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Septal infusions of the �-aminobutyric acid (GABA)A agonist muscimol impair memory, and the effect likely
involves the hippocampus. GABAA receptors are present on the perikarya of cholinergic and GABAergic
septo-hippocampal (SH) projections. The current experiments determined whether GABAergic SH projections are
involved in the memory-impairing effects of septal GABAA receptor activation. Experiment 1 tested whether
combining septal co-infusions of subeffective doses of muscimol with scopolamine, a drug that selectively influences
GABA SH projections, would produce memory deficits. Experiment 2 tested whether hippocampal infusions of a
GABAA receptor antagonist would block the effects of septal muscimol infusions. Fifteen minutes prior to assessing
spontaneous alternation (SA) or training in a multiple trial inhibitory avoidance (CMIA) task, male Sprague-Dawley
rats were given septal infusions of vehicle, muscimol, scopolamine, or co-infusions of muscimol with scopolamine, or
septal infusions of vehicle or muscimol combined with hippocampal infusions of vehicle or bicuculline. Septal
co-infusions of muscimol with scopolamine significantly impaired SA and CMIA. Hippocampal bicuculline infusions
blocked deficits produced by septal muscimol infusions in SA and attenuated deficits produced in CMIA. Combined,
these findings suggest that GABAergic SH projections are involved in the memory-impairing effects of septal GABA
receptor activation.

Activation of �-aminobutyric acid (GABA)A receptors in the me-
dial septum (MS) impairs memory in a variety of learning and
memory tasks (Chrobak et al. 1989; Brioni et al. 1990; Durkin
1992; Nagahara and McGaugh 1992; Pang and Nocera 1999).
These impairing effects of MS GABAA receptor activation likely
involve the hippocampus. For instance, MS infusions of the
GABAA agonist muscimol impair hippocampal theta (Allen and
Crawford 1984; Smythe et al. 1992; Wan et al. 1995), which is a
rhythmic oscillation important for memory (O’Keefe 1993;
Vertes and Kocsis 1997; Hasselmo et al. 2002; Hasselmo 2005).
Also, the memory-impairing effects of MS infusions of muscimol
are reversed by hippocampal infusions of glucose, pyruvate, or
the acetylcholinesterase (AChE) inhibitor physostigmine (Parent
et al. 1997; Degroot and Parent 2000, 2001; Krebs and Parent
2005a,b).

The MS is connected to the hippocampus via the fimbria-
fornix, which is composed primarily of cholinergic and GABAer-
gic projection neurons (Lewis et al. 1967; Kohler et al. 1984; Rye
et al. 1984; Fig. 1B). Although a glutamatergic projection was
recently demonstrated, very little is known about the connectiv-
ity or receptor makeup of this septo-hippocampal (SH) projection
(Sotty et al. 2003; Colom et al. 2005). GABAergic SH projection
neurons synapse onto hippocampal GABA interneurons (Freund
and Antal 1988), which in turn synapse onto glutamatergic py-
ramidal cells (Toth et al. 1997). GABAergic SH afferents, there-
fore, produce a net disinhibition of hippocampal pyramidal cells
(Bilkey and Goddard 1985; Krnjevic et al. 1988). Cholinergic SH
projection neurons terminate broadly in the hippocampus, syn-
apsing onto pyramidal cells, dentate granule cells, and inhibitory
interneurons (Frotscher and Leranth 1985). Activation of cholin-
ergic SH projection neurons excites pyramidal cells, which would

be expected to have positive effects on memory (Teyler 1987;
Izquierdo and Medina 1993; Wu et al. 2002; Fig. 1B).

GABAA receptors are present on the cell bodies of both
GABAergic and cholinergic SH neurons (Gao et al. 1995). The
memory-impairing effects of MS GABAA receptor activation
could therefore involve either or both SH projection neurons.
Extensive evidence indicates that cholinergic SH projection neu-
rons are involved in the memory-impairing effects of muscimol.
For example, MS infusions of muscimol, at doses that impair
memory, decrease hippocampal extracellular acetylcholine
(ACh) levels (Durkin 1992; Gorman et al. 1994; Degroot et al.
2003). Furthermore, only those doses of muscimol that decrease
hippocampal ACh impair memory (Brioni et al. 1990). Also, ma-
nipulations that increase hippocampal ACh levels reverse the
memory deficits produced by MS GABA receptor activation (Par-
ent et al. 1997; Degroot and Parent 2000, 2001; Krebs and Parent
2005a). Furthermore, MS GABA receptor activation increases the
dose of ACh receptor agonists needed in the hippocampus to
reverse memory deficits (Farr et al. 1999).

