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cues or by increasing the interval between arm choices (Dember, 1989; Lalonde, 2002; Richman,
Dember, & Kim, 1987). Fifteen minutes after the drug injections, SA performance was assessed

by placing each rat in a Y-maze composed of three equally spaced arms (60°; 60 cm long x 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 translucent plexiglass lid. All rats were placed in the same starting
arm of the Y-maze and allowed to explore the maze freely for 8 minutes. 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 entering 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 resulting quotient by 100.

Continuous Multiple Trial Inhibitory Avoidance

CMIA training was given a minimum of 3 days after SA testing. 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 compartment 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 underneath the avoidance apparatus
was lined with bench paper and the apparatus was cleaned with 70% ethanol after each rat was

trained or tested.
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For the training the rat was placed in the lighted compartment with its head facing away
from the door. Once the rat turned around to face the door or after 12 seconds (s) passed, the
retractable 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 s). This sequence constituted one
training trial. Training continued until the rat remained in the lighted compartment for 100
consecutive s or for a maximum of 5 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 hours (+/- 2 hrs) later. For the retention test, the
rats were placed in the lighted compartment of the avoidance chamber with their heads facing
away from the closed door. After each rat turned to face the door or 12 s passed, the door was
opened and the latency (s) 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 s to enter the dark

compartment during the retention test. Footshock was not delivered on the retention test.

Histology

After behavioral testing, the rats were euthanized with an overdose of sodium
pentobarbital (Sleepaway; 400 mg/kg, ip, Fort Dodge, Fort Dodge, 1A) and perfused
intracardially with 0.9% saline followed by 10% formalin. Their brains were stored in a 10%
formalin solution for at least 2 days before sectioning. All brains were sectioned on a cryostat

(Leica CM 30510 S) and 45-60 um sections were taken through the MS and hippocampal

cannulae tracts. The brain sections were stained with thionin and an unbiased observer
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determined the cannulae placement using a light microscope (Olympus BX41). Acceptable
medial MS cannulae placement was defined as 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. Only rats with acceptable cannulae placements were included in the

statistical analyses.

Statistical Analysis

The data were expressed as means and standard errors of the mean (S.E.M.) and analyzed
using a 1-way analysis of variance (ANOVA) and Tukey post hoc tests where appropriate. The
acquisition and retention latency data were not normally distributed due to the fact that several of
the rats reached the maximum trials to criterion and 600 s retention latency cut-off.
Consequently, these data were expressed as medians and inter-quartile ranges (1.Q.) and the non-
parametric 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.
Bonferonni corrections were used for the Mann-Whitney U tests based on the number of planned

comparisons.

Results
Figure 2.1 shows the approximate location of drug infusions in Experiment 1. As Figure
2.2 shows, the drug infusions into the MS did not significantly affect SA performance [F (3, 62)
=0.36; p > .05] or the number of arms that the rats entered in the maze [F (3,62) = 1.54; p > .05].
Figure 2.3A demonstrates that MS drug infusions did significantly affect trials to
criterion during CMIA training [F (4,55) = 10.77; p <.05]. After Bonferonni correction (p

<.007), the post-hoc tests revealed no significant differences between any of the groups on the
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number of trial to criterion during CMIA training. Figure 2.3B illustrates that the pre-training
drug infusions into the MS significantly affected subsequent CMIA retention [x* (4,55) = 11.47;
p <.05]. MS infusions of morphine dose-dependently impaired memory. Specifically, rats that
were given MS infusions of 8 nmol of morphine had significantly shorter retention latencies than
did those rats that that were given MS infusions of vehicle [U (1,21) = 28; p <.007]. MS
infusions of morphine (4 nmol) or glucose alone did not significantly impair CMIA retention.
The retention latencies of rats that were given MS infusions of 4 nmol of morphine [U (1,22) =
40, p > .007] or glucose [U (1,19) = 48; p > .007] were not statistically different from those of
rats given vehicle. MS infusions of glucose did not produce deficits when combined with
morphine. The retention latencies of rats that were given MS infusions of morphine (4 nmol)
with glucose did not significantly differ from those of rats that were given MS infusions of
vehicle [U (1,22) = 65; p > .007].
Discussion

The findings of the present experiment demonstrate that MS co-infusions of glucose, at a
dose of glucose that typically produces memory deficits when combined with the GABA agonist
muscimol, does not produce memory deficits when combined with morphine. This pattern was
observed in a spatial working memory task and in an emotional, long-term memory task. These
findings are consistent with previous evidence suggesting that the memory deficits associated
with glucose are not due to hyperosmolarity (Shah & Parent, 2003, 2004). These findings rule
out the possibility that the positive and negative effects of glucose on memory in the same brain
region are concentration-dependent. Combined with previous findings (Parent, Laurey,
Wilkniss, & Gold, 1997; Parent & Gold, 1997; Shah & Parent, 2003, 2004), these data suggest

that the memory-impairing effects of glucose may be specific to GABA receptor activation.
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Experiment 2
Materials and Methods

It is unknown if the memory-impairing interaction between muscimol and glucose is
specific to muscimol or can be generalized to other drugs that affect the GABA4 receptor. If
GABA receptor activation is required for the memory-impairing effects of glucose, then co-
infusions of glucose with other GABA receptor agonists should also impair memory.
Benzodiazepines have a binding site on the GABA 4 receptor and enhance the inhibitory effects
of GABA (Choi, Farb, & Fischbach, 1981; Duman, Sweetnam, Gallombardo, & Tallman, 1987).
Activation of MS GABA receptors by benzodiazepines, such as chlordiazepoxide (CDP), also
impair memory (Stackman & Walsh, 1995a, 1995b). The goal of Experiment 2 was to determine
whether MS infusions of glucose would potentiate memory deficits produced by co-infusions of
sub-effective doses of CDP as they do with muscimol.

The same procedures were used as in Experiment 1 with the following exceptions:
Fifteen minutes prior to behavioral testing, different groups of rats were given MS infusions of

vehicle (0.5 ul, 0.5 ul/ min; saline, pH = 3.0), phosphate-buffered saline (PBS; pH = 7.4),

glucose (33 nmol), CDP (15 nmol: SA or 30 nmol: SA and CMIA, Sigma) or CDP combined
with glucose in one solution. The doses of CDP were selected based on pilot data suggesting
that 15 nmol of CDP is the maximum sub-effective dose (i.e., highest dose that does not cause a
statistically significant deficit) for SA, and the 30 nmol dose of CDP was chosen to produce SA
deficits. Although our pilot data indicated that a large range of doses of CDP (15-200 nmol) did

not produce shock avoidance retention deficits, the 30 nmol dose of CDP was chosen for the
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CMIA task because it was the dose that had a tendency to produce a mild deficit. CDP could
only go into solution at low pH values (pH = 3.0); therefore, infusions of PBS (pH = 7.4) served
as a pH control. Eighty-two (n = 11-17 per group) rats were used for the SA task and 56 (n =9-
15 per group) were used for the CMIA task.
Results

Drug infusions into the MS [F (5, 81) =3.91; p < .05] significantly affected SA
performance (see Figure 2.4A). Consistent with previous research, MS infusions of CDP dose-
dependently impaired spatial working memory performance (Herzog, Gahndi, Bhattacharya, &
Walsh, 2000; Stackman & Walsh, 1992, 1995a, 1995b; Tonkiss et al., 2000; Tonkiss, Trzcinska,
Shultz, Vincitore, & Galler, 2000). Specifically, the percent alternation scores of rats given CDP
(30 nmol) were significantly lower than of those rats given MS infusions of vehicle (p <.05).
MS infusions of glucose or CDP (15 nmol) alone did not significantly affect SA performance.
The percent alternation scores of rats given glucose or CDP (15 nmol) or glucose alone did not
differ significantly from those of rats given MS infusions of vehicle (p >.05). Low pH did not
likely contribute to the memory-impairing effects of CDP because the percent alternation scores
of rats given low pH saline (pH = 3) were not significantly different from those of rats given MS
infusions of PBS (p > .05). Interestingly, the findings showed that MS co-infusions of glucose
with CDP (15 nmol), at doses that produced no affect alone, significantly impaired SA
performance. Specifically, the percent alternation scores of rats given glucose with CDP (15
nmol) in the same solution were significantly lower than those of rats given MS infusions of
vehicle (p <.05). The same drug infusions into the MS did not significantly affect the number of

arms that the rats entered in the maze ([F (5,81) = .98; p > .05]; see Figure 2.4B).
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Drug infusions into the MS significantly affected the number of trials to criterion in
CMIA training ([F (4,55) = 11.750; p < .05]; see Figure 2.5A). After Bonferonni correction (p
<.017), the post-hoc tests revealed no significant differences between any of the groups on the
number of trial to criterion during CMIA training. Figure 2.5B shows that drug infusions into

the MS also did not significantly affect avoidance retention latencies [F (4, 55) = 3.421; p > .05].

General Discussion

The present findings show that the same dose of glucose that produced memory deficits
when combined in the GABA agonist muscimol does not produce deficits when combined with
the opiate morphine. These findings are consistent with previous research showing that MS co-
infusions of glucose do not potentiate, but rather reverse deficits produced by impairing doses of
the opiate morphine (Ragozzino & Gold, 1995b; Ragozzino, Parker, & Gold, 1992).

Importantly, the present findings show that MS co-infusions of glucose do impair memory when
combined with the benzodiazepine agonist CDP. The memory-impairing interaction between
glucose and CDP was observed in the spatial working memory task, but not in the emotional,
long-term memory task. Collectively, these results suggest that the memory-impairing effects of
MS infusions of glucose are not concentration-dependent, but are rather neurotransmitter-
specific. In particular, these data suggest that MS infusions of glucose impair memory through
an interaction with the GABA neurotransmitter system.

The finding that MS co-infusions of glucose impair memory when combined with
GABAergic drugs but not with other types of memory-impairing drugs suggests that the effects
of glucose on memory are neurotransmitter-specific (Parent, Laurey, Wilkniss, & Gold, 1997;

Parent & Gold, 1997; Ragozzino & Gold, 1995b; Shah & Parent, 2003, 2004; Stefani, Nicholson,
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& Gold, 1999). Extensive evidence suggests that glucose enhances memory through a process
that involves an increase in acetylcholine (ACh) synthesis or release. For instance, hippocampal
infusions of glucose reverse memory deficits and enhance ACh in the hippocampus while rats
are performing on a memory task (Ragozzino, Pal, Unick, Stefani, & Gold, 1998b; Ragozzino,
Unick, & Gold, 1996). In addition, MS infusions of the opiate morphine decrease hippocampal
markers of ACh such as extracellular ACh and high affinity choline uptake (Ragozzino & Gold,
1995b), suggesting that the memory-impairing effects of MS infusions of morphine are mediated
via an influence on the hippocampal cholinergic neurotransmitter system. In contrast, MS
infusions of glucose may impair memory when combined with GABA agonists by modulating
MS GABA levels. Elevating glucose levels increases GABA levels in the brain (Amoroso,
Schmid-Antomarchi, Fosset, & Lazdunski, 1990; During, Leone, Davis, Kerr, & Sherwin, 1995;
Fink & Gothert, 1993; Fink, Zentner, & Gothert, 1994; Ohtani, Ohta, & Sugano, 1997; Schmid-
Antomarchi, Amoroso, Fosset, & Lazdunski, 1990), raising the possibility that MS infusions of
glucose impair memory by promoting MS GABA synthesis or release. An alternate possibility is
that glucose may both enhance and impair memory via its effects on ACh. Specifically, research
has shown that MS administration of the cholinergic agonist oxotremorine can produce memory
deficits (Elvander et al., 2004; Pang & Nocera, 1999), and striatal administration of
oxotremorine impairs long-term potentiation (LTP; (Calabresi, Centonze, Gubellini, Pisani, &
Bernardi, 1998). This raises the possibility that MS infusions of glucose impair memory by
increasing MS ACh release. Consequently, to dissociate these hypotheses future experiments

should test the effects of MS infusions of glucose on MS extracellular GABA and ACh levels.

These results are also consistent with previous research showing that systemic and MS

infusions of CDP impair spatial working memory (Farber, 1996; Stackman & Walsh, 1992,
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1995a, 1995b; Tonkiss, Trzcinska, Shultz, Vincitore, & Galler, 2000). To our knowledge, there
are not any studies showing that MS infusions of CDP impair shock avoidance (although
systemic infusions do impair shock avoidance; Tohyama, Nabeshima, Ichihara, & Kameyama,
1991). It is not clear why CDP has these task-dependent effects on memory. One possibility is
that shock avoidance memory can be based on the formation of different types of associations
mediated by different brain regions. That is, when MS function is impaired by morphine, other
brain areas may mediate the spared retention that is observed. For instance, avoidance retention
can reflect stimulus-stimulus associations mediated by the hippocampus (Compton, 1993;
Compton, Griffith, McDaniel, Foster, & Davis, 1997; Eichenbaum, 1992; Eichenbaum, Fagan,
Matthews, & Cohen, 1988; Eichenbaum, Matthews, & Cohen, 1989; Eichenbaum, Stewart, &
Morris, 1991; Hirsh, 1974; Sutherland & Rudy, 1989), stimulus-affect associations mediated by
the amygdala (Compton, 1995; Izquierdo & Medina, 1997; McDonald & White, 1995a;
McGaugh, Mclntyre, & Power, 2002; Salinas & White, 1998), or stimulus-response associations
mediated by the striatum (Kirkby, Polgar, & Coyle, 1981; Packard, Hirsh, & White, 1989;
Packard & McGaugh, 1996; Packard & White, 1990; Petri & Mishkin, 1993; Phillips & Carr,
1987; Salinas & White, 1998; Squire & Butters, 1984). It is not clear, though, why CDP does
not produce deficits when MS infusions of morphine or muscimol do.

In summary, MS co-infusions of glucose produce memory deficits when combined with
drugs that affect MS GABA receptors, but not when combined with drugs that affect opioid
receptors. Specifically, MS co-infusions of glucose with the GABA modulator CDP, at doses
that individually have no effect on memory, produce spatial working memory deficits. In
contrast, MS co-infusions of the same concentration of glucose with the opiate morphine do not

produce spatial working memory deficits or emotional, long-term memory deficits. Collectively,
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these findings suggest that the memory-impairing effects of glucose in the MS are not

concentration-dependent but are rather specific to GABA receptor activation.
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Figure 2.1. 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).
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Figure 2.2A. MS co-infusions of glucose with morphine did not significantly decrease mean (+/-

S.E.M.) percent alternation scores (p > .05 vs. PBS).
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Figure 2.2B. There were no significant effects of any of the manipulations on the mean (+/-

S.E.M.) number of arm entries (p > .05 vs. PBS).
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CHAPTER 3
SEPTAL INFUSIONS OF GLUCOSE DO NOT INCREASE SEPTAL
EXTRACELLULAR GABA LEVELS BUT DO IMPAIR MEMORY WHEN CO-

INFUSED WITH A GABA RECEPTOR AGONIST
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Abstract

Septal co-infusions of glucose with y-aminobutyric acid (GABA) receptor agonists or

modulators produce memory deficits. Elevating glucose increases brain GABA levels, raising the
possibility that septal glucose infusions impair memory by increasing septal GABA synthesis or
release. To test this hypothesis, Experiment 1 determined whether septal infusions of glucose, at
a dose that impairs memory when co-infused with muscimol, would increase septal extracellular
(ECF) GABA levels. Using in vivo microdialysis, we tested the effects of infusing glucose into
the septum on septal ECF GABA concentrations in rats performing in a spontaneous alternation
(SA) task. Male Sprague-Dawley-derived rats were given septal infusions of vehicle (phosphate
buffered saline [PBS]), glucose (33 nmol), the GABA receptor agonist muscimol (0.10 nmol), or
a cocktail composed of muscimol with glucose 16 min prior to assessing SA. Co-infusions of
muscimol with glucose, at doses that had no effect on their own, decreased percent alternation
scores; in contrast, none of the infusions significantly affected septal ECF GABA levels.
Experiment 2 tested whether perfusions of glucose (6.6 mM) at longer durations or perfusing
potassium (50 mM K+), a manipulation known to affect GABA release, would increase septal
ECF GABA concentrations. The results showed that septal perfusions of glucose did not
significantly increase ECF GABA levels, whereas septal perfusions of K+ did. These findings
suggest that the memory-impairing effects of septal infusions of glucose are not likely mediated

via an increase in septal GABA release.

Key Words: Muscimol, GABA, Glucose, Spontaneous Alternation, Septum, Memory
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Introduction

Although glucose typically has positive effects on memory (Craft, Murphy, &
Wemstrom, 1994; Gold, 1995; Korol, 2002; Korol & Gold, 1998; Manning, Ragozzino, & Gold,
1993; Messier, 2004; Newcomer et al., 1999; Petit, 1988), glucose can also produce memory
deficits (Flood, Mooradian, & Morley, 1990; Greenwood, Kaplan, Hebblethwaite, & Jenkins,
2003; Popovic, Biessels, Isaacson, & Gispen, 2001; Ryan & Williams, 1993; Winocur et al.,
2005). For instance, acute and chronic hyperglycemia are associated with memory dysfunction
(Biessels et al., 1996; Convit, 2005; Elias et al., 1997; Flood, Mooradian, & Morley, 1990;
Greenwood, Kaplan, Hebblethwaite, & Jenkins, 2003; Hagemann, Sartory, Hader, & Kobberling,
2005; McCall, 2002; Popovic, Biessels, Isaacson, & Gispen, 2001; Winocur et al., 2005). The
mechanisms underlying the memory-modulating effects of glucose, particularly the conditions
that differentiate the enhancing and impairing effects of glucose, are poorly understood. It is
clear, though, that these effects of glucose are mediated, at least in part, by the brain (Choeiri,
Staines, Miki, Seino, & Messier, 2005; Krebs & Parent, 2005a; McNay & Gold, 1999; Parent,
Laurey, Wilkniss, & Gold, 1997; Parent & Gold, 1997; Ragozzino, Pal, Unick, Stefani, & Gold,
1998b; Stefani & Gold, 1998; Stefani, Nicholson, & Gold, 1999). Moreover, extensive evidence
suggests that glucose enhances memory through a process that involves an increase in
acetylcholine (ACh) synthesis or release in the brain, particularly in the hippocampus (Degroot
& Parent, 2000, 2001; Durkin, Messier, de Boer, & Westerink, 1992; Kopf & Baratti, 1994;
Pavone, Capone, Battaglia, & Sansone, 1998; Ragozzino, Pal, Unick, Stefani, & Gold, 1998b).
In contrast, there is some limited evidence suggesting that the memory-impairing effects of
glucose may involve the septal GABA system. For instance, we have shown that septal

infusions of glucose exacerbate the memory deficits produced by GABA receptor agonists and
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interact with sub-effective doses of these agonists to impair memory (Parent, Laurey, Wilkniss,
& Gold, 1997; Parent & Gold, 1997; Shah & Parent, 2003, 2004). The pharmacological
interaction between glucose and GABA agonists is synergistic, such that doses of glucose and
GABAergic drugs that individually have no effect produce memory deficits when the two are co-
infused (Parent & Gold, 1997; Shah & Parent, 2003, 2004). The memory-impairing interaction
between glucose and GABA agonists in the septum occurs with multiple GABAergic drugs: the
GABA/c agonist muscimol (Parent, Laurey, Wilkniss, & Gold, 1997; Parent & Gold, 1997;
Shah & Parent, 2003, 2004), the benzodiazepine (BZD) GABA4 receptor modulator
chlordiazepoxide (CDP; Krebs & Parent, 2004), and the GABAg agonist baclofen (Erickson,
Watts, & Parent, 2006). Furthermore, these negative effects of glucose with GABA on memory
are not likely due to extracellular (ECF) hyperosmolarity, because equiosmolar concentrations of
other sugars do not produce memory deficits when combined with muscimol (Shah & Parent,

2003, 2004).

The synergistic interaction between elevated glucose and GABA receptor activation in
the septum suggests that both are acting on a common mechanism to impair memory (Seeley &
Moran, 2002). One candidate is glucose metabolism, because GABA agonists inhibit brain
glucose metabolism (Ishizuka et al., 1989; Ito et al., 1994). This possibility seems unlikely,
though, because both morphine and muscimol inhibit glucose metabolism (Cohen, Kimes, &
London, 1991; Ito et al., 1994), yet glucose potentiates deficits produced by muscimol, but
prevents deficits produced by morphine. A second possibility is that the synergistic interaction is
somehow due to decreases in the membrane potential produced by the various GABA agonists.
This is also not likely because glucose reverses deficits produced by galanin and morphine

(Ragozzino & Gold, 1995b; Ragozzino, Parker, & Gold, 1992; Stefani & Gold, 1998), two



77

peptides that also hyperpolarize neurons (Hokfelt et al., 1999; Inturrisi, 2002). A third candidate
mechanism is the septal GABA neurotransmitter system. The fact that glucose impairs memory
when it is combined with GABA agonists that act at different GABA receptor subtypes provides
a clue regarding the locus of the interaction. The GABAA receptor is linked to a chloride-gated
ionophore and is located postsynaptically; in contrast, GABAg receptors are localized pre-or
post-synaptically and are coupled to calcium or potassium channels via G-proteins and second
messenger systems (Martin & Olsen, 2000). Therefore, it is unlikely that the effects of glucose
on memory in the presence of GABA agonists are due to an effect of glucose on GABA receptor
function. Rather, a more likely hypothesis is that glucose influences the neurotransmitter that

binds to these different receptor subtypes.

We hypothesize that glucose increases septal GABA synthesis or release, and that this
increase in ECF GABA summates with the effects of the sub-effective doses of the GABA
agonists to produce memory deficits. This hypothesis is supported by the fact that acute
administration of large amounts of glucose and experimentally induced chronic hyperglycemia
increase GABA levels in the brain (Amoroso, Schmid-Antomarchi, Fosset, & Lazdunski, 1990;
Fink & Gothert, 1993; Fink, Zentner, & Gothert, 1994; Ohtani, Ohta, & Sugano, 1997; Schmid-
Antomarchi, Amoroso, Fosset, & Lazdunski, 1990). If the memory-impairing effects of septal
infusions of glucose involve an increase in septal GABA release, then septal infusions of glucose
should increase septal ECF GABA levels. The present set of experiments tested whether septal
infusions of glucose, at a dose that typically impairs memory when co-infused with muscimol,

would increase septal ECF GABA levels.
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Experiment 1

The goal of Experiment 1 was to determine whether septal infusions of glucose would
increase septal ECF GABA levels. To date, the memory-impairing effects of septal infusions of
glucose are observed only when the glucose is co-infused with muscimol. This suggests that the
effects of glucose on ECF GABA levels may depend on the presence of muscimol. Therefore,
we also tested whether the effects of septal infusions of glucose septal ECF GABA levels would
vary as a function of the presence or absence of muscimol.

Materials and Methods
Subjects

Twenty-four male Sprague-Dawley derived rats (n = 5-8 per group) weighing 200-250 g
upon arrival (Charles River, Wilmington, MA) were used. The rats were housed individually in
polycarbonate cages (20x40x20 cm) with corncob bedding on a 12 hour light-dark cycle (lights
on at 7:00 a.m.) in a temperature-controlled colony room (70-74 °F). Animals had free access to
food and water. The rats were acclimated to laboratory conditions for approximately 1 week
prior to surgery. The Georgia State University Institutional Animal Care and Use Committee
(IACUC) approved all procedures involving rats.

Surgery

Prior to surgery, rats were placed in a clear, plastic gas induction chamber and
anesthetized with 5% isoflurane (Baxter, Deerfield, IL) delivered in 1000 ml/min medical grade
oxygen. After the rat was no longer ambulatory, it was removed from the chamber and placed on
a face-mask that delivered 3% isoflurane in 1000 ml/min of oxygen. Rats were then given
injections of atropine sulfate (0.4 mg/kg, ip, Baxter, Deerfield, IL) and penicillin (1500 units, im,

Hanfords US Vet, Syracuse, NY). The future incision site was shaved with a #50 electric clipper
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blade (Oster) and betadine solution was applied to the surgical area. The percentage of
isoflurane given to the rats was adjusted from 1-3% to maintain a surgical plane of anesthesia as
determined by the toe pinch test. A stereotaxic apparatus (David Kopf Instruments, Tujunga,
CA) that was equipped with an anesthesia mask was used to implant one 15 mm inert,
biocompatible plastic dialysis probe guide cannulae (Bioanalytical Systems, Inc., Roanoke, VA)
aimed at the medial septum (0.5 mm anterior to bregma and 4.9 mm ventral to dura; Paxinos &
Watson, 1998). The incision site was anesthetized locally with a 2% lidocaine/.001%
epinephrine cocktail (0.5-2.0 cc, sc, Abbott Labs, Chicago, IL). After the incision, the 2%
lidocaine/.001 % epinephrine cocktail solution (.05- 1.0 cc) was applied topically to the skull to
facilitate seeing lambda and bregma. The cannula was secured to the skull with three jeweler’s
screws and cranioplastic cement and a stylet was inserted to keep the cannula free of debris.
Immediately after surgery, the rats were given an injection of 0.9 % sterile saline (3.0 cc, sc) and
the non-steroidal anti-inflammatory flunixin meglumine (2.5 mg/kg, ip, Fort Dodge Animal
Health, Fort Dodge, IA), and then wrapped with a paper towel and kept under a warm lamp until
recovery from anesthesia. Two days following surgery, the patency 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 (5%) gas delivered in 1000 ml/min of oxygen and given an

additional injection of penicillin (1500 units im).

In Vivo Microdialysis Procedures

Each rat was handled for 2 minutes on two separate occasions prior to microdialysis
procedures. Each rat participated in two microdialysis sessions separated by at least 4 days.
Before and after all handling and in vivo microdialysis, the rats were allowed a minimum of 30

minutes to habituate to the laboratory environment. /n vivo microdialysis procedures were
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conducted between 7:00 a.m. and 7:00 p.m. On the day of microdialysis, the rat was placed in a
round Plexiglas containment bowl (BAS) and attached to a tether (BAS) that permitted him to
move in the microdialysis containment bowl. Following a 1-hour habituation period, a

polyacrylonitrile microdialysis probe (320 um OD; BAS) that extended 2 mm beyond the guide

cannula was inserted into the guide cannula. The dialysis probe was equipped with an injection
guide, which allowed for both injections into and sampling from the septal brain region. The
probe length allowed for sampling from the medial septal area and possibly from the ventral
diagonal band of Broca. Using a microinfusion pump (BAS), the probe was perfused at the rate

of 2 ul/min with artificial cerebrospinal fluid (aCSF; mM: NaCl 145.0, KCI 3.0, CaCl, 1.5,

MgCl, 1.0, NaH,PO, 2.0, Na,HPO, 2.0, dextrose 1.0; pH 7.3; filtered [0.2 uM] and degassed).
The concentration of glucose was selected based on preliminary zero net flux dialysis data
suggesting the ECF glucose concentrations in the septum are approximately 1 mM (Krebs &

Parent, unpublished data). The flow rate of 2 pl/min was chosen to permit the collection of

sample volumes needed to assay amino acids (i.e., 15 pL), while also allowing for sample
periods that approximated the duration used to test the rats in previous behavioral experiments
(i.e., 8 min; Parent, Laurey, Wilkniss, & Gold, 1997; Parent & Gold, 1997). After a 2-h
stabilization period, three baseline samples were collected every 8 min. Then the rats were given
septal infusions of vehicle (0.5 pl, 0.5 pl/min; phosphate buffered-saline [PBS]), glucose (33
nmol), muscimol (0.1 nmol), or co-infusions of glucose with muscimol combined in one
solution. The drugs that were combined in the same solution were prepared at double the desired
concentration and then combined reducing the concentration of each by half. The dose of

glucose was chosen based on previous research showing that this dose impairs memory when
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combined with the GABA agonist muscimol (Parent, Laurey, Wilkniss, & Gold, 1997; Parent &
Gold, 1997; Shah & Parent, 2003, 2004). The dose of muscimol was selected based on previous
findings showing that this dose does not significantly impair memory when infused alone into
the septum, but does significantly impair memory when combined with glucose (Parent & Krebs,
2004). SA was assessed 2 sample periods (i.e., 16 min) following the drug infusions. The rats
were placed in a 3-arm maze at the onset of the third sample period after the injection and
remained in the maze for the duration of the sample period (i.e., 8 min). Three more samples
were collected following the manipulations. The samples were kept on dry ice during the
experiment and then transferred to a -80 'C freezer for storage until analysis with high-
performance-liquid-chromatography (HPLC). Half-way through each sample period, the overall
motor activity of the rat was rated using a 5-point scale (0 = no obvious movement, 1 = head
movement, 2 = head and fore-limb movement, 3 = infrequent movement of all 4 limbs [e.g.,
burrowing into bedding], and 4 = movement of all four paws with locomotion and/or rearing;
Moore, Sarter, & Bruno, 1993).

Spontaneous Alternation

Spontaneous alternation (SA) is assumed to be a hippocampal-dependent measure of
spatial working memory (Johnson, Olton, Gage, & Jenko, 1977; Lalonde, 2002; Richman,
Dember, & Kim, 1987; Stevens & Cowey, 1973). The underlying assumption is that in order to
alternate successfully between locations the rats must remember its visits to previous places.
This interpretation is supported by the finding that SA is impaired by removing directional cues
or by increasing the interval between arm choices (Lalonde, 2002; Richman, Dember, & Kim,

1987). Sixteen minutes after the drug injections, SA performance was assessed by placing each
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rat in a Y-maze composed of three equally spaced arms (60°; 61 cm long x 20 cm high)

separated by a circular center with a diameter of 43.5 cm. The 3-arm maze was used for the
microdialysis experiments in order to parallel our previous research (Parent, Laurey, Wilkniss, &
Gold, 1997; Parent & Gold, 1997; Shah & Parent, 2003, 2004). Each arm was composed of
black plexiglass (15.5 cm wide) and the top was left uncovered. All rats were placed in center of
the Y-maze and allowed to explore the maze for 8§ minutes. The experimenter 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 entering 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 resulting

quotient by 100.

High performance liquid chromatography (HPLC)

The amount of GABA in each sample of perfusate was assayed using reverse-phase
HPLC (Waters 2695 Separations Module; Waters Corporation) and fluorescence detection
(Waters 474; Waters Corporation) with Empower software. The amino acids were derived with
o-phthaldialhyde (OPA, Pierce) and the products of the reaction, 1-alkyl-2-alkkythio-substituted

isoindoles, exhibit optimal excitation at 260 nm and maximal emission at 455 nm. A 5.0 pulp

fluoraldehyde reagent was added to a 5.0 ul portion of standard, blank, or sample via an

autosampler (Waters Corporation). The sample was held in the injection loop of the solvent

management system (Alliance 2690XE; Waters Corporation) for 1.5 min prior to being injected.
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A solvent delivery system (Alliance 26901X; Waters Corporation) moved the solvent, which
consisted of a mixture of 70% mobile phase A (900 ml 0.08 M NaH,PO4, 240 ml MeOH, 20 ml
acetonitrile, and 10 ml tetrahydrofuran [THF]; pH = 6.2; vacuum filtered [0.2 uM]): 30% mobile
phase B (670 ml 0.04 M NaH,P04, 555 ml MeOH, and 30 ml THF; pH = 6.2; pH = 6.2; vacuum

filtered [0.2 uM]). The precolumn (Waters pBondapak C18; Waters Corporation) and the
column (Waters Spherisorb ODS2 C18 [4.6 x 250 mm, 5 um] were used at a constant

temperature of 30 °C. The initial gradient was maintained for 20 min at a flow rate of 0.5
ml/min. Then the gradient was changed to 100% mobile phase B, and after 23 min, the flow rate
was increased to 1.0 ml/min for 20 min. Fresh stock solutions were used daily and stock
solutions were sealed under N and stored at 4 ‘C. A calibration curve consisting of a series of
concentrations of GABA (.0078- 1 ng/5uL) was constructed with each assay run.

Histology

After behavioral testing, the rats were euthanized with an overdose of sodium
pentobarbital (400 mg/kg, ip) and perfused intracardially with 0.9% saline followed by 10%
formalin. Their brains were stored in a 10% formalin solution for at least 2 days before

sectioning. All brains were sectioned on a cryostat (Leica CM 30510 S) and 45-60 um sections

were taken through the septal cannulae tracts. The brain sections were stained with thionin and
an unbiased observer determined the cannulae placement using a light microscope (Olympus
BX41). Acceptable medial septal cannulae placement was defined as septal injection sites
located within the medial septum and dorsal portions of the ventral diagonal band of Broca, but

not within the lateral septum. Moreover, the cannula must not have penetrated the fimbria.
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Statistical Analysis

The neurochemical data were expressed as a percentage of the mean of the baseline
samples and were analyzed with a mixed ANOVA. The SA data were expressed as means and
standard errors of the mean (SEM) and analyzed using a one-way analysis of variance (ANOVA)
and Tukey post hoc tests. An alpha level of 0.05 was used as the criterion for statistical

significance.

Results

Figure 3.1 shows the approximate location of septal microdialysis probes. The 2 mm
probes sampled primarily from the medial septum and ventral diagonal band of Broca. Drug
infusions into the septum and hippocampus [F (3,23) = 11.60; p <.05] significantly affected SA
performance (see Figure 3.2). Septal infusions of muscimol or glucose alone did not affect SA
performance. The scores of rats given septal infusions of muscimol or glucose were not
significantly different from the scores of rats given infusions of PBS (p > .05). As in previous
research, co-infusions of muscimol with glucose into the septum impaired SA performance.
Specifically, the percent alternation scores of rats given muscimol combined with glucose in the
septum were significantly lower than those of rats given PBS (p <.05). In contrast, the drug
infusions into the septum [F (3,23) = 1.59; p > .05] did not significantly affect the number of
arms the rat entered in the maze (see Figure 3.3), although there was a tendency for rats given
muscimol in the septum to enter more arms than rats given PBS (p = .052). More importantly,
the drug infusions into the septum did not significantly affect septal ECF GABA levels [F(27,

117) = .856, p > .05; see Figure 3.4].
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Discussion

These results demonstrate that septal co-infusions of the GABA receptor agonist
muscimol with glucose, at doses that have no effect alone, impair spatial working memory.
These data are consistent with previous research indicating that co-infusions of muscimol with
glucose into the septum impair memory (Parent, Laurey, Wilkniss, & Gold, 1997; Parent &
Gold, 1997; Shah & Parent, 2003, 2004). The present findings also show that septal infusions of
glucose or septal co-infusions of glucose with muscimol did not increase septal ECF GABA
concentrations. These findings are inconsistent with previous findings showing that acute
increases in glucose or experimentally-induced diabetes elevate GABA levels in the cortex and
substantia nigra (Amoroso, Schmid-Antomarchi, Fosset, & Lazdunski, 1990; During, Leone,
Davis, Kerr, & Sherwin, 1995; Fink & Gothert, 1993; Fink, Zentner, & Gothert, 1994; Ohtani,
Ohta, & Sugano, 1997; Schmid-Antomarchi, Amoroso, Fosset, & Lazdunski, 1990). These
findings suggest that acute elevations in septal ECF GABA levels are not necessary for the
memory-impairing effects of septal glucose infusions.

Experiment 2

Acute drug infusions were used in Experiment 1 to mimic the procedures used in our
previous experiments showing that septal infusions of glucose with muscimol impair memory. It
is possible, however, that the microdialysis and assay procedures could not detect changes in
ECF GABA levels produced by the acute infusions of glucose. As a result, the goal of
Experiment 2 was to determine whether elevating glucose in the septum, over multiple sample
periods, would increase ECF GABA levels. Also, as a positive control, we determined whether a
manipulation known to increase GABA levels, including GABA levels in the septum (Parent et

al., 2001), would increase septal ECF GABA levels using our procedures. The concentration of
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glucose was selected based on previous research showing that it increased hippocampal ECF
ACh levels in rats performing in the SA task (Ragozzino, Pal, Unick, Stefani, & Gold, 1998b;
Stefani & Gold, 2001b). The concentration of potassium was chosen based on previous data
showing it significantly increased ECF GABA levels in the septum and other brain regions
(Campbell et al., 1993; Herbison, Heavens, & Dyer, 1990; Hu, Watson, Kennedy, & Becker,
2006; Parent et al., 2001; Takeda, Hirate, Tamano, & Oku, 2003; Tossman & Ungerstedt, 1986).
The same procedures were used as in Experiment 1, with the following exceptions: After
baseline samples were collected, the aCSF was changed to one that contained higher
concentrations of glucose (6.6 mM) or potassium (50 mM K+) for two sample periods. The Na
concentration in the aCSF containing elevated K+ was decreased to correct for the increase in
hyperosmolarity. To increase statistical power, the data for different sampling periods were
pooled. Specifically, the ECF GABA values for the baseline samples (i.e., samples 1-3) and the
ECF GABA values for the two post-baseline samples in which glucose or K+ were elevated (i.e.,
samples 4-5) were averaged. To correct for non-normality and non-heterogeneity of variance,
the data were transformed to the log(base10) of the percent of baseline. Paired t-tests were used
to detect differences between the average baseline and post-baseline values for glucose or K+.
Six (6.6 mM glucose) and 12 (50 mM K+) male Sprague-Dawley-derived rats were used.
Results

Increasing the concentration of glucose in the septal perfusate did not affect septal ECF
GABA levels [t(1,5) = .45, p > .05; see Figure 3.5]. In contrast, increasing the concentration of
K+ did significantly increase septal ECF GABA levels [t(1,11) = 6.98, p < .05]. Specifically,
compared to baseline levels the mean ECF GABA levels of rats were significantly higher during

the sample periods when K+ was elevated (p <.05).
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General Discussion

The findings from the present experiment demonstrated that septal infusions of muscimol
with glucose combined in the same solution impaired spatial working memory. These findings
are consistent with previous research showing that septal co-infusions of glucose with muscimol
impair memory (Parent, Laurey, Wilkniss, & Gold, 1997; Parent & Gold, 1997; Shah & Parent,
2003, 2004). More importantly, the present experiment also showed that the same manipulations
did not increase septal ECF GABA levels. Furthermore, these data showed that perfusing the
septal area with glucose, at a concentration that increases hippocampal ECF ACh levels
(Ragozzino, Pal, Unick, Stefani, & Gold, 1998b; Stefani & Gold, 2001b), did not increase septal
ECF GABA levels. In contrast, septal ECF GABA levels were increased by septal perfusion of
aCSF containing elevated K+. These data are in agreement with previous results showing that
elevating K+ within the septum increases ECF GABA levels (Parent et al., 2001). In contrast,
these findings are inconsistent with previous research showing that elevating glucose levels
increases GABA release in the cortex and substantia nigra (Amoroso, Schmid-Antomarchi,
Fosset, & Lazdunski, 1990; During, Leone, Davis, Kerr, & Sherwin, 1995; Fink & Gothert,
1993; Fink, Zentner, & Gothert, 1994; Ohtani, Ohta, & Sugano, 1997; Schmid-Antomarchi,
Amoroso, Fosset, & Lazdunski, 1990).

The absence of a glucose-induced increase in ECF GABA levels in Experiment 1 could
be due to insufficient drug delivery. For example, the microdialysis probe that was adjacent to
the injection needle may have collected some of drugs being delivered into the septum. This is
not likely, though, because septal co-infusions of glucose with muscimol effectively produced
memory deficits. Another possibility is that any glucose-induced increases in GABA were

cleared from the synapse more quickly than the temporal resolution of the dialysis procedure
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(Timmerman & Westerink, 1997). This is also not likely given the present finding that K+ did
increase septal ECF GABA levels.

Collectively, these results suggest that glucose-induced increases in ECF GABA levels
are not necessary for the impairing effects of glucose on memory. Glucose may instead
influence memory by influencing the binding properties of the GABA receptor. For instance,
glucose may modulate memory by directly influencing the binding properties of the GABA
receptor to either promote or attenuate binding of GABA agonists to the receptor, although there
is no evidence to date showing that glucose can do so. There is evidence, though, showing that
glucose does reduce the binding of morphine to opiod receptors (Brase, Han, & Dewey, 1987).
Another possibility is that adenosine tri-phosphate (ATP)-dependent potassium (K+) channels
(K+-ATP) are involved in the negative effects of glucose on memory. K-ATP channels, which
can affect neurotransmitter release (Amoroso, Schmid-Antomarchi, Fosset, & Lazdunski, 1990;
During, Leone, Davis, Kerr, & Sherwin, 1995), are closed by glucose (Larsson, Kindmark,
Branstrom, & Berggren, 1997; Straub, James, Dunne, & Sharp, 1998; Valdeolmillos, Nadal,
Contreras, & Soria, 1992). It is not clear how K-ATP channels could participate in for the
memory—impairing effects of glucose; however, because the opening of the septal K-ATP
channels impairs memory (Rashidy-Pour, 2001; Stefani & Gold, 1998, 2001a; Stefani,
Nicholson, & Gold, 1999) and blocking septal K-ATP channels with glucose enhances memory
and reverses memory deficits (Rashidy-Pour, 2001; Stefani & Gold, 1998, 2001a; Stefani,
Nicholson, & Gold, 1999). Alternatively, the impairing effects of glucose on memory may
involve a product of glycolytic metabolism. Glucose metabolism yields two molecules of
pyruvate and two molecules of ATP (Hertz & Dienel, 2002). Pyruvate metabolism, in turn,

yields by-products necessary for glutamate, ACh, and GABA synthesis (Hertz & Dienel, 2002).
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Previous research has demonstrated that infusions of the glycolytic metabolite pyruvate mimics
the memory-impairing effects of glucose (Shah & Parent, 2003, 2004), suggesting that a product
of glycolytic metabolism could mediate the impairing effects of glucose on memory.

Another possibility is that glucose impairs memory by increasing ACh release in the
septum as it does in the hippocampus. Although increasing brain ACh activity, including the
septum (Decker, Majchrzak, & Anderson, 1992; Givens & Olton, 1995; Givens & Oltons, 1990;
Olton et al., 1991), typically has positive consequences for learning and memory (Chang & Gold,
2003a; Degroot, Kornecook, Quirion, DeBow, & Parent, 2003; Ragozzino, Unick, & Gold,
1996), some studies have shown that septal administration of the cholinergic agonist
oxotremorine can produce memory deficits (Elvander et al., 2004; Pang, 1999). Furthermore,
oxotremorine infusions into the striatum impair striatal long-term-potentiation (Calabresi,
Centonze, Gubellini, Pisani, & Bernardi, 1998), which would be expected to produce memory
deficits. Alternatively, elevations in glucose in the septum impair memory via increases in septal
glutamate activity. Glucose administration also elevates glutamate levels in the brain (Burke &
Nadler, 1989; Gruetter, 2002; Hamberger, Chiang, Nylen, Scheff, & Cotman, 1979).
Furthermore, there is some limited evidence that suggesting that septal infusions of glutamate
may have negative consequences for memory. For example, septal infusions of low
concentrations of glutamate tend to impair SA (Parent, Laurey, Wilkniss, & Gold, 1997). In
addition, septal infusions of glutamate also decrease hippocampal sodium-dependent high
affinity choline uptake (SDHACU; Marighetto, Micheau, & Jaffard, 1994), which would be
expected to impair memory (Chang & Gold, 2003a; Gold, 2003a; Parent & Baxter, 2004).
Furthermore, septal infusions of glutamate antagonists increase SDHACU (Marighetto, Micheau,

& Jaffard, 1994). Septal elevations in ACh or glutamate may enhance the activity of GABA
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interneurons in the septum and thus decrease the function of the cholinergic, GABAergic, and/or
glutamatergic septo-hippocampal projections, which would be expected to impair memory
(Durkin, 1992b; Parent & Baxter, 2004).

In summary, septal infusions of glucose with muscimol impair spatial working memory.
More importantly, septal infusions of glucose did not increase septal ECF GABA levels.
Elevations in K+ did increase septal ECF GABA levels, indicating that the procedures where
able to detect changes in septal ECF GABA levels. Collectively, these findings suggest that
GABA release is not necessary for the memory-impairing effects of septal infusions of glucose.
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Figure 3.1. Schematic illustration of coronal sections of the rat brain showing the approximate

locations of medial septal dialysis probe and infusion sites. Atlas plates were adapted from

Paxinos and Watson (1998).

80

70

60

50

40

30

Mean (+/-S.E.M.) % Alternations

20

10

[
1 F——
PBS Glucose Muscimol Glucose +
(33 nmol) (0.1 nmol) Muscimol

Figure 3.2. Septal infusions of muscimol or glucose alone did not significantly decrease mean

(+/- S.E.M.) percent alternation scores (p > .05 vs. control). Septal infusions of glucose with

muscimol significantly decreased percent alternation scores (*p < .05 vs. control).
g y p p



30

257

20

157

10

Mean (+/-S.E.M.) # of Arms Entered

PBS

Glucose
(33 nmol)

Muscimol
(0.1 nmol)

Glucose +
Muscimol

104

Figure 3.3. Septal drug treatments did not significantly affect the number of arms entered in the

maze (p > .05).



200% 1

180%

- - = -
[=] N A ()]
S 8 8 £
S &

Mean (+/-S.E.M.) % of Baseline
Extracellular GABA Levels

40%

20% 1

0%

80%

60%

105

PBS
Glucose (33 nmol)
Muscimol (0.1 nmol)

—#— Glucose + Muscimol

L] [ / ]; I T
4 = L Iy I
I | T T
1 L T i | ! + \
I
1 2 3 4 5 6 7 8 9 10

Sample Period (8 min)

Figure 3.4. Septal drug infusions did not significantly affect mean (+/- S.E.M.) ECF GABA

levels (p > .05).



106

800% 7 500" S :amp:el : .
6.6 mM Glucose

400% l

700%7 - 50 mM K+

300%

600% 200%

500% )

50 mM K+

Mean (+/-S.E.M.) % of Baseline
Extracellular GABA Levels

200%"

100% 7

0%

3-arm maze

Sample Period (8 min)
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Abstract
Medial septal (MS) infusions of the y-aminobutyric acid (GABA) agonist muscimol impair

memory, and the effect likely involves the hippocampus. GABA, receptors are present on the
cell bodies of both cholinergic and GABAergic septo-hippocampal (SH) projections. The
current experiments determined whether the memory-impairing effects of MS GABA receptor
activation involve the GABAergic SH projection. Experiment 1 tested whether hippocampal
infusions of a GABA, receptor antagonist would block the effects of MS muscimol infusions.
Experiment 2 tested whether combining MS co-infusions of sub-effective doses of muscimol
with scopolamine, a drug that selectively influences the GABA projection, would summate to
produce deficits. Fifteen minutes prior to assessing spontaneous alternation (SA) or training in a
continuous multiple trial inhibitory avoidance (CMIA) task, male Sprague-Dawley-derived rats
were given MS infusions of vehicle or muscimol combined with unilateral hippocampal
infusions of vehicle or bicuculline (Experiment 1) or MS infusions of vehicle, muscimol,
scopolamine, or co-infusions of muscimol with scopolamine (Experiments 2). Hippocampal
infusions of bicuculline, at a dose that produced no effect alone, blocked deficits produced by
MS muscimol infusions in SA and attenuated retention deficits produced in CMIA. MS co-
infusions of muscimol with scopolamine, at doses that had no effect on memory alone,
significantly impaired SA and CMIA. Combined, these findings suggest that the memory-
impairing effects of MS GABA receptor activation involve the GABAergic SH projection.

Key Words: GABA, Muscimol, Bicuculline, Septum, Hippocampus, Scopolamine, Spontaneous

Alternation, Inhibitory Avoidance
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Introduction

Extensive evidence indicates that activation of GABA receptors in the medial septum
(MS) impairs memory in a variety of learning and memory tasks (Brioni, Decker, Gamboa,
Izquierdo, & McGaugh, 1990; Chrobak, Stackman, & Walsh, 1989; Durkin, 1992b; Nagahara &
McGaugh, 1992; Pang & Nocera, 1999). These impairing effects of MS GABA receptor
activation likely involve the hippocampus. For instance, MS infusions of the GABA agonist
muscimol impair hippocampal theta rhythm (Allen & Crawford, 1984; Smythe, Colom, & Bland,
1992; Sotty et al., 2003), a rhythmic oscillation important for memory (Hasselmo, 2005;
Hasselmo, Hay, Ilyn, & Gorchetchnikov, 2002; O'Keefe, 1993; Vertes & Kocsis, 1997). Also,
the memory-impairing effects of MS infusions of muscimol are reversed by hippocampal
infusions of glucose, pyruvate, or acetylcholinesterase (AChE) inhibitors (Degroot & Parent,
2000, 2001; Krebs & Parent, 2005a, 2005¢; Parent, Laurey, Wilkniss, & Gold, 1997).

The MS is connected to the hippocampus via the fimbria-fornix, which is composed
primarily of cholinergic and GABAergic projection neurons (Kohler, Chan-Palay, & Wu, 1984;
Lewis, Shute, & Silver, 1967; Rye, Wainer, Mesulam, Mufson, & Saper, 1984; see Figure 4.1A).
Although a putative glutamatergic projection has been recently shown, very little is known about
the connectivity or receptor make-up of this septo-hippocampal (SH) projection (Bland, Oddie,
& Colom, 1999; Castaneda et al., 2005; Colom, Castaneda, Reyna, Hernandez, & Garrido-
Sanabria, 2005). The GABAergic SH projection synapses onto GABA interneurons in the
hippocampus (Freund & Antal, 1988), which then synapse onto glutamatergic pyramidal cells
(Toth, Freund, & Miles, 1997). The GABAergic afferents to the hippocampus, therefore, produce
a net disinhibition of pyramidal cells. Cholinergic SH projections terminate broadly in the

hippocampus, synapsing onto pyramidal cells, dentate granule cells, and inhibitory interneurons
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(Frotscher & Leranth, 1985). Activation of the cholinergic SH projection excites pyramidal
cells, which would be expected to have positive consequences for learning and memory (Chabot,
Massicotte, Milot, Trudeau, & Gagne, 1997; Izquierdo & Medina, 1993; Teyler, 1987; see
Figure 4.1A).

GABA receptors are present on the cell bodies of both the GABAergic and the
cholinergic SH neurons (Gao, Hornung, & Fritschy, 1995; Rouse & Levey, 1996; Van der Zee &
Luiten, 1994); therefore, the memory-impairing effects of MS GABA receptor activation may
involve either or both SH projections. Extensive evidence indicates that the cholinergic SH
projection is involved in the memory-impairing effect of muscimol. For example, MS infusions
of muscimol, at doses that impair spatial working memory, decrease hippocampal acetylcholine
(ACh; Degroot, Kornecook, Quirion, DeBow, & Parent, 2003; Durkin, 1992a; Gorman, Pang,
Frink, Givens, & Olton, 1994). Furthermore, only those doses of muscimol that decrease
hippocampal ACh impair memory (Brioni, Decker, Gamboa, Izquierdo, & McGaugh, 1990).
Also, manipulations that increase hippocampal ACh levels reverse the memory deficits produced
by MS GABA receptor activation (Degroot & Parent, 2000, 2001; Krebs & Parent, 2005a;
Parent, Laurey, Wilkniss, & Gold, 1997). Furthermore, MS GABA receptor activation increases
the dose of ACh receptor agonists needed in the hippocampus to reverse memory deficits (Farr,
Uezu, Flood, & Morley, 1999).

More recent evidence suggests the GABA SH projection may also be involved in
memory. Ibotenic acid lesions, which primarily affect GABAergic SH neurons, impair place
learning (Cahill & Baxter, 2001). Furthermore, the GABAergic SH projection is likely involved
in the memory-impairing effects of MS GABA receptor activation because selective lesions of

the cholinergic SH projection do not prevent the memory-impairing effects of muscimol (Pang,
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Nocera, Secor, & Yoder, 2001a; Pang & Nocera, 1999). Moreover, electrophysiological studies
show that MS administration of muscarine, a cholinergic receptor agonist that is expected to
have memory-enhancing actions when infused into the MS (Givens & Olton, 1995; Givens &
Oltons, 1990), selectively excites the GABAergic SH projection, but not the cholinergic SH
projection (Alreja et al., 2000; Wu, Shanabrough, Leranth, & Alreja, 2000). Similarly, the
muscarinic receptor antagonist scopolamine, a drug that impairs memory when infused into the
MS (Pang & Nocera, 1999), also selectively influences the GABAergic SH projection (Alreja et

al., 2000).

The present set of experiments determined whether the memory-impairing effects of MS
GABA receptor activation involve the GABAergic SH projection. Experiment 1 determined
whether the memory-impairing effects of MS infusions of the GABA, receptor agonist
muscimol would be prevented by concurrent hippocampal infusions of the GABA, receptor
antagonist bicuculline. Experiment 2 determined whether combining infusions of a subeffective
dose of the muscarinic antagonist scopolamine, a drug that selectively influences the GABAergic
SH projection (Alreja et al., 2000) with muscimol would summate to produce memory deficits
(see Figure 4.1B). Such a finding would suggest that muscimol and scopolamine are acting on a
common mechanism (i.e., the GABAergic SH projection) to impair memory (Seeley & Moran,
2002). For both experiments, rats participated in two behavioral tasks that assess different types
memory that vary in motivational, temporal, and cognitive demands. This would allow us to
assess whether the manipulations affect a process that influences memory rather than some

process that influences performance on a memory task.
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Experiment 1

Materials and Methods

This experiment tested whether the memory-impairing effects of MS GABA receptor
activation would be prevented by blocking the activity of the GABAergic SH projection.
Specifically, we determined whether hippocampal infusions of bicuculline, a GABA4 receptor
antagonist, would prevent memory deficits produced by concurrent MS infusions of muscimol.
Hippocampal infusions of bicuculline are expected to inhibit the GABA receptors on both the
inhibitory interneurons and pyramidal cells. Consequently, combining hippocampal infusions of
bicuculline with MS infusions of muscimol should inhibit the activity of the GABAergic SH
projection (see Figure 4.1A).

Subjects

Forty-three male Sprague-Dawley derived rats (n = 9-12 per group) weighing 200-250 g
upon arrival (Charles River, Wilmington, MA) were used for the SA task. Thirty-six rats (n = 5-
11 per group) were used for the continuous multiple trial inhibitory avoidance (CMIA) task. The
rats were housed individually in polycarbonate cages (20x40x20 cm) with corncob bedding on a
12 hour light-dark cycle (lights on at 7:00 a.m.) in a temperature-controlled colony room (70-
74°F). Food and water was available ad libitum. The Georgia State University Institutional

Animal Care and Use Committee (IACUC) approved all procedures involving rats.

Surgery
At least 1 week after their arrival, the rats were given injections of atropine sulfate (0.4
mg/kg, ip, Baxter, