with the
use of repeated measures one-way ANOVAs involving the
mean criterion error scores, the combined scopolamine plus
saline error scores, and the error scores from the pair of ses-
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sions with each dose of 3,4-DAP (Fig. 2). The dose-effect
profile of 3,4-DAP appeared to be an inverted U for both
working and reference memory. For working memory, the
middle doses (10™%, 10~* mg/kg) when combined with scopol-
amine appeared to further increase errors (Fig. 2, top). For
reference memory, the lowest (10°° mg/kg) and highest (10°
mg/kg) doses of 3,4-DAP appeared to improve memory (Fig.
2, bottom). However, results revealed no significant treatment
effect for working memory errors, F(4.61, 55.28) = 2.06,
p > 0.05, or reference memory errors, F(4.30, 51.63) = 1.24,
p > 0.05. Thus, although scopolamine alone led to a memory
impairment, scopolamine followed by 3,4-DAP failed to re-
verse this effect.

Experiment 2

Groups were matched on the number of days it took to
acquire the task prior to surgery. Hence, the mean + SEM
number of days to criterion for the nondrug quinolinic acid
(26.88 + 2.9), physostigmine (28.80 + 4.1), 3,4-DAP (28.66
+ 3.9), and sham (31.00 + 2.8) groups were not significantly
different, F(3, 34) < 1.0, p > 0.05.

To assess postoperative performance of the nondrug quin-
olinic acid and sham groups, a two-way ANOVA with one
factor repeated (block) was performed for both working and
reference memory errors (Fig. 3). As is evident (Fig. 3, top),

]
—— Non-drug quinolinic acid
w5 —&— Sham
x
(=]
&
w 4]
>
['4
o
=3
w
=
Qo
Z 2]
4
o
o
21
0 eyttt p——p—
PCB 1 2 3 4 5 6 7 8 g 10 11 12 13
POST-OPERATIVE BLOCKS
6
25
Q
4
['4
w4
>
['4
(o]
Z 3
=
w
2
Z 24
o
w
]
x 17
o T T T T T T T T T T T t T Ll
PCB 1 2 3 4 5 8 7 8 9 10 1t 12 13
POST-OPERATIVE BLOCKS

FIG. 3. Mean + SEM total number of working (top) and reference
(bottom) memory errors as a function of the preoperative criterion
block (PCB) and postoperative blocks for the nondrug quinolinic acid
and sham groups. Errors are based on the first four choices and
summed over 4-day blocks.
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FIG. 4. Mean = SEM total number of working (top) and reference
(bottom) memory errors within the first four choices summed over 4
days at the various doses of physostigmine. Baseline (BL), saline (S).

only the quinolinic acid group made working memory errors.
However, although the working memory performance of the
nondrug quinolinic acid group was impaired relative to the
sham controls, it showed improvement with repeated testing,
F(4.64, 37.13) = 4.88, p < 0.01. For reference memory er-
rors (Fig. 3, bottom), there were significant main effects of
group, F(1, 17) = 104.29, p < 0.001, and block, F(5.89,
100.05) = 16.55, p < 0.001. The block by group interaction
was not significant, F(5.89, 100.05) = 2.17, p = 0.0532. In-
spection of Fig. 3 (bottom) suggests that the rate of improve-
ment in the sham group was more rapid across blocks than in
the lesion group. Tests of simple main effects of the interac-
tion indicated that reference memory errors decreased for
both the nondrug quinolinic acid, F(12, 204) = 4.54, p <
0.0001, and sham F(12, 204) = 14.71, p < 0.0001, groups.
In summary, the analyses suggest that the quinolinic acid le-
sions impaired both the working and reference memory com-
ponents of the radial maze task. However, with repeated test-
ing these impairments diminished.

