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ABSTRACT: Previous studies have shown a lack of association
between cortical choline acetyltransferase (ChAT) activity and
severity of memory impairment following excitotoxic lesions of
the nucleus basalis magnocellularis (NBM). It recently has been
proposed that the differential effects of NBM injections of vari-
ous excitotoxins on amygdaloid and cortical ChAT may explain
this result. The present study evaluated the mnemonic effect of
unilateral intra-NBM infusions of the excitotoxins phthalic acid
and quisqualic acid, which decrease ChAT activity primarily in
the amygdala and cortex, respectively. Rats were trained in a
double Y-maze, lesioned, and allowed to recover for 1 week
prior to memory assessment. Behavioral results showed im-
paired working but not reference memory following phthalic
acid lesions, and no significant effect following quisqualic acid
lesions. Biochemical analysis in a second group of subjects con-
firmed that phthalic acid lesions produced a large decrease in
basolateral amygdaloid ChAT, but had little effect on cortical
ChAT activity. Conversely, quisqualic acid lesions produced a
large decrease in cortical, but not basolateral amygdaloid, ChAT
activity. These results suggest that the NBM amygdalopetal cho-
linergic pathways play a role in mnemonic functioning.

KEY WORDS: Acetylcholine, Amygdala, Choline acetyltransfer-
ase, Double Y-maze, Nucleus basalis magnocellularis, Phthalic
acid, Quisqualic acid, Reference memory, Working memory.

INTRODUCTION

Attempts at modeling age- and neuropathology-related disor-
ders of memory using excitotoxic lesions of the nucleus basalis
magnocellularis (NBM) recently have come under criticism,
due in part to the finding that lesion-induced decreases in cor-
tical choline acetyltransferase (ChAT) activity failed to corre-
late with the extent of memory impairment in spatial and non-
spatial tasks [8,19,25]. For example, ibotenic acid lesions of the
NBM produced a greater impairment in the acquisition of a
water maze task than quisqualic acid lesions of the NBM, even
though quisqualic acid produced a larger decrease in cortical
ChAT activity [5].

These findings have led to the suggestion that memory im-
pairments following excitotoxic lesions of the NBM may not be
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due to damaged corticopetal cholinergic cells, but instead, may
be related to the extent of damage to noncholinergic cells in the
region of the NBM [7]. Alternatively, some evidence suggests
that other cholinergic basal forebrain pathways may be affected
differentially by different excitotoxins. Thus, our previous work
has shown that lesions of the NBM made with different neuro-
toxins produce different effects on cholinergic projections to the
cortex and amygdala {2,3]. Various excitotoxins («-amino-3-hy-
droxy-5-methyl-4-isoxazole proprionic acid, ibotenic acid, quis-
qualic acid, quinolinic acid, or N-methyl-p-aspartic acid) were
infused into the NBM of rats 7 days prior to assessment of cor-
tical and amygdaloid ChAT activity [3]. Each neurotoxin pro-
duced a unique dose-dependent decrease in cortical and amyg-
daloid ChAT activity. Although mnemonic function was not
assessed, it was noted that excitotoxins that produced the greatest
ChAT decrease in the amygdala had been reported in previous
investigations to produce the largest impairments of memory
[5,19,25].

In these neurochemical experiments, one excitotoxic com-
pound was particularly interesting. Phthalic acid [1,2-benzene-
dicarboxylic acid] is a quinolinic acid analogue that has been
shown to excite cortical neurons [24] and to evoke acetylcholine
release from striatal slices [15]. Infusions of phthalic acid into
the NBM produced a large decrease in amygdaloid but not cor-
tical ChAT activity, a profile opposite that seen with quisqualic
acid [2]. Hence, if the NBM amygdalopetal pathways play a role
in memory, it follows that phthalic acid lesions of the NBM
should lead to mnemonic deficits.