More recent evidence suggests that GABAergic SH projection
neurons may also be involved in memory. Ibotenic and kainic
acid lesions, which primarily affect GABAergic SH neurons, im-
pair learning (Cahill and Baxter 2001; Dwyer et al. 2007). Selec-
tive lesions of cholinergic SH neurons do not prevent the
memory-impairing effects of muscimol (Pang and Nocera 1999),
further suggesting that GABAergic SH projection neurons are in-
volved in memory. Moreover, electrophysiological studies show
that MS administration of ACh agonists, which can have
memory-enhancing actions within a certain range (Givens and
Olton 1990, 1995), selectively excites GABAergic SH projection
neurons, but not cholinergic SH projection neurons (Wu et al.
2000). Similarly, the muscarinic ACh receptor antagonist scopol-
amine, a drug that impairs memory when infused into the
MS (Pang and Nocera 1999; Elvander et al. 2004), also influ-
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ences GABAergic SH projection neurons selectively (Alreja et al.
2000).

Although the evidence reviewed above suggests that GABA-
ergic SH projection neurons are involved in memory, there is no
direct behavioral evidence to that effect. Consequently, the goal
of the present research was to determine whether GABAergic SH
projection neurons are involved in the memory-impairing effects
of MS GABAA receptor activation. Experiment 1 determined
whether combining septal infusions of subeffective doses of the
GABA agonist muscimol with the muscarinic antagonist scopol-
amine, a drug that selectively influences GABAergic SH projec-
tion neurons (Alreja et al. 2000), would summate to produce
memory deficits (Fig. 1A). Such a finding would suggest that
muscimol and scopolamine are acting on a common mechanism
(i.e., GABAergic SH projection neurons) to impair memory (See-
ley and Moran 2002). Experiment 2 determined whether hippo-
campal infusions of the GABAA receptor antagonist bicuculline
would prevent the memory-impairing effects of MS infusions of
muscimol. MS infusions of muscimol should inhibit SH GABA
projection neurons, thus disinhibiting GABA interneurons (Fig.
1B). This disinhibition of GABA interneurons would, in turn,
increase inhibition of pyramidal cells. Hippocampal infusions of
bicuculline would be expected to block the inhibitory effects of
the interneurons onto the pyramidal cells. Thus, combining hip-
pocampal infusions of bicuculline with MS infusions of musci-
mol should selectively prevent the influence of GABAergic SH
projection neurons on hippocampal pyramidal cells via GABA
interneurons (Fig. 1B). For both experiments, rats participated in
two hippocampal-dependent memory tasks that vary in motiva-
tional, temporal, and cognitive demands. This would allow us to
assess whether the manipulations were affecting memory rather
than some process that influences performance on the memory
task.

Results

Experiment 1
The locations of the MS infusions are shown in Figure 2. Drug
infusions into the MS significantly affected SA performance

(F(3,62) = 4.26; P < 0.01; Fig. 3A). MS infusions of muscimol or
scopolamine alone did not impair SA performance. Specifically,
the percent alternation scores of rats given MS infusions of mus-
cimol or scopolamine alone were not significantly different from
those of rats given infusions of vehicle (P > 0.05). Interestingly,
the findings showed that MS co-infusions of muscimol with sco-
polamine significantly impaired SA performance. Specifically,
the percent alternation scores of rats given muscimol and sco-
polamine in the same solution were significantly lower than
those of rats given MS infusions of vehicle (P < 0.05). However,
the percent alternation scores of rats given muscimol and sco-
polamine in the same solution were not significantly different
from those of rats given MS infusions of scopolamine or musci-
mol alone (Ps > 0.05). Drug infusions into the MS significantly
affected the number of arms that the rat entered in the maze
(F(3,62) = 2.95; P < 0.05; Fig. 3B). The data showed that the MS
infusions of scopolamine alone decreased the number of arms
the rats entered in the maze. Specifically, the rats given MS in-
fusions of scopolamine alone entered fewer arms than did rats
given vehicle infusions (P < 0.05).

MS drug infusions did not significantly affect trials to crite-
rion during CMIA training (�2

(3,57) = 2.04; P > 0.05; Fig. 4A).
Figure 4B illustrates that the pre-training drug infusions into the
MS significantly affected subsequent CMIA retention perfor-
mance tested 48 h later (�2

(3,57) = 7.92; P < 0.05). MS infusions of
muscimol or scopolamine alone did not significantly impair
CMIA retention. Specifically, the retention latency scores of rats
that were given MS infusions of muscimol (U(1,30) = 98.5;
P > 0.05) or scopolamine (U(1,33) = 97.5; P > 0.05) alone were not
different from those of rats that were given MS infusions of
vehicle. Importantly, MS co-infusions of muscimol with scopol-
amine impaired avoidance retention. The retention latencies of
rats that were given MS co-infusions of muscimol with scopol-
amine were significantly lower than those of rats that were given
MS infusions of vehicle (U(1,30) = 51; P < 0.01). However, the re-
tention latencies of rats that were given MS co-infusions of mus-
cimol with scopolamine were not significantly lower than those
of rats that were given MS infusions of scopolamine (U(1,27) = 86;
P > 0.05) or muscimol alone (U(1,24) = 51.5; P > 0.05).