To assess drug effects, one-way repeated-measures
ANOVAs were performed on the total number of working
memory errors and the total number of reference memory
errors. Error scores, based on the first four choices, were
summed over 4 days. As can be seen in Fig. 4, physostigmine
appeared to improve working memory in a dose-dependent
manner while having little effect on reference memory. This
was supported by statistical analyses revealing a selective de-
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FIG. 5. Mean + SEM total number of working (top) and reference
(bottom) memory errors within the first four choices summed over 4
days at the various doses of 3,4-DAP. Baseline (BL), saline (S).

crease in working memory errors (Fig. 4, top) under physostig-
mine treatment, F(2.84, 25.53) = 13.40, p < 0.0001. Refer-
ence memory errors (Fig. 4, bottom), on the other hand, did
not change significantly, F(3.66, 32.98) = 1.85, p > 0.05.

3,4-DAP appeared to have little effect on mnemonic per-
formance of quinolinic acid lesion animals (Fig. 5). There
were no significant decreases in either working memory errors,
F(3.49, 27.94) = 1.49, p > 0.05, or reference memory errors,
F(3.50, 28.03) < 1.0, p > 0.05.

The cortical ChAT assays were performed on average 12.8
weeks (£ 0.15) postlesion. Table 2 shows the results of the
ChAT assays. Percent decrease data were analyzed by a one-

BENINGER ET AL.

way ANOVA. The differences among groups were significant,
F(@3,34) = 25.42, p < 0.0001. Post hoc multiple comparisons
using the Dunnett test revealed that the three groups differed
reliably from the sham group (p < 0.001).

DISCUSSION

The finding that treatment with a low dose (0.1 mg/kg) of
scopolamine led to significant impairments of performance in
the radial maze task is in agreement with our previous findings
(46). However, the finding that both working and reference
memory errors increased with scopolamine is not consistent
with our results; thus, Wirsching et al. (46) found an increase
in working, but not reference, memory errors with a dose
of 0.1 mg/kg. It may be that the level of training prior to
scopolamine tests differed in the two studies. That is, Wirsch-
ing et al. trained animals to a criterion of 4 consecutive days
with a cumulative score of 14 or more out of 16 correct choices
whereas the present study employed a more lenient 2-day crite-
rion of seven out of eight. The level of training hypothesis is
supported by previous studies showing that better trained hab-
its are less susceptible to the disruptive effects of anticholiner-
gics (18). As the experiment progressed, repeated training
might have been expected to lead to an improvement in refer-
ence memory; in parallel, working memory errors might have
been seen to increase over the course of training because the
opportunity to make them was increased when reference mem-
ory errors decreased. This is exactly what Wirsching et al. (46)
found (cf., their Fig. 1) and inspection of Fig. 1 here reveals
that over time reference memory errors decreased slightly
whereas working memory errors increased slightly. Although
neither of these effects achieved statistical significance, the
effects of the second scopolamine plus saline treatment on
working memory were found to be significantly greater than
the first. Thus, the present findings are in general agreement
with our previous report (46) suggesting that low doses (0.1
mg/kg) of scopolamine have a relatively greater influence on
working memory in well-trained animals. It should be noted
that Lydon and Nakajima (31) specifically manipulated level
of training prior to scopolamine tests in a partially baited
radial maze; they found that well-trained animals were more
likely to show an increase in reference memory errors when
treated with scopolamine. However, they used a dose of 0.5
mg/kg. In previous studies we (46) and others (37,38,43) have
found that doses greater than 0.4 mg/kg affect both working
and reference memory.

Although it was not planned in Experiment 1, two doses of
3,4-DAP (10~* and 10~°) were evaluated most often in the last
three test sessions (see Table 1). This raises the possibility that
treatment effects of 3,4-DAP may be confounded with order

TABLE 2

MEAN LEVELS OF CORTICAL CHOLINE ACETYLTRANSFERASE ACTIVITY
ON THE NONINJECTED AND INJECTED SIDE

Group n Noninjected Side Injected Side Decrease %
Nondrug quinolinic acid 9 34.1 + 3.1 193 + 2.3 44.0 + 3.7
Physostigmine 10 379 + 25 22.1 + 1.3 40.3 + 3.5
3,4-DAP 9 36.5 + 3.4 20.8 + 2.2 42.6 + 3.8
Sham 10 28.8 + 2.0 273 £ 1.6 3.0 + 4.6

Choline acetyltransferase activity levels are expressed as mean + SEM nmol acetylcho-

line formed per mg protein per h.
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of treatments. However, as 3,4-DAP failed to produce signifi-
cant treatment effects, it is unlikely that order of treatments
influenced the results.

