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Abstract

Infusion of 192 1gG-saporin (SAP) into the medial septum (MS) of rats selectively destroys
cholinergic neurons projecting to the hippocampus and impairs acquisition of a delayed matching to
position (DMP) T-maze task. The present study evaluated whether introduction of a mild aversive
stimulus 30 min prior to training would attenuate the deficit in DMP acquisition caused by the SAP
lesions. Male Sprague—Dawley rats received medial septal infusions of either artificial cerebrospinal
fluid or SAP (0.22 pg in 1.0 pl). Fourteen days later, all animals were trained to perform the DMP
task. Half of the SAP-treated animals and controls received an intraperitoneal injection of saline each
day, 30 min prior to training. Results show that intraperitoneal saline attenuated the impairment in
DMP acquisition in SAP lesioned rats. These results suggest that a mild aversive stimulus can
attenuate cognitive deficits caused by medial septal cholinergic lesions.
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1. Introduction

The rat basal forebrain, including the medial septum (MS), nucleus basalis magnocellularis
(NBM) and vertical limb of the diagonal band of Broca (VDM), contains cholinergic neurons
that provide the major source of cholinergic innervation to the amygdala, cerebral cortex, and
hippocampus [7,38]. Based on experiments utilizing muscarinic antagonists and/or non-
selective physical or chemical lesions, cholinergic neurons projecting to the cerebral cortex
and hippocampus have been identified as playing an important role in learning, memory, and
attentional processes [2,3,15,19]. Moreover, in humans the loss of basal forebrain cholinergic
neurons has been associated with Alzheimer’s disease [1]. An understanding of the role of the
basal forebrain in learning and memory has accelerated since the development of agents such
as 192 IgG-saporin (SAP), that selectively lesion p75NTR-containing cholinergic neurons
[9,46,48]. However, there is a lack of consistency in the literature that utilize SAP regarding
the importance of MS cholinergic neurons in spatial working memory.

Previously we showed that SAP can be used to produce selective cholinergic lesions in the
MS, resulting in a marked decrease in markers of hippocampal cholinergic function, as well
as significant impairment in the acquisition of a delayed matching-to-position (DMP) T-maze
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task [22,23,28]. Other investigations, though, have reported only limited effects of MS SAP
lesions in other spatial tasks. For example, Dornan et al. [16] reported that a selective reduction
of cholinergic transmission in the basal forebrain was by itself insufficient to account for the
functional impairments in spatial learning of rats using a Morris water maze (MWM) paradigm.
Baxter et al. [4,5], also utilizing a MWM task, reported similar findings.

These conflicting results may be the consequence of the environment and stress associated
with the particular task. For example, Sandi et al., found that lowering water temperature from
25 to 19 °C resulted in both increased post training corticosterone levels and enhanced
acquisition and retention in the MWM [42]. Moreover, emotional and stressful experiences,
via the activation of specific hormonal and brain systems, alter learning and memory processes
[32,36,40]. Stress, depending on intensity and duration, can either facilitate or impair cognitive
functions, particularly spatial learning and memory performance [35]. Short periods of a mild
stressor can enhance acquisition of certain spatial learning tasks [12,49], while longer periods
of stress have impaired performance in a variety of spatial tasks [8,33]. Therefore, we
hypothesize that the effects of basal fore-brain cholinergic lesions on acquisition of a spatial
task may have different outcomes as a consequence of the differing levels of stress inherent to
the tasks.

A number of studies have shown that intraperitoneal (IP) injection of saline acts as a mild
stressor, resulting in modest elevations in plasma corticosterone [6,41]. In the present study,
we evaluated whether daily introduction of this mild aversive stimulus prior to training would
alter the effect of septal cholinergic lesions on acquisition of a DMP task. Specifically, we
predicted that introduction of the stressor would reduce the impairment produced by septal
cholinergic lesions, consistent with the relative lack of effect of SAP lesions on acquisition of
the more stressful MWM task previously described.