Figure 1. (A) Schematic illustration of the MS. Muscarinic receptors are present on the cell bodies of both ACh and GABA projection neurons (Van
der Zee and Luiten 1994). MS administration of scopolamine inhibits only the activity of GABAergic SH projection neurons (Alreja et al. 2000). If MS
co-infusions of muscimol with scopolamine impair memory, then these results would suggest that the impairing affects of muscimol also involve
GABAergic SH projection neurons. (B) Schematic illustration of the septo-hippocampal system. Muscimol infused into the MS binds to GABA receptors
present on both cholinergic and GABAergic SH projection neurons (Gao et al. 1995) and inhibits the activity of both projection neurons (M. Alreja, pers.
comm.). Importantly, in this concurrent infusion paradigm, the hippocampal infusions of the GABA antagonist are blocking the contributions of the
GABAergic SH projection neurons. We assume that the hippocampal bicuculline infusions are not preventing the effects of the ACh collaterals onto the
GABAergic SH projection neurons, because presumably these ACh collaterals are already inhibited by the MS GABA receptor activation. As a result, if
hippocampal infusions of bicuculline reverse the deficits produced by MS infusions of muscimol, then this will suggest that GABAergic SH projection
neurons are involved in the impairing effects of muscimol.
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Experiment 2
Figure 5 illustrates the approximate locations of MS and hippo-
campal infusions. Figure 6A illustrates that drug infusions into
the MS (F(1,42) = 5.611; P < 0.05) and the hippocampus
(F(1,42) = 9.900; P < 0.05) significantly affected percent alterna-
tion scores, and the effects of drug infusions into both regions
interacted significantly (F(1,42) = 4.542; P < 0.05). Hippocampal
infusions of bicuculline alone did not affect percent alternation
scores. Compared with the percent alternation scores of rats that
were given infusions of vehicle in both brain regions (V–V), the
percent alternation scores of rats given MS infusions of vehicle
and hippocampal infusions of bicuculline (V–B) were not signifi-
cantly different (P > 0.05). As expected, MS infusions of musci-
mol impaired memory. Specifically, compared with the percent
alternation scores of V–V rats, the percent alternation scores of
rats given MS infusions of muscimol and hippocampal infusions
of vehicle (M–V) were significantly decreased (P < 0.05). More
importantly, hippocampal infusions of bicuculline prevented the
alternation deficits produced by MS infusions of muscimol. Spe-
cifically, the percent alternation scores of rats given MS infusions
of muscimol combined with hippocampal infusions of bicucul-
line (M–B) were not significantly different from those of V–V rats
(P > 0.05), but were significantly higher than those of M–V rats
(P < 0.05). Drug infusions into the MS (F(1,42) = 0.542; P > 0.05)
and the hippocampus (F(1,42) = 1.152; P > 0.05) did not signifi-
cantly affect the number of arms entered during SA, and the
effect of drug infusions into both regions did not interact signifi-
cantly (F(1,42) = 0.113; P > 0.05: Fig. 6B).

Drug infusions into the MS and hippocampus did not sig-
nificantly affect trials to criterion during CMIA training
(�2

(3,36) = 6.45; P > 0.05; Fig. 7A). Figure 7B illustrates that the
pre-training drug infusions into the MS and hippocampus sig-
nificantly affected subsequent CMIA retention performance
(�2

(3,36) = 11.74; P < 0.01). Hippocampal infusions of bicuculline
alone did not affect CMIA retention. That is, the retention laten-
cies of V–B rats were not significantly different from those of V–V

rats (U(1,16) = 26; P > 0.05). Consistent with previous research, MS
infusions of muscimol impaired CMIA retention. Specifically,
M–V rats had significantly shorter retention latencies than did
V–V rats (U(1,21) = 8; P < 0.01). More importantly, hippocampal
infusions of bicuculline attenuated the CMIA retention deficits
produced by muscimol. The retention latencies of M–B rats were
not significantly shorter than those of V–V rats (U(1,21) = 36.50;
P > 0.05), but were significantly longer than those of M–V rats
(U(1,20) = 39.50; P > 0.05).

Discussion

Experiment 1
The present findings show that MS infusions of scopolamine
with muscimol, at doses that did not affect memory when in-
fused alone, produced significant memory deficits when the two
were infused together. This pattern of findings was observed in
two different behavioral tasks. These findings are consistent with
previous research showing that MS infusions of GABA agonists or
ACh antagonists alone produce memory deficits (Chrobak et al.
1989; Givens and Olton 1990, 1995; Durkin 1992; Pang and

Figure 2. Schematic illustration of coronal sections of the rat brain
showing the approximate location of MS infusion sites in Experiment 1.
Atlas plates were adapted from Paxinos and Watson (1998), with per-
mission from Elsevier ©1998.