Although there was a small improvement in reference
memory following the lowest (10™¢ mg/kg) dose of 3,4-DAP
in Experiment 1, a wide range of doses of 3,4-DAP failed to
improve significantly the mnemonic performance of scopol-
amine-treated and nbm-lesioned rats. This finding is not in
accord with previous reports showing that 4-AP enhanced re-
call of a passive avoidance response (27) and that 3,4-DAP
improved age-related (40,41) and hypoxic-induced deficits in
tight rope performance (24) as well as performance of aged
rats in a fully baited eight-arm maze (16). Hypoxia, or low
oxygen, is a condition that parallels some of the behavioral
and cholinergic alterations that accompany normal aging (i.e.,
recent memory impairments, inability to perform certain cog-
nitive and motor tasks, as well as impaired synthesis and re-
lease of acetylcholine) [cf. (40,41)] and thus has been used
to test the effectiveness of cholinomimetics in reversing such
deficits. The reasons for the discrepancy between the present
results and those using a radial maze task with all arms baited
(16) are unclear, especially as their dose was within the dose
range employed here. Perhaps the general enhancement of
neurotransmitter release produced by 3,4-DAP (25) improved
the maze performance of aged rats through combined effects
on cholinergic and other (e.g., noradrenergic, dopaminergic)
transmitter systems because hypoxia and aging may decrease
catecholamine and serotonin as well as acetylcholine (ACh)
synthesis (17). Indeed, it has been shown that both cholinergic
and noncholinergic cells are sensitive to 4-AP using in vitro
brain slice preparations (26). Another possible reason for the
discrepancy between present results and those of others is that
the latter studies used tasks of a much simpler nature that
were perhaps more amenable to amelioration by the amino-
pyridines (8).

Results provide further evidence that cholinergic neurons
of the basal forebrain are involved in memory. This was indi-
cated by a significantly greater disruptive effect on working
than reference memory following unilateral quinolinic acid
lesions of the nbm. More importantly, the present findings
demonstrated that high doses of physostigmine (0.10, 0.20,
and 0.50 mg/kg) selectively improved the working memory
performance of lesion animals; reference memory was not
reliably affected.

745

The ability of physostigmine to improve the radial maze
performance of lesion animals substantiates previous reports
showing that treatments that enhance ACh neurotransmission
mitigate age-related (3) and scopolamine-induced (1) deficits
in primates in the delayed matching-to-sample task and neuro-
toxin-induced deficits in rats in passive avoidance (27,36), T-
maze (35), as well as radial maze tasks (42). The physostigmine
data also support the notion that the lesion-induced mnemonic
deficits resulted from damage to cholinergic nbm neurons as
opposed to damage of noncholinergic neurons in the same
region. It does not, however, agree with Murray and Fibiger’s
(34) report that physostigmine ameliorated the reference mem-
ory deficits induced by bilateral ibotenic acid nbm lesions in
rats tested in a partially baited 16-arm maze. However, in that
study animals were not pretrained and were already showing
an improvement in performance when physostigmine was ad-
ministered at the end of the acquisition period, thereby mak-
ing an interpretation of the results and a comparison with the
present study difficult. Nonetheless, it is worth noting that a
slight improvement of reference memory, although not signifi-
cant, was noted at the lowest dose of 3,4-DAP (Fig. 2).