The purpose of the current study was to investigate the effects
of phthalic acid lesions of the NBM on working and reference
memory. It was predicted that phthalic acid lesions of the NBM
would produce a larger impairment of working memory than
quisqualic acid lesions of the NBM, because the former affects
primarily amygdalopetal pathways, and the latter affects primar-
ily corticopetal pathways. It also was predicted that there would
be no difference between groups in reference memory perfor-
mance. The double Y-maze, an apparatus that consists of two Y-
mazes joined at the stem, was used to assess mnemonic func-
tioning for two reasons. First, every trial has a distinct reference
and working memory component. Second, if lesioned animals
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showed a working but not a reference memory deficit, then non-
mnemonic factors such as deficits in motivation, perception, and
motor functioning could be ruled out as potential factors affecting
performance. This was possible because the reference and work-
ing memory components of the double Y-maze task are identical
in all respects, except for the type of memory required for ac-
curate performance.

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 Uni-
versity policies, and was reviewed and approved by the Queen’s
University Animal Care Committee.

Forty-six experimentally naive male Sprague—Dawley rats,
weighing approximately 200—225 g (Charles River Breeders, St-
Constant, Quebec), were housed in groups of three or four during
training, and were maintained in a temperature-controlled envi-
ronment (approximately 20°C) with a 12 L:12 D cycle (lights on
at 0700 h). Twenty-nine animals were used in the behavioral
experiment, and 18 were used for biochemical verification of
lesion effects. All animals received free access to water and were
maintained at 85-90% of their free-feeding weights (increased
by 5 g/week for growth) by daily feeding with measured rations
of dry food (Purina rodent laboratory chow #5001). Following
training, animals were caged singly in preparation for surgery,
and they remained individually housed until the conclusion of
the experiment.

Apparatus

A wooden double Y-maze was used (Fig. 1). Each arm was
35 cm long and extended from the central stem (45 cm long and
17 cm wide) at 120° angles. The floor was constructed of parallel
stainless steel bars, spaced approximately 9 mm apart, except for
the junction where the arms met the stem, which was constructed
of Plexiglas triangles. Removable wooden doors were used to
permit or restrict entry into each half of the maze. The doors and
maze walls (26 cm high) were painted flat gray. Small pieces of
Froot Loops cereal were used as reward, and were also scattered
beneath the floor to prevent the animals from using food odor
cues to find the baited arms. The central stem, as well as the
distal end of each arm, contained a metal food cup. The entire
maze was supported on a table (70 cm above floor level) in a
room where various visual cues could be readily viewed (e.g.,
experimenter, door, light fixture, electrical panel).

Training

Animals were food deprived to 85-90% of their free-feeding
weights, and were given Froot Loops cereal (3 g) in their home
cages 5 days prior to introduction to the maze. Each animal re-
ceived 3 days of habituation during which they were placed in
the maze with all doors removed and were allowed to collect
cereal from all food cups for a total of 10 min per day.

Training trials consisted of two parts: a reference memory
component and a working memory component. In the reference
memory component, animals were placed at the end of one of
the arms of the first Y (A or B in Fig. 1) and were rewarded for
going down the stem (C in Fig. 1), the end of which was blocked,
thereby restricting access to the second Y. If the animal chose
the stem, the door was removed and another door was placed
behind the animal, permitting access to the second Y and restrict-
ing access to the first Y. Failing to choose the stem was scored
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FIG. 1. Schematic diagram of the double Y-maze. Arrows represent the
two possible correct paths. Dashed lines represent the locations where
wooden barriers could be placed to permit or restrict access to certain
parts of the maze.

as a reference memory error and resulted in the termination of
the trial.

In the working memory component, the animal had to choose
the opposite direction chosen in the reference memory compo-
nent to be rewarded. That is, if the trial began at A (Fig. 1, top),
then the correct working memory choice was to choose A’. If the
trial began at B (Fig. I, bottom), the correct working memory
choice was to choose B’. Choosing the correct arm was scored
as a correct working memory choice and constituted a complete
trial. Failing to choose the correct arm was scored as a working
memory error. Following a working memory error, the animal
was allowed to proceed to the correct arm to collect the reward
(previous experiments using this task found that this served to
reduce the number of training trials during acquisition). Each
animal received one session of between 24 and 50 trials per day,
at approximately the same time each day, 7 days per week. A
random half of the trials began in each arm of the first Y except
that no more than three trials in a row began in the same arm.
Training continued until a score of at least 88% was obtained on
the first 24 trials (21 correct out of the first 24 trials), on each of
3 consecutive days, for both the reference and working memory
components.