Figure 3. (A) MS co-infusions of muscimol with scopolamine, at doses
that had no effect on memory alone, significantly decreased mean
(�S.E.M.; n = 14–16 per group) percent alternation scores. (*) P < 0.05
vs. vehicle rats. (B) MS infusions of scopolamine alone significantly de-
creased the mean (�S.E.M.) number of arms rats entered in the maze. (*)
P < 0.05 vs. vehicle rats.
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Nocera 1999; Krebs and Parent 2005a,b). The present findings
add to these previous results by showing that there is an inter-
action between the effects of scopolamine and muscimol in the
MS. One interpretation of this finding is that scopolamine and
muscimol each produced small subthreshold impairments via
different mechanisms that summated when the two drugs were
combined. Although the SA data are consistent with such an
interpretation, the CMIA data suggest that the interaction be-
tween the effects of muscimol and scopolamine is synergistic
rather than additive. That is, the CMIA data suggest that the two
different drugs are acting at a common mechanism, and the SA
data are also congruent with that construal. If one assumes that
the same phenomenon is likely to occur in both tasks, then the
most parsimonious interpretation of the findings of Experiment
1 is that the memory-impairing effects of MS GABA receptor ac-
tivation involve GABAergic SH projection neurons. This is sup-
ported by electrophysiological evidence showing that septal in-
fusions of scopolamine selectively influence GABAergic SH pro-
jection neurons (Alreja et al. 2000) and that GABA receptors are
present on GABAergic SH projection neurons (Gao et al. 1995).

These data also showed that MS infusions of scopolamine

decreased the activity of rats while they were performing on the
memory task, which has been observed previously with systemic
infusions of scopolamine (Masuoka et al. 2006). The scopol-
amine-induced decrease in the number of arms entered does not
likely impact the interpretation of the SA data, because rats that
were given MS infusions of scopolamine did not have impaired
alternation scores. Moreover, MS co-infusions of scopolamine
with muscimol affected alternation scores without affecting the
mean number of arm entries.

Experiment 2
These results replicate the finding that MS infusions of the GABA
receptor agonist muscimol impair performance in both SA and
CMIA tasks (Chrobak et al. 1989; Durkin 1992; Parent and Gold
1997; Parent et al. 1997; Krebs and Parent 2005a,b). More impor-
tantly, the findings show that these memory deficits are reversed
(SA) or attenuated (CMIA) by concurrent hippocampal infusions
of the GABA antagonist bicuculline. Given that bicuculline
would be expected to block input from GABAergic SH projection
neurons, these findings suggest that GABAergic SH projection
neurons are involved in the memory-impairing effects of MS
GABA receptor activation.

General discussion
The present findings show that MS co-infusions of subeffective
doses of muscimol with scopolamine impair SA and avoidance
retention. MS administration of scopolamine selectively influ-
ences GABAergic SH projection neurons (Alreja et al. 2000). The
present results also show that unilateral hippocampal infusions
of bicuculline attenuate or prevent the memory-impairing effects
of MS GABA receptor activation in these same memory tasks.
Collectively, the combined findings provide converging evi-
dence that GABAergic SH projection neurons are involved in the
memory-impairing effects of septal GABA receptor activation.

These data are congruent with previous findings showing
that unilateral hippocampal infusions are sufficient to reverse the
memory-impairing effects of MS GABA receptor activation (Par-
ent et al. 1997; Degroot and Parent 2000, 2001; Krebs and Parent
2005a,b). These findings are also consistent with previous re-
search suggesting that MS GABA receptor activation impairs
memory via an influence on the hippocampus (Allen and Craw-
ford 1984; Givens and Olton 1990; Durkin 1992; Walsh et al.
1993; Bland et al. 1996). It is important to note that the finding
that hippocampal infusions of bicuculline prevent a memory
deficit does not necessarily mean that the bicuculline was acting
at the locus of the deficit. That is, it is possible that infusing a
GABA antagonist into the hippocampus would have a positive
effect on memory, regardless of whether or not GABA receptors
are involved in the deficit. The most parsimonious interpretation
that accounts for the data from both tasks and both sets of ex-
periments, however, is that the impairing effects of septal GABA
receptor activation involves GABAergic SH projection neurons.
The finding that hippocampal infusions of bicuculline com-
pletely prevented muscimol-induced deficits in SA suggest fur-
ther that GABAergic SH neurons may be necessary for the spatial
working memory deficits produced by septal GABA receptor ac-
tivation.

The present findings are also consistent with evidence show-
ing that selective lesions of cholinergic SH projection neurons do
not prevent the memory-impairing effects of MS GABA receptor
activation (Pang and Nocera 1999). Rather, these lesions reduce
the dose of muscimol needed to produce a memory deficit when
infused into the MS (Pang and Nocera 1999), suggesting that MS
GABA receptor activation impairs memory via a process that in-
volves the GABA SH projection neurons. Combined with previ-

Figure 4. (A) There were no significant effects of MS infusions on me-
dian (�I.Q.; n = 12–19 per group) number of trials to criterion. (*)
P > 0.05 vs. vehicle rats. (B) MS co-infusions of muscimol with scopol-
amine, at doses that had no effect on memory when infused alone,
significantly decreased median (�I.Q.) retention latencies. (*) P < 0.05
vs. vehicle rats.
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ous electrophysiological findings (Alreja et al. 2000; Wu et al.
2000), the present findings suggest that MS manipulations that
enhance or impair memory likely do so via a process that in-
volves GABAergic SH projection neurons.