2. Materials and methods

2.1. Intraseptal infusions

All experiments followed NIH guidelines for the care and use of laboratory animals and were
approved by the Duquesne University Institutional Animal Care and Use Committee. Thirty-
two male Sprague—Dawley rats (275-300 g) were obtained from Hilltop Lab Animals
(Scottdale, PA). Animals were housed individually in a temperature and humidity controlled
facility on a 12:12 h light: dark cycle and had unrestricted access to food and water. For
intraseptal infusion of SAP, animals were anesthetized with pentobarbital (50 mg/kg; IP) and
placed into a stereotaxic frame. An incision was made exposing the dorsal aspect of the skull
and a hole drilled over the MS (+0.2 bregma, 0.0 lateral). A stainless steel cannula was lowed
5.6 mm from dura into the MS. Animals were infused with either 1 pl of vehicle (artificial
cerebrospinal fluid; CMA Inc., North Chelms-ford, MA) or SAP (0.22 ug in 1 pl of ACSF;
Chemicon, Temecula, CA) over 5 min at 0.2 pl/min. The dose of SAP was selected based on
previous studies using the same lot number (#24-87) that demonstrated a substantial loss of
cholinergic neurons in the MS with little non-selective damage to GABAergic neurons [28].
Following the infusion, the cannula remained in place for 5 min to allow diffusion of the
solution into the tissue. The incision was closed and animals were allowed to recover for 2
weeks before behavioral testing.

2.2. Behavioral testing

Fourteen days following surgery, control (CON) and SAP-treated (SAP) animals were each
randomly assigned to aversive (A) and non-aversive (NA) treatment groups. SAP-A and CON-
A groups were administered a single IP injection of sterile saline 30 min before each training
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session. The procedure included restraint (approximately 10 s) and needle stick (3 s; 26 gauge)
through the abdomen into the peritoneum with the injection of sterile saline (1.0 ml/kg).

Animals were trained on the DMP task as recently described [20,22,28]. Animals were food
deprived to 85% of their normal body weight and then adapted to the T-maze by placing them
into the maze with sweetened reward pellets (45 mg Noyes pellets; Research Diets; New
Brunswick, NJ) once per day for 5 days. Animals were then trained to run to the ends of each
goal arm by using a series of six forced choices per day for 3 days. To avoid the introduction
of side bias, right and left goal arms were alternated in a random and balanced fashion. Animals
then began DMP acquisition training. Each animal received eight trial pairs per day. The first
trial consisted of a forced choice in which one of the goal arm doors was closed, forcing the
animal to enter the open goal arm to receive a reward (two pellets). The animal was immediately
returned to the approach alley for the second trial during which both goal arms were opened.
Returning to the same goal arm as the first trial resulted in a reward (four pellets). Entering the
opposing arm resulted in no reward and confinement in the goal arm for 15 s. Animals were
run in groups of three or four. After each trial pair, animals were returned to their cages for 5—
10 min, while training proceeded on the remaining animals of the group. Animals continued
to receive eight trial pairs per day until a criterion of 15 correct choices out of 16 consecutive
trial pairs was met.