The present results provide further support for the cholin-
ergic hypothesis of memory. This hypothesis has been chal-
lenged recently by the finding of a dissociation between
mnemonic deficits vs. cortical ChAT depletion following exci-
totoxic lesions of the nbm (21,22,33,44). However, we have
found recently in biochemical studies that different excitotox-
ins, when injected into the nbm, differentially affect choliner-
gic projections to the cortex and amygdala (10,11). In behav-
ioral studies, we have shown that excitotoxins (e.g., ibotenate,
phthalate) that produce large decreases in amygdaloid ChAT
produce large mnemonic deficits whereas those (e.g., quisqua-
late) that produce relatively small decreases in amygdaloid
ChAT affect memory less (7,32). Thus, there appears to be
good evidence for a role for brain ACh in memory and basoa-
mygdaloid cholinergic neurons appear to play a potentially
important role. Although the present results provide no evi-
dence that the ACh release-enhancer 3,4-DAP improves mem-
ory, these findings continue to encourage the search for agents
that will improve cholinergic neuronal function and memory.

ACKNOWLEDGEMENT

Funded by a grant from the Ontario Mental Health Foundation.

REFERENCES

1. Bartus, R. T. Evidence for a direct cholinergic involvement in the
scopolamine-induced amnesia in monkeys: Effects of concurrent
administration of physostigmine and methylphenidate with sco-
polamine. Pharmacol. Biochem. Behav. 9:833-836; 1978.

2. Bartus, R. T.; Dean, R. L. Tetrahydroaminoacridine, 3,4 diami-
nopyridine and physostigmine: Direct comparison of effects on
memory in aged primates. Neurobiol. Aging 9:351-356; 1988.

3. Bartus, R. T.; Dean, R. L.; Beer, B, Memory deficits in aged
cebus monkeys and facilitation with central cholinomimetics.
Neurobiol. Aging 1:145-152; 1980.

4. Bartus, R. T.; Dean, R. L.; Beer, B.; Lippa, A. S. The cholinergic
hypothesis of geriatric memory dysfunction. Science 217:408-
417; 1982,

5. Bartus, R. T.; Dean, R. L.; Flicker, C. Cholinergic psychophar-
macology: An integration of human and animal research on mem-
ory. In: Meltzer, H. Y., ed. Psychopharmacology: The third gen-
eration of progress. New York: Raven Press; 1987:219-232.

6. Bartus, R. T.; Flicker, C.; Dean, R. L.; Pontecorvo, M.; Fi-

gueiredo, J. C.; Fisher, S. K. Selective memory loss following
nucleus basalis lesions: Long term behavioral recovery despite
persistent cholinergic deficiencies. Pharmacol. Biochem. Behav.
23:125-135; 1985.

7. Beninger, R. J.; Kithnemann, S.; Ingles, J. L.; Jhamandas, K.;
Boegman, R. J. Mnemonic deficits in the double Y-maze are
related to the effects of nucleus basalis injections of ibotenic and
quisqualic acid on choline acetyltransferase in the rat amygdala.
Brain Res. Bull. 35:147-152; 1994,

8. Beninger, R. J.; Wirsching, B. A.; Jhamandas, K.; Boegman,
R. J. Animal studies of brain acetylcholine and memory. Arch.
Gerontol. Geriatr. Suppl. 1:71-90; 1989.

9. Biggan, S. L.; Beninger, R. J.; Cockhill, J.; Jhamandas, X.;
Boegman, R. J. Quisqualate lesions of rat nbm: Selective effects
on working memory in a double Y-maze. Brain Res. Bull. 26:613-
616; 1991.

10. Boegman, R. J.; Cockhill, J.; Jhamandas, K.; Beninger, R. J.
Excitotoxic lesions of rat basal forebrain: Differential effects on



746

1.

12.

13.

15.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

choline acetyltranferase in the cortex and amygdala. Neuroscience
51:129-135; 1992.

Boegman, R. J.; Cockhill, J.; Jhamandas, K.; Beninger, R. J.
Phthalic acid lesions of rat basal forebrain: Differential effects on
choline acetyltransferase in cortex and amygdala. Soc. Neurosci.
Abstr. 18:445; 1992.

Connor, D. J.; Langlais, P. J.; Thal, L. J. Behavioral impair-
ments after lesions of the nucleus basalis by ibotenic acid and
quisqualic acid. Brain Res. 555:84-90; 1991.