The interpretation that GABAergic SH projection neurons
are involved in the memory-impairing effects of muscimol does
not exclude the possibility that the impairing effects of septal
GABA receptor activation also involve cholinergic SH projection
neurons. MS infusions of muscimol decrease a variety of markers
of hippocampal ACh (Allen and Crawford 1984; Walsh et al.
1993; Moor et al. 1998). More importantly, MS infusions of
memory-impairing doses of muscimol decrease hippocampal ex-
tracellular ACh levels (Brioni et al. 1990; Durkin 1992; Degroot et
al. 2003). Also, only those doses of muscimol that impair
memory decrease hippocampal ACh function (Brioni et al. 1990).
Furthermore, previous results suggest that hippocampal infu-
sions of AChE inhibitors (Degroot and Parent 2000, 2001) or
glucose (Parent et al. 1997; Krebs and Parent 2005a), which in-
crease hippocampal ACh levels (Ragozzino et al. 1998), reverse
memory deficits produced by MS GABA receptor activation.
Thus, collectively, the evidence suggests that both projections are
involved in the deficits produced by MS GABA receptor activa-
tion.

The hippocampal infusions of bicuculline may not have
completely reversed the CMIA deficits because a larger dose of
muscimol was infused in the CMIA task than in SA. The dose of
bicuculline infused into the hippocampus was not increased in
parallel with the higher dose of muscimol, because infusing a
higher dose of bicuculline would increase the probability of sei-
zure activity (Hu et al. 2005). It is not likely that the ability of
bicuculline to reverse or attenuate the deficits involve seizure
activity, because bicuculline had no effect on memory when in-
fused alone.

To determine more definitively whether GABAergic SH pro-
jection neurons are required for the memory-impairing effects of
MS GABA receptor activation, it would be ideal to selectively
lesion GABAergic SH projection neurons and then administer
muscimol into the MS. Recent findings show that MS adminis-

tration of kainic acid may be one way to lesion GABAergic SH
projection neurons. MS kainic acid lesions decrease the number
of MS glutamate decarboxylase and parvalbumin immunoreac-
tive cells (Pang et al. 2001; Dwyer et al. 2007). Parvalbumin im-
munoreactive cells in the MS are assumed to reflect GABA SH
projection neurons (Freund and Antal 1988; Toth et al. 1993;
Pang et al. 2001). These kainic-acid-induced lesions sometimes
produce spatial working memory deficits (Dwyer et al. 2007) and
sometimes do not (Pang et al. 2001). 192 IgG-induced lesions of
cholinergic SH projection neurons produce only mild deficits
(Pang et al. 2001; Dwyer et al. 2007; Fletcher et al. 2007). In
contrast, combined lesions of the cholinergic and GABAergic SH
projection neurons produce severe deficits (Pang et al. 2001).
These findings suggest that the activity of either projection alone
is sufficient but not necessary for memory. This may account for
the finding that, although muscimol likely impairs memory by
influencing both sets of projection neurons, bicuculline was able
to reverse the memory deficit despite its apparent inability to
influence the activity of cholinergic projection neurons. This
would also imply that the fact that muscimol produced a
memory deficit when combined with scopolamine would be at-
tributable primarily to its ability to influence ACh projection
neurons. It is important to note that these interpretations are
based on the findings of lesion studies, which are always limited
by the possibility that the lesions are incomplete and can induce
compensatory changes. For example, recent evidence suggests
that 192 IgG-induced lesions of cholinergic SH projection neu-
rons do not completely deplete hippocampal extracellular ACh
levels; moreover, there is an up-regulation of the residual ACh
functioning (Chang and Gold 2004).

The motivational, temporal, and cognitive differences be-
tween the SA and CMIA tasks support the hypothesis that the
drug infusions influenced memory rather than some other pro-
cess such as attention or motivation that could influence perfor-
mance in the memory tasks. The finding that MS GABA receptor
activation impairs memory in both SA and CMIA indicates that
the SH system is involved in several mnemonic processes. Spe-
cifically, the findings from the SA task suggest that the SH system

Figure 5. Schematic illustration of coronal sections of the rat brain showing the approximate location of MS (A) and hippocampal (B) infusion sites
in Experiment 2. Atlas plates were adapted from Paxinos and Watson (1998), with permission from Elsevier ©1998.
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is involved in on-line spatial associations, and the findings from
the CMIA task reveal that the SH system also affects emotional
and long-term memory. The fact that the pre-training infusions
of muscimol did not affect acquisition in the CMIA task suggests
further that MS GABA receptor activation influences consolida-
tion of newly formed emotional memories.