2.3. Choline acetyltransferase activity

At the completion of behavioral training, animals were killed and ChAT activity in the
hippocampus and frontal cortex was measured as previously described [21]. Briefly, animals
were anesthetized with pentobarbital (100 mg/kg; IP), the brains removed, and tissue from the
hippocampus and frontal cortex dissected, frozen, and processed. Tissues were not pooled.
Frozen tissues were thawed and dissociated by sonication in a medium containing EDTA (10
mM) and Triton X-100 (0.5%) and diluted to a concentration of 10 mg tissue/ml. An aliquot
of each sample was used for the determination of total protein [10]. Three 5 pl aliquots of each
sample were incubated for 30 min at 37 °C in a medium containing 3[H] acetyl-CoA (50,000
60,000 d.p.m./tube, final concentration 0.25 mM acetyl-CoA; Sigma Inc., St. Louis, MO),
choline chloride (10.0 mM), physostigmine sulfate (0.2 mM), NaCl (300 mM), sodium
phosphate buffer (pH 7.4, 50 mM), and EDTA (10 mM). The reaction was terminated with 4
ml sodium phosphate buffer (10 mM) followed by the addition of 1.6 ml of ace-tonitrile
containing 5 mg/ml tetrephenylboron. The amount of 3[H] acetylcholine produced was
determined by adding 8 ml of EconoFluor scintillation cocktail (Packard Instruments, Meriden,
CT) and counting total cpm in the organic phase using an LKB beta-counter. Background was
determined using identical tubes to which no sample was added. For each sample, the three
reaction tubes containing sample were averaged and the difference between total cpm and
background cpm was used to estimate the total amount of ACh produced per sample. ChAT
activity was then calculated for each sample as pmol ACh manufactured/h/pg protein.

2.4. Statistical analysis

Days-to-criterion was analyzed using one-way ANOVA with Newman-Keuls post-hoc test
for individual comparisons between treatment groups. To compare treatment effects during
different stages of acquisition, performance data were blocked into training periods of 5 days
each (a total of six periods). Once an animal achieved criterion, a performance value of 93.8%
was assigned for the remaining days for the purposes of statistical analysis. Performance during
acquisition testing was analyzed using two-way ANOVA with repeated measures on ‘Block’,
and one-way ANOVA for treatment effects within training periods. Differences in ChAT
activity in the hippocampi and frontal cortex of SAP treated and control animals were compared
using one-way ANOVA (GraphPad Prism 3.0).
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3. Results

3.1. Effects on ChAT activity

Of the original 32 animals, two animals (1 CON-NA, 1 SAP-NA) failed to run the maze or
displayed side bias and were excluded from the study. For the remaining animals (seven CON-
NA, eight CON-A, seven SAP-NA, eight SAP-A), the results of the ANOVA revealed a
significant effect of SAP lesion on hippocampal ChAT activity [F(3,26) = 107.7, p < 0.0001].
There was a 70.5% decrease in ChAT activity in the hippocampi of SAP-NA versus CON-NA
groups (7.85 + 1.37 versus 26.61 + 0.77 pmol ACh/h/ug protein; p < 0.001), and a 74.9%
decrease in ChAT activity in the hippocampi of SAP-A versus CON-A (6.85 + 1.10 versus
27.29 £ 1.05 pmol ACh/h/ug protein; p < 0.001). There was no significant difference in
hippocampal ChAT activity between the SAP-A versus SAP-NA groups p > 0.05). For tissues
collected from the frontal cortex, ANOVA revealed no significant differences in ChAT activity
between the treatment groups [F(3,26) = 1.64, p = 0.21].

3.2. Effects on DMP acquisition

Treatment significantly affected the number of days that animals required to reach criterion
[F(3,26) = 6.95, p = 0.0014] (Fig. 1). Specifically, SAP-NA animals required more days to
reach criterion than corresponding CON-NA controls (21.7 £ 1.6 days versus 15.9 + 0.5 days,
p < 0.05). In contrast, SAP-treated animals that also received the mild aversive stimulus did
not require significantly more days to reach criterion than corresponding CON-A animals (16.8
+ 1.3 versus 13.4 + 1.4 days for CON-A animals, p > 0.05). Also, SAP-A treated animals took
significantly fewer days to reach criterion than SAP-NA animals (p < 0.05), however, there
was no significant difference in days-to-criterion between the CON-A and the CON-NA treated
controls (p > 0.05). Note that by day 20 of training, all control animals had reached criterion,
seven of eight SAP-A animals had reached criterion, and only three of seven SAP-NA animals
had reached criterion. By day 30 of training, only a single animal in the SAP-A group had not
reached criterion.