Drugs

Quisqualic acid (Sigma) was dissolved in phosphate-buffered
saline (0.9%) in a concentration of 60 nmol/0.5 yl. Phthalic acid
(Sigma) was dissolved in saline (0.9%) in a concentration of 300
nmol/0.5 ul. The pH of both solutions was adjusted to 7.0 using
1 N NaOH. All drugs were prepared before the commencement
of the study and were kept frozen in aliquots at —20°C until
needed. Once thawed, the unused portions of solutions were dis-
carded.



NBM AMYGDALOPETAL PATHWAYS AND MEMORY

Preoperative Preparation and Surgeries

Once the acquisition criterion was reached, rats were prepared
for surgery. Because phthalic acid lesions of the NBM normally
produce an acute state of aphagia and adypsia that can last up to
1 week (unpublished observations), all subjects were given food
and water ad lib beginning a few days before surgery to maximize
survival rates. Normal diet was also supplemented with sweet
foods such as chocolate milk and chocolate chip cookies so that
they would not be novel when given postoperatively.

Animals were anaesthetized using an oxygen flow containing
4% halothane (Halocarbon, Malton, Ontario), which was reduced
to 2% during surgery. Animals then were mounted in a stereo-
taxic apparatus with the incisor bar set at ~3.3 mm, and a small
hole was drilled through the skull directly above the infusion site.
A 0.31-mm diameter cannula was lowered into the ventral globus
pallidus-substantia innominata region (1.3 mm posterior to
bregma, 2.6 mm lateral to the midline, and 7.5 mm ventral to the
surface of the skull) through which was delivered a 0.5-pl mi-
croinjection of either phthalic acid (300 nmol), quisqualic acid
(60 nmol), or vehicle (0.9% saline). The infusion took place over
a 2.25-min period, and the cannula was left in place for an ad-
ditional period of 2.0 min before being withdrawn to allow for
diffusion. Unilateral lesions were chosen because previous work
in our laboratory has demonstrated that bilateral lesions of the
NBM, using the dose of phthalic acid needed in the present in-
vestigation, is often fatal. Half of the subjects received left side
lesions, and half received right side lesions. The skull hole was
filled with bone wax, the wound was sutured with surgical silk,
and the animal was removed from the stereotaxic apparatus. An-
imals were housed in plastic single cages with wood chip bedding
during the postoperative recovery period. Behavioral testing be-
gan 7 days later.

Behavioral Testing

Each animal was given 24 double Y-maze test trials each day
for 12 days. Test trials were identical to training trials. The total
number of reference and working memory errors was recorded
for each day. Of the initial 29 subjects trained, one did not reach
the acquisition criterion and was not lesioned, and one died post-
operatively. Behavioral assessment was conducted blind to the
experimental condition; that is, the maze operator was not in-
formed of the subjects’ group membership.

Biochemical Analysis

To verify the extent of ChAT depletion, ChAT assays using
the method of Fonnum [9] were carried out in a second group of
animals. Although it would have been preferable to obtain bio-
chemical data from the same animals that generated the behav-
ioral data, this was prevented by technical difficulties with the
ChAT assay when the brains of the subjects used in the behav-
ioral experiment became available. Rats (n = 18) were lesioned
in the same manner as that described above. Seven days later,
rats were sacrificed by decapitation and their brains were rapidly
removed and placed in ice-cold saline for 15 s. Samples of frontal
and parietal cortex were obtained from a coronal slice taken 3
mm caudal to the posterior aspect of the optic chiasm. The amyg-
dala, including the basolateral nucleus, was prepared from a 2-
mm thick coronal slice cut caudal to the optic chiasm by a free-
hand dissection of the tissue lateral to the optic tract, medial to
the extension of the corpus callosum, ventral to the rhinal fissure,
and dorsal to the piriform cortex. Tissue was dissected on ice and
homogenized in ChAT homogenizing buffer before being stored
at —75°C. Protein assays [16] were carried out within 1 week of
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freezing, and the amount of ChAT activity was expressed in nmol
of acetylcholine formed per mg of protein per hour in each brain
sample.