The present findings also show that higher doses of MS in-
fusions of muscimol are needed to impair avoidance retention
than SA. This is consistent with previous evidence investigating
the effects of MS infusions of muscimol on different behavioral
measures of memory (Brioni et al. 1990; Nagahara and McGaugh
1992; Parent and Gold 1997; Parent et al. 1997; Krebs and Parent
2005a,b). Collectively, this research shows that higher doses of
muscimol are needed in the MS to impair shock avoidance than
are needed to produce deficits in a rewarded alternation, SA, or
spatial water maze task. It is not clear why higher doses are
needed to impair shock avoidance. It is possible that the higher
doses of muscimol may influence avoidance via non-GABAergic
mechanisms or through diffusion to other brain regions. The

finding that lower doses of muscimol are effective in impairing
avoidance retention when they are co-infused with glucose, py-
ruvate (Parent and Gold 1997; Parent et al. 1997; Shah and Parent
2003, 2004), or scopolamine (present findings) suggests that this
possibility is unlikely. The task-dependent effects of muscimol do
not appear to be related to the stress level of the task, because
both water maze and shock avoidance produce stress responses
(De Boer et al. 1990; Mabry et al. 1995; Van der Borght et al.
2005). The differences also do not appear to be related to the
presence of shock, because MS infusions of low doses of musci-
mol impair shock avoidance in a shock-probe burying test (De-
groot and Treit 2003). Thus, these findings suggest that more MS
GABA receptors or more prolonged MS receptor activation is re-
quired to impair avoidance memory that other types of memory.
Additional research is needed to determine the factors that con-
tribute to these task-dependent, dose-response differences.

In summary, the effects of MS co-infusions of scopolamine
with muscimol combined to impair memory. Furthermore, in-
trahippocampal infusions of a GABA antagonist prevent the

Figure 7. (A) There were no significant effects of any of the manipu-
lations on the median (�I.Q.; n = 5–11 per group) trials to criterion
during CMIA training (P > 0.05 vs. V–V). (B) Pre-training MS infusions of
muscimol decreased the median (�I.Q.) retention latencies tested 48 h
later. (*) P < 0.05 vs. V–V. Hippocampal infusions of bicuculline, at a dose
that did not affect retention latencies when infused alone, attenuated the
deficits produced by muscimol (P > 0.05 vs. M–V or V–V).

Figure 6. (A) MS infusions of muscimol decreased mean (�S.E.M.;
n = 9–12 per group) percent alternation scores. (*) P < 0.05 vs. V–V. Hip-
pocampal infusions of bicuculline, at a dose that did not affect percent
alternation scores when infused alone, reversed the deficits produced by
muscimol (#) P < 0.05 vs. M–V, P > 0.05 vs. V–V. (B) There were no
significant effects of any of the manipulations on the mean (�S.E.M.)
number of arm entries.
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memory-impairing effects of MS GABA receptor activation. These
effects were observed in two different memory tasks. Collectively,
these findings support the hypothesis that the effects of MS
GABA receptor activation on memory are mediated through a
process that requires GABAergic SH projection neurons. These
studies are important because they constitute the first behavioral
evidence indicating the GABAergic SH projection neurons are
involved in both spatial working memory and emotional, long-
term memory.

Materials and Methods

Experiment 1
The goal of this experiment was to determine whether GABAergic
SH projection neurons are involved in the memory-impairing ef-
fects of septal GABA receptor activation. MS infusions of the
muscarinic receptor antagonist scopolamine impair memory
(Givens and Olton 1995; Pang and Nocera 1999; Elvander et al.
2004). Recent findings show that administration of scopolamine
into the MS influences the activity of GABAergic, but not cho-
linergic, SH projection neurons (Alreja et al. 2000). When two
drugs act via a common mechanism such as the GABAergic SH
projection neurons to impair memory, then the effects of these
two drugs should summate (Seeley and Moran 2002). We rea-
soned, therefore, that if memory-impairing effects of MS GABA
receptor activation involve an influence on the GABAergic SH
projection neurons, then co-infusions of muscimol and scopol-
amine, at doses that have no effect on memory alone, should
produce memory deficits. Experiment 1 tested this prediction.

Subjects
Sixty-three male Sprague-Dawley-derived rats (Charles River)
weighing 200–250 g upon arrival were used. The rats were housed
individually in polycarbonate cages (20 � 40 � 20 cm) with
corncob bedding on a 12-h light–dark cycle (lights on at 7:00
a.m.) in a temperature-controlled colony room (70°F–74°F). Food
and water were available ad libitum. The Georgia State University
Institutional Animal Care and Use Committee (IACUC) approved
all procedures involving rats.