Analysis of the learning curves by two-way ANOVA demonstrated a significant effect of SAP
treatment [F(3,156] = 103.0, p < 0.0001], a significant effect of ‘block’ [F(5,156) = 11.48, p
< 0.0001), and a significant treatment x block interaction [F(15,156) = 1.811, p = 0.037; Fig.
2). A separate analysis of blocks 3 and 4 revealed significant differences between treatment
groups [F(3,32) = 3.739, p = 0.021] for block 3; and [F(3,32) = 8.572, p = 0.0003] for block
4. Post-hoc analyses revealed a significant decrease in performance for SAP-NA-compared to
CON-NA-treated animals during blocks 3 and 4. Additionally, in block 4 the SAP-A group
performed significantly better than the SAP-NA group (p < 0.05). Differences between the
CON-A and SAP-A treated groups were not statistically significant during any block.

4. Discussion

4.1. Effects on DMP acquisition

The data show that SAP lesions significantly impaired acquisition of the DMP task relative to
controls. As predicted, this effect was significantly reduced by application of a mild aversive
stimulus each day prior to training. This demonstrates that a mild aversive stimulus can
attenuate or mask a deficit resulting from lesion of MS cholinergic neurons on acquisition of
a spatial task. This is consistent with studies of working memory which used paradigms with
an aversive component and that found that selective cholinergic lesions of the MS did not
produce acquisition deficits in spatial working memory [4,5,16]. Notably, application of the
aversive stimulus had no significant effect on DMP acquisition in the non-lesioned controls.
This suggests that the aversive stimulus may only affect performance in the presence of the
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lesion; however, the possibility of a ceiling effect on performance in the non-lesioned animals
cannot be excluded.

One might expect an aversive stimulus to have the greatest effect early during training, when
the stimulus is relatively novel and a lesser effect as the animal becomes habituated to the
stimulus later in training. The effect of the aversive stimulus in the SAP-A group, though,
became apparent relatively late in training (days 16—20; block 4). It is possible that acquisition
of the DMP task in this study may involve adopting different strategies over the course of
training and the effect of the aversive stimulus in SAP lesioned animals may be associated with
a strategy shift that occurs relatively late during acquisition of the task. An ongoing study in
our laboratory is focused on this possibility.

4.2. Associations with ChAT activity

The analysis of ChAT activity shows that the SAP-lesion paradigm significantly reduced ChAT
activity in the hippocampus, but not in the frontal cortex. This is consistent with studies showing
substantial loss of cholinergic neurons in the medial septum, but not in the nucleus basalis
magnocellularis, with this paradigm [22,28]. Previous studies have also shown that the dose
of SAP used in this study is selective for the cholinergic neurons in that there is little effect on
GABAergic parvalbumin-containing neurons located in the same regions of the medial septum
[28]. We conclude, therefore, that the learning deficit observed in the SAP-NA treated group
is the consequence of a septal-hippocampal cholinergic lesion. Notably, there was no
significant difference in hippocampal ChAT activity between the SAP-A and the SAP-NA
treated groups, suggesting that the differences seen in T-maze acquisition between the two
groups were not due to a bias resulting from a greater loss of septo-hippocampal cholinergic
projections in one group compared to the other.

4.3. Potential mechanisms and implications

The sensitivity of any task to lesions of a single pathway depends on whether the lesion involves
the principal pathway activated during the task, as opposed to several pathways that are
activated. The hippocampus receives inputs from a variety of cortical and subcortical
structures, including inputs from entorhinal cortex, amygdala, medial septum, thalamus, and
monoaminergic cell groups in the midbrain and hindbrain. Mild stress has been shown to
enhance acquisition of certain spatial learning tasks via hippocampal activation utilizing
neuronal pathways that do not involve the MS [12,50]. Therefore, a task with a mildly aversive
component may possibly preserve acquisition of a spatial task in animals with a septal-
hippocampal cholinergic lesion via pathways that are independent of the septal-hippocampal
tract. The result would be a loss of sensitivity with tests for impairments in learning/memory
resulting from a septal-hippocampal lesion that involved a mildly aversive stimulus, e.g. the
MWM.