Coyle, J. T.; Price, D. L.; DeLong, M. R. Alzheimer’s disease: A
disorder of cortical cholinergic innervation. Science 219:1184-
1189; 1983.

. Damsma, G.; Biessels, P. T. M.; Westerink, B. H. C.; DeVries,

J. B.; Horn, A. S. Differential effects of 4-aminopyridine and
2,4-diaminopyridine on the in vivo release of acetylcholine and
dopamine in freely moving rats measured by intrastriatal dialysis.
Eur. J. Pharmacol. 145:15-20; 1988.

Davidson, M.; Zemishlany, Z.; Mohs, R. C.; Horvath, T. B.;
Powchik, P.; Blass, J. P.; Davis, K. L. 4-aminopyridine in the
treatment of Alzheimer’s disease. Biol. Psychiatry 23:485-490;
1988.

. Davis, H. P.; Idowu, A.; Gibson, G. E. Improvement of 8-arm

maze performance in aged Fischer 344 rats with 3,4-diamino-
pyridine. Exp. Aging Res. 9:211-214; 1983.

. Davis, J. N.; Giron, L. T. J.; Stanton, E.; Maury, W. The effect

of hypoxia on brain neurotransmitter systems. Adv. Neurol. 26:
219-228; 1979.

. Deutsch, J. A.; Rogers, J. B. Cholinergic excitability and mem-

ory: Animal studies and their clinical impications. In: Davis, K.
L.; Berger, P. A., eds. Brain acetylcholine and neuropsychiatric
disease. New York: Plenum Press; 1979:175-204.

Drachman, D. A. Central cholinergic system and memory. In:
Lipton, M. A_; DiMascio, A.; Killam, K. F., eds. Psychopharma-
cology: A generation of progress. New York: Raven Press; 1978:
651-662.

Dubois, B.; Agid, W. M. Y.; LeMoal, M.; Simon, H. Profound
disturbances of spontaneous and learned behaviors following le-
sions of the nucleus basalis magnocellularis in the rat. Brain Res.
338:249-258; 1985.

Dunnett, S. B.; Everitt, B. J.; Robbins, T. W. The basal fore-
brain-cortical cholinergic system: Interpreting the functional con-
sequences of excitotoxic lesions. Trends Neurosci. 14:494-501;
1991.

Dunnett, S. B.; Whishaw, [. Q.; Jones, G. H.; Bunch, S. T.
Behavioural, biochemical and histochemical effects of different
neurotoxic amino acids injected into nucleus basalis magnocellu-
laris of rats. Neuroscience 20:653-669; 1987.

Fonnum, F. A rapid radiochemical method for the determination
of choline acetyltransferase. J. Neurochem. 24:407-409; 1975.
Gibson, G. E.; Pelmas, C. J.; Peterson, C. Cholinergic drugs
and 4-aminopyridine alter hypoxic induced behavioral deficits.
Pharmacol. Biochem. Behav. 18:909-916; 1983.

Glover, W. E. The aminopyridines. Gen. Pharmacol. 13:259-285;
1982.

Griffith, W. H.; Sim, J. A. Comparison of 4-aminopyridine and
tetrahydroaminoacridine on basal forebrain neurons. J. Pharma-
col. Exp. Ther. 255:986-993; 1990.

Haroutunian, V.; Barnes, E.; Davis, K. L. Cholinergic modula-
tion of memory in rats. Psychopharmacology (Berlin) 87:266-
271; 1985.

Kesner, R. P.; Adelstein, T.; Crutcher, K. A. Rats with nucleus
basalis magnocellularis lesions mimic mnemonic symptomatology
observed in patients with dementia of the Alzheimer’s type. Be-
hav. Neurosci. 101:451-456; 1987.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

BENINGER ET AL.

Lowrey, O. H.; Rosebrough, N. J.; Farr, A. C.; Randall, R. S.
Protein measurement with the Folin-phenol reagent. J. Biol.
Chem. 193:265-275; 1951.