Surgery
At least 1 wk after their arrival, the rats were given injections of
atropine sulfate (0.4 mg/kg, ip, Baxter), anesthetized with sodium
pentobarbital (Nembutal; 50 mg/kg, ip, Abbott Laboratories), and
then given an injection of penicillin (1500 units, im, Crystiben).
The incision site was shaved with a #50 electric clipper blade
(Oster), and betadine solution was applied to the surgical area.
The incision site was numbed with a 2% lidocaine/0.001% epi-
nephrine cocktail (0.5–2.0 cc, sc, Abbott Labs). After the incision,
the 2% lidocaine/0.001% epinephrine solution was applied topi-
cally to the skull (0.05–1.0 cc) to facilitate identification of
lambda and bregma. Stereotaxic surgical procedures (David Kopf
Instruments) were used to implant one 22-gauge stainless-steel
guide cannula (Plastics One, Inc.) aimed at the MS (0.5 mm an-
terior [AP] to bregma, 4.9 mm ventral to dura [DV]; Paxinos and
Watson 1998). The cannulae were secured to the skull with three
jeweler’s screws and cranioplastic cement (DuraLay), and a
dummy cannula (Plastics One, Inc.) was inserted to keep the
cannulae free of debris. Immediately after surgery, the rats were
given an injection of 0.9% sterile saline (3.0 cc, sc) and then
wrapped with a paper towel and kept under a warm lamp until
recovery from anesthesia. Two days following surgery, the pa-
tency of each cannula was checked, and betadine was applied to
the surgical wound. If signs of infection were evident, the rats
were anesthetized with isoflurane gas (5%; Baxter) delivered in
1000 mL/minute of oxygen and given an additional injection of
penicillin (1500 units im, Crystiben).

Drug preparation and drug infusions
Two days prior to behavioral testing, the experimenter handled
each rat for 2 min. Before and after all handling and behavioral

testing, the rats were allowed a minimum of 30 min to habituate
to the laboratory environment. Behavioral testing occurred at
least 1 wk after surgery and was conducted between 7:00 a.m and
7:00 p.m. Drug treatments were counterbalanced over the course
of the day. Fifteen minutes prior to assessing spontaneous alter-
nation (SA) or training in continuous multiple trial inhibitory
avoidance (CMIA), rats were given MS infusions of vehicle (phos-
phate-buffered saline [PBS]; 0.5 µL, 0.5 µL/min), muscimol (0.10
nmol: SA or 1 nmol: CMIA), scopolamine (5.7 nmol: SA or 91
nmol: CMIA), or muscimol combined with scopolamine in the
same solution. The drugs that were combined in the same solu-
tion were prepared at double the desired concentration and then
combined, reducing the concentration of each by half. The doses
of muscimol and scopolamine were selected based on our pilot
data showing that these were the maximum doses that did not
significantly impair memory when infused alone (D.L. Krebs-
Kraft and M.B. Parent, unpubl.). The drugs were infused through
a 28-gauge injection needle that extended 1.0 mm beyond the
guide cannulae. The needle was connected to a 25-µL Hamilton
syringe by polyethylene tubing (PE-50), and the infusions were
delivered using an infusion pump (Harvard Apparatus 11). Fol-
lowing the completion of both injections, the needle was left in
place for 1 min to facilitate drug diffusion.

Spontaneous alternation (SA)
SA is assumed to be a hippocampal-dependent measure of spatial
working memory (Stevens and Cowey 1973; Richman et al. 1987;
Dember 1989; Deacon et al. 2002; Lalonde 2002). The underlying
assumption is that in order to alternate successfully between lo-
cations, the rat must remember its visits to previous places. This
assumption is supported in part by the finding that SA is im-
paired by removing directional cues or by increasing the interval
between arm choices (Richman et al. 1987; Dember 1989;
Lalonde 2002). Fifteen minutes after the drug injections, SA per-
formance was assessed by placing each rat in a Y-maze composed
of three equally spaced arms (60°; 60 cm long � 17.5 cm high).
The floor of each arm was composed of stainless steel (3.5 cm
wide), and the top (14 cm wide) was covered with a colorless,
transparent plexiglass lid. All rats were placed in the same start-
ing arm of the Y-maze and allowed to explore the maze for 8 min.
The experimenter, who was blind to drug treatment, recorded
the sequence and number of arms the rats entered during the 8
min period. The maze was cleaned with 70% ethanol after each
rat. The number of arms each rat entered was used as a measure
of activity. A percent alternation score was computed for all rats
that entered at least 10 arms. An alternation was defined as en-
tering three different arms consecutively. The percent alternation
score was computed by dividing the number of alternations each
rat made by the number of arms entered minus two (i.e., the
number of alternations possible) and then multiplying that re-
sulting quotient by 100.

Continuous multiple trial inhibitory avoidance (CMIA)
A minimum of 3 d after performing in the SA task, rats were
trained on the shock avoidance task. The drug infusions were
counterbalanced across the two behavioral tasks. The avoidance
apparatus consisted of a trough-shaped alley (91 cm long, 15 cm
high, 20 cm wide at the top, and 6.4 cm wide at the bottom) that
was divided into a lighted (31 cm long) and a dark (60 cm long)
compartment by a retractable guillotine door. The dark compart-
ment had a metal floor through which shock could be delivered.
A 15-watt lamp was placed over the lighted compartment and
was the only source of illumination in the room. The table un-
derneath the avoidance apparatus was lined with bench paper
and the apparatus was cleaned with 70% ethanol after each rat
was trained or tested.