RESULTS
Reference Memory

The mean percentage correct reference memory postoperative
test trials averaged into four blocks of three sessions each are
shown in Fig. 2A. As can be seen, performance was very accurate
across blocks in all three groups.

A two-factor analysis of variance (ANOVA) (group by block)
with one factor repeated (block) was conducted on the mean per-
centage of correct reference memory trials. Geisser—Greenhouse
[10] corrected degrees of freedom were used to correct the pos-
itive bias that could result from violating the sphericity assump-
tion of within-subjects ANOVA designs [13]. The analysis did
not produce a significant main effect of group, F(2, 24) = 2.99,
p > 0.05, or a significant group by block interaction, F(4.53,
54.33) = 2.30, p > 0.05. However, the block effect was signif-
icant, F(2.26, 54.33) = 3.10, p < 0.05. It should be noted that
this represents a general improvement of performance over ses-
sions and not a difference among groups. Post hoc Tukey tests
comparing each of the four levels of block to the remaining three
levels were conducted to further isolate the significant effects.
None of the comparisons was found to be significant (p > 0.05).
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FIG. 2. Mean *= SEM percentage of correct postoperative reference
memory (A) and working memory (B) test trials as a function of blocks
of three sessions for subjects receiving sham, quisqualic acid, or phthalic
acid lesions of the NBM. The broken horizontal lines at 50% represent
chance performance.
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Working Memory

The mean percentage correct working memory postoperative
test trials averaged into four blocks of three sessions can be seen
in Fig. 2B. Accuracy was highest in the sham-operated controls,
and lowest in the phthalic acid group. The performance of the
quisqualic acid group fell between that of the other two groups.
Figure 2B also shows that the percentage of correct working
memory trials increased over blocks of sessions in all groups.

A two-factor ANOVA (group by block) with one factor re-
peated (block) using Greenhouse-Geisser (10) corrected degrees
of freedom for the repeated factors was conducted on the mean
percentage of correct working memory trials. The analysis re-
sulted in a significant main effect of group, F(2, 24) = 8.42,
p < 0.01, a significant main effect of block, F(2.34, 56.11) =
6.79, p < 0.01, but did not result in a significant group by block
interaction, F(4.68, 56.11) = 0.84, p > 0.05.

Post hoc Tukey tests comparing each of the three groups (av-
eraged over blocks) with the remaining two were conducted to
further isolate the significant effects. Results indicated that the
phthalic acid-lesioned animals showed an impairment when com-
pared to each of the other two groups (p < 0.05). No significant
difference was observed between the sham-lesioned controls and
the quisqualic acid-lesioned subjects (p > 0.05).

Post hoc Tukey tests comparing each of the four blocks of
three sessions (averaged over groups) with the remaining three
resulted in a significant difference when the first block was com-
pared with either the third or fourth block (p < 0.05). This con-
firms that working memory performance improved over blocks
of sessions. None of the other comparisons was found to be sig-
nificant (p > 0.05).

Biochemical Analysis

Table 1 shows the results of the ChAT assays. Some vari-
ability among groups can be seen in the absolute values of ChAT
activity on the nonlesioned side for both the cortex and amygdala.
However, sham values for percent decrease on the lesioned side
were consistently within the range seen in our previous studies,
as were the profiles for quisqualic and phthalic acids. As can be
seen, phthalic acid lesions of the NBM produced a large decrease
in basolateral amygdaloid, but not cortical, ChAT activity. The
opposite was observed in rats that received quisqualic acid le-
sions of the NBM; cortical ChAT, but not amygdaloid ChAT,
showed a large decrease in activity. Two single-factor ANOV As
were conducted on the percent decrease in ChAT activity, one
comparing cortical and one comparing amygdaloid ChAT activ-
ity in the three groups of subjects. Results indicated a group main
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effect for both cortical ChAT activity, F(2, 15) = 9.80, p < 0.01,
and amygdaloid ChAT activity, F(2, 15) = 7.70, p < 0.01.

Post hoc Tukey tests comparing the percent of cortical ChAT
activity decrease for each of the three groups with the remaining
two revealed a significant difference in activity between the
sham-lesioned and quisqualic acid-lesioned animals (p < 0.01).
In addition, a significant difference was observed between the
phthalic acid-lesioned and quisqualic acid-lesioned subjects (p <
0.05). No difference was noted between the phthalic acid-le-
sioned and sham-lesioned subjects (p > 0.05).

Post hoc Tukey tests also were conducted to compare amyg-
daloid ChAT activity for each of the three groups to the remain-
ing two. A significant difference in ChAT activity between the
sham-lesioned and phthalic acid-lesioned animals was found
(p < 0.01). Moreover, a significant difference was observed be-
tween the phthalic acid-lesioned and quisqualic acid-lesioned
subjects (p < 0.05). No difference was observed between the
quisqualic acid-lesioned and sham-lesioned subjects (p > 0.05).

DISCUSSION

The present study demonstrated that phthalic, but not quis-
qualic acid, lesions of the NBM led to a selective disruption of
working memory performance in the double Y-maze. Animals
undergoing the same lesions as those used in the behavioral in-
vestigation revealed that phthalic acid produced a large decrease
in amygdaloid, but not cortical, ChAT activity relative to the
unoperated side. This is the opposite of what was found in those
animals that received quisqualic acid lesions of the NBM. A large
decrease in cortical, but not amygdaloid, ChAT activity was
found in these subjects. Biochemical results are in good agree-
ment with our previous reports [2,3]. It is noteworthy that the
animals used in the biochemical investigation had not received
maze experience and were not food deprived. However, previous
work in our laboratory suggests that this should not have affected
our results. It also should be noted that all of our biochemical
results from cortical ChAT assays are based on a slice of fron-
toparietal cortical tissue. We assume that ChAT would be af-
fected similarly in other sections of the cortex as described by
Johnston et al. [12].

These findings suggest a lack of relationship between cortical
ChAT depletion and working memory function following exci-
totoxic lesions of the NBM. This is in accord with recent exper-
iments [19,22]. However, unlike previous studies that have at-
tributed the lack of correlation between biochemical and
behavioral findings to damage to noncholinergic neurons in the
region surrounding the NBM [5,7], the present experiment offers

TABLE 1
CHOLINE ACETYLTRANSFERASE ACTIVITY IN THE CORTEX AND AMYGDALA

Nonlesioned Lesioned (%) Decrease

Cortex

Sham 26.17 = 1.56 2645+ 278 —0.15 = 470

Quisqualic acid 2795 + 1.75 1422 + 2.86 49.77 £ 9.38

Phthalic acid 19.52 + 1.26 1604 = 1.26 16.74 + 7.47
Amygdala

Sham 82.17 + 12.99 69.06 = 10.52 1571 + 5.21

Quisqualic acid 70.84 £ 9.83 5291 + 433 17.28 = 12.41

Phthalic acid 6594 + 622 25.06 = 1.62 60.69 = 3.91

ChAT activity levels are expressed as mean = SEM nmol acetylcholine formed

per mg protein per h.
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an alternate explanation. That is, excitotoxic lesions of the basal
forebrain may produce an impairment in working memory per-
formance due to a loss of NBM amygdalopetal cholinergic neu-
rons. This result is consistent with some recent findings.

First, it has been demonstrated that the cholinergic basal fore-
brain neurons that project to the amygdala are among the most
severely affected in Alzheimer’s disease [18,20]. It is possible
that a loss of these pathways is a major contributor to the recent
memory deficits observed in people afflicted with Alzheimer’s
disease [see [6] for a description of these mnemonic deficits]. In
fact, in an investigation that examined ChAT activity in the
brains of people who died of Alzheimer’s disease compared to
normal controls, it was reported that the only consistent defi-
ciency in the Alzheimer brains was found in the amygdala (ChAT
activity was also examined in the hippocampus, thalamus, fron-
tal, temporal, and parietal cortex) [21].