Lundh, H.; Nilsson, O.; Rosen, 1. Effects of 4-aminopyridine in
myasthenia gravis. J. Neurol. Neurosurg. Psychiatry 42:171-175;
1979.

Lydon, R. G.; Nakajima, S. Differential effects of scopolamine
on working and reference memory depend upon the level of train-
ing. Pharmacol. Biochem. Behav. 43:645-650; 1992.

Mallet, P. E.; Beninger, R. J.; Flesher, S. N.; Jhamandas, K.;
Boegman, R. J. Nucleus basalis lesions: Implication of basoa-
mygdaloid cholinergic pathways in memory. Brain Res. Bull. 36:
51-56; 1995.

Markowska, A. L.; Wenk, G. L.; Olton, D. S. Nucleus basalis
magnocellularis and memory: Differential effects of two neuro-
toxins. Behav. Neural Biol. 54:13-26; 1990.

Murray, C. L.; Fibiger, H. C. Learning and memory deficits
after lesions of the nucleus basalis magnocellularis: Reversal by
physostigmine. Neuroscience 14:1025-1032; 198S5.

Murray, C. L.; Fibiger, H. C. Pilocarpine and physostigmine
attenuate spatial memory impairments produced by lesions of
the nucleus basalis magnocellularis. Behav. Neurosci. 100:23-32;
1986.

Ogura, H.; Yamanishi, Y.; Yamatsu, K. Effects of physostigmine
on AF64A-induced impairment of learning acquisition in rats.
Jpn. J. Pharmacol. 44:498-501; 1987.

Okaichi, H.; Jarrard, L. E. Scopolamine impairs performance of
a place and cue task in rats. Behav. Neural Biol. 35:319-325;
1982.

Okaichi, H.; Oshima, Y.; Jarrard, L. E. Scopolamine impairs
both working and reference memory in rats: A replication and
extension. Pharmacol. Biochem. Behav. 34:599-602; 1989.
Olton, D. S.; Pappas, B. C. Spatial memory and hippocampal
function: Working memory or cognitive maping?. Neuropsychol-
ogy 17:669-682; 1979.

Peterson, C.; Gibson, G. E. 3,4-diaminopyridine and the age-
related deficits in acetylcholine release and behavior. Trans. Am.
Soc. Neurochem, 22:174; 1982.

Peterson, C.; Gibson, G. E. Amelioration of age-related neuro-
chemical and behavioral deficits by 3,4-diaminopyridine. Neuro-
biol. Aging 4:25-30; 1983.

Tilson, H. A.; McLamb, R. L.; Shaw, S.; Rogers, B. C.; Pediadi-
takis, P.; Cook, L. Radial-arm maze deficits produced by colchi-
cine administered into the area of the nucleus basalis are amelio-
rated by cholinergic agents. Brain Res. 438:83-94; 1988.

Watts, J.; Stevens, R.; Robinson, C. Effects of scopolamine on
radial maze performance in rats. Physiol. Behav. 26:845-851;
1981.

Wenk, G. L.; Markowska, A. L.; Olton, D. S. Basal forebrain
lesions and memory: Alterations in neurotensin, not acetylcho-
line, may cause amnesia. Behav. Neurosci. 103:765-769; 1989.
Wessling, H.; Agoston, S.; Van Dam, G. B. P.; Pasma, J.;
DeWit, D. J.; Havinga, H. Effects of 4-aminopyridine in elderly
patients with Alzheimer’s disease. N. Engl. J. Med. 310:988-989;
1984,

Wirsching, B. A.; Beninger, R. J.; Jhamandas, K.; Boegman, R,
1.; Bialik, M. Differential effects of scopolamine on working and
reference memory of rats in the radial maze. Pharmacol. Bio-
chem. Behav. 20:659-662; 1984.

Wirsching, B. A.; Beninger, R. J.; Jhamandas, K.; Boegman, R.
J.; Bialik, M. Kynurenic acid protects against the neurochemical
and behavioral effects of the unilateral quinolinic acid injections
into the nucleus basalis of rats. Behav. Neurosci. 103:90-97;
1989.