For the training, each rat was placed in the lighted compart-
ment with its head facing away from the door. Once the rat
turned around to face the door or after 12 sec passed, the retract-
able door was opened and the rat was allowed to cross over to the
dark (shock) compartment. After the rat crossed with all four
paws, the rat was given a footshock (1.2 mA) until it returned to
the lighted compartment (maximum 4 sec). This sequence con-
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stituted one training trial. Training continued until the rat re-
mained in the lighted compartment for 100 consecutive sec or
for a maximum of five trials. The rat was not removed from the
avoidance apparatus between trials. The number of trials needed
to reach the criterion was recorded and used as a measure of
acquisition.

Retention of the training was tested 48 h (�2 h) later. Each
rat was placed in the lighted compartment of the avoidance
chamber with its head facing away from the closed door. After
the rat turned to face the door or 12 sec passed, the door was
opened and the latency (sec) to cross over to the dark (shock)
compartment was recorded and used as a measure of retention.
Each rat was given a maximum of 600 sec to enter the dark
compartment, and foot shock was not delivered.

Histology
After behavioral testing, the rats were euthanized with an over-
dose of sodium pentobarbital (Sleepaway; 400 mg/kg, ip) and
perfused intracardially with 0.9% saline followed by 10% forma-
lin. Their brains were stored in a 10% formalin solution for at
least 2 d before sectioning. All brains were sectioned on a cryostat
(Leica CM 30510 S), and 45- to 60-µm sections were taken
through the MS cannulae tracts. The brain sections were stained
with thionin, and an unbiased observer determined the cannulae
placement using a light microscope (Olympus BX41). Acceptable
MS cannulae placement was defined as MS injection sites located
within the MS, but not within the lateral septum or the ventral
diagonal band of Broca. Moreover, the cannula must not have
penetrated the fimbria.

Statistical analysis
The SA data were expressed as means and standard errors of the
mean (S.E.M.) and analyzed using one-way analysis of variance
(ANOVA) and Tukey post hoc tests where appropriate. The CMIA
acquisition and retention latency data were not distributed nor-
mally due to the fact that several of the rats reached the maxi-
mum trials to criterion and/or 600 sec retention latency cut-off.
Consequently, these avoidance data were expressed as medians
and interquartile ranges (I.Q.), and the nonparametric Kruskal-
Wallis and Mann-Whitney U-tests were used to detect differences
between treatment groups. An alpha level of 0.05 was used as the
criterion for statistical significance.

Experiment 2
The findings of Experiment 1 suggest that the memory-impairing
effects of septal GABA receptor activation involve GABAergic SH
projection neurons. The goal of Experiment 2 was to provide
converging evidence to support that interpretation. Specifically,
we determined whether hippocampal infusions of bicuculline, a
GABAA receptor antagonist, which would be expected to block
input from GABA neurons (Fig. 1B), would prevent memory defi-
cits produced by concurrent MS infusions of muscimol.

The same procedures were used as in Experiment 1, with the
following exceptions: Stereotaxic surgical procedures (David
Kopf Instruments) were used to implant one 22-gauge stainless-
steel guide cannula (Plastics One, Inc.) aimed at the MS (0.5 mm
AP to bregma, 4.9 mm DV) and one guide cannula aimed at the
dorsal hippocampus (4.5 mm AP, 1.6 mm DV, and 4.0 mm from
the interaural line) (Paxinos and Watson 1998). The hemisphere
in which the unilateral hippocampal cannulae were implanted
was counterbalanced across rats. Fifteen minutes prior to behav-
ioral testing, different groups of rats were given unilateral hippo-
campal infusions of vehicle (1 µL, 0.5 µL/min; PBS, pH 7.4) or
bicuculline methiodide (0.3 nmol; Sigma). The dose of bicucul-
line was selected based on pilot experiments showing that it was
the highest dose that, when infused alone, did not affect memory
or cause apparent seizure activity. One minute after the hippo-
campal infusion was initiated; the rats were given a MS injection
of vehicle (PBS; 0.5 µL, 0.5 µL/min) or muscimol (0.15 nmol: SA
or 5 nmol: CMIA; Sigma). The doses of muscimol were selected
based on findings showing that these doses decreased percent
alternation scores and CMIA retention latencies without affect-

ing activity measures or acquisition (Krebs and Parent 2005a,b).
The drugs were infused through a 28-gauge injection needle that
extended 1.2 mm (hippocampus) or 1.0 mm (MS) beyond the
guide cannulae. The SA data were analyzed using a 2 (MS treat-
ment) � 2 (hippocampal treatment) univariate ANOVA and
Tukey post hoc tests where appropriate.
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