Second, there is evidence that direct cholinergic manipula-
tions of the amygdala can affect working memory. For example,
in a recent experiment conducted in our laboratory [11], pretrain-
ed rats received bilateral microinfusions of scopolamine into the
amygdala before being tested in a double Y-maze. A dose of
24 pg in 0.5 pl produced a selective impairment of working
memory. Similarly, working memory impairments have been ob-
served following various treatments (e.g., lesions, electrical stim-
ulation) affecting the amygdala [see [23] for review].

Reference memory was not significantly impaired following
lesions of the NBM, although there was a trend in this direction.
As can be seen in Fig. 2A, this was most likely due to a transient
impairment of reference memory during the first block of three
postoperative sessions in the animals lesioned with phthalic acid.
However, the impairment did not persist beyond the first block.
The lack of reference memory impairment demonstrates that le-
sion-induced deficits in performance were due to an impairment
in mnemonic function and cannot be attributed to nonmnemonic
variables (e.g., motivation, motor function, attention, sensory or
perceptual ability). That is, a nonmnemonic deficit should affect
both the reference and working memory components of the dou-
ble Y-maze task because both components are identical in all
respects except for the type of memory required for accurate
performance. Because both components require a spatial discrim-
ination, and both components lead to the same type of food re-
ward, one would expect a deficit in any nonmnemonic variable
to affect both components of the task to the same extent [17].
This is an important feature of the double Y-maze task because
it eliminates the problem of adypsia and aphagia observed in the
phthalic acid-lesioned rats. For example, if the lesioned-induced
adypsia and aphagia were still present following the postopera-
tive recovery period, one would expect poor performance on both
components of the task. Interestingly, the initial drop in reference
memory performance (although statistically nonsignificant) may
be explained in this manner.

It should be noted that the working memory deficits observed
may not be due to the differential effects of phthalic and quis-
qualic acids on NBM amygdalopetal pathways, but instead may
be a product of differential nonspecific damage to the NBM and
surrounding neural tissue [7,8]. It is possible that an infusion of
phthalic acid into the NBM may cause greater damage to tissue
in close proximity to the NBM than does an infusion of quis-
qualic acid. Some unpublished findings from our laboratory sup-
port this notion. Histological examination of the area surrounding
the NBM following an intra-NBM infusion of the same doses of
quisqualic and phthalic acid as those used in the present inves-
tigation revealed that phthalic acid leads to a greater decrease in
acetylcholinesterase-positive cells than does quisqualic acid. Pos-
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sible differential effects on cells that are not acetylcholinesterase-
positive have not been investigated.

It is interesting to note that an impairment of working memory
following quisqualic acid lesions of the NBM has previously
been observed in the double Y-maze [1], an observation that was
not replicated in the current investigation. This was likely the
result of the relatively smaller neuronal damage induced by uni-
lateral lesions used here, rather than bilateral lesions as were used
previously.

Although phthalic acid lesions of the NBM produced an im-
pairment in performance on the working memory component of
the double Y-maze task, it is important to note that the working
memory component required a very large number of training tri-
als to reach the acquisition criterion relative to the reference
memory component. It is possible that the differential effects of
phthalic acid on reference and working memory was due to a
difference in task difficulty. This is based on the proposition that
a positive correlation exists between task difficulty and suscep-
tibility to interference [4]. However, some evidence exists to the
contrary. For example, in one study, rats exhibited an impairment
in radial maze, but not Stone maze, performance following ibo-
tenic acid lesions of the basal forebrain, even though the Stone
maze proved to be a more difficult task to learn [14]. Further-
more, disruption of the high-affinity transport of choline using
intracerebroventricular infusions of ethylcholine aziridinium ion
produces an impairment of working, but not reference, memory
in a split-stem T-maze, even though the rates of acquisition were
nearly identical for the reference and working memory compo-
nents [4]. Nonetheless, the possible involvement of task difficulty
in obtaining the present results cannot be completely ruled out.

The results of the current investigation suggest that the NBM
amygdalopetal cholinergic pathways may play a role in mne-
monic functioning. This may have implications for the devel-
opment of future strategies for the treatment of Alzheimer’s dis-
ease. Because it would appear that this system is at least as
important as the NBM corticopetal cholinergic neurons, it fol-
lows that Alzheimer treatment strategies should investigate the
possible benefits gained from the restoration of function to these
pathways.
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