One must consider the likelihood that there is no such thing as a pure hippocampal task. Most
spatial tasks can be solved using a variety of strategies [17], each of which may rely to varying
degrees on different neural substrates. During stress, it is well established that epinephrine
released from the adrenal cortex can result in the activation of adrenergic receptors that
facilitate memory function [26,37,43]. Adrenergic receptors found on vagal afferents project
to the nucleus of the solitary tract and can subsequently activate neurons that project to the
amygdala [11]. The amygdala has long been associated with the acquisition of memory related
to aversive stimuli [11,13,25,31,34] and the modulation of memory processes involving the
hippocampus [14,27,44]. Consequently, it is possible that in addition to enhancing the activity
of non-cholinergic inputs to the hippocampus, administration of a mild aversive stimulus also
activates parallel memory systems [29,47] that enhance performance, perhaps by strengthening
the use of strategies less dependent on hippocampal cholinergic inputs. This is consistent with,
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and may help to explain, the reported discrepancies between the effects of septal cholinergic
lesions on acquisition of MWM versus land-based (e.g., T-maze) tasks. While both types of
tasks can be used to evaluate spatial learning and memory, the levels of stress are higher in a
water maze task due to the aversive environment of the pool [18,24]. Therefore, performance
of the DMP T-maze task may be more sensitive to the SAP lesion because it is less aversive.
This is consistent with the current study which shows that administration of a mild stressor
eliminates the sensitivity of the DMP task to the cholinergic lesions, producing results more
like those reported with the MWM.

There have been reports where SAP lesion does induce a deficit in MWM performance [30].
However, the methodology utilized intraventricular injection of SAP, resulting not only in a

broader cholinergic lesion of brain structures than intra-parenchymal injection in the MS, but
the loss of Purkinje cells of the cerebellum as well [45]. Other studies, after injecting SAP into
the MS and NBM failed to detect a deficit in performance in the radial arm maze, a non-aversive
task [39]. However, this result may have been a consequence of the particular environment in
which the animals were tested or specific aspects of the testing paradigm.

In summary, the findings demonstrate that cholinergic inputs to the hippocampus can play an
important role in the acquisition of a spatial task under low-stress conditions, but that the impact
of the cholinergic lesions is attenuated in the presence of a mild aversive stimulus. In addition,
the data suggest caution when interpreting negative findings based on a single behavioral task,
or a set of tasks that emulate a single environmental condition.
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Fig. 1.

Graph summarizing the average number of days required to reach criterion for each treatment
group. Bars represent the mean + S.E.M. Note that the SAP-NA group required significantly
more days to reach criterion than the corresponding CON-NA controls. In contrast, the SAP-
A group did not require significantly more time to reach criterion than the corresponding CON-
A controls. *p < 0.05; n.s. = no significance.
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Fig. 2.

Learning curves showing acquisition of the DMP task across six 5-day blocks of training.
Values represent the mean percentage correct choices for each treatment group during each
period of training. Once an animal achieved criterion, a performance value of 93.8% was
assigned for the remaining days for the purposes of statistical analysis. By day 20 of training,
all control animals had reached criterion, seven of eight SAP-A animals had reached criterion,
and only three of seven SAP-NA animals had reached criterion. By day 30 of training, only a
single animal in the SAP-A group had not reached criterion. Note that all groups showed
improved performance over time; however during blocks 3 and 4 the performance of the SAP-
NA-treated animals was significantly worse than the corresponding CON-NA-treated controls
(*p <0.05; **p < 0.001). Also, during block 4, the performance of the SAP-A-treated animals
was significantly better than the SAP-NA-treated animals (*p < 0.05). Differences in
acquisition between the CON-A and SAP-A treatment groups were not statistically significant
during any period.
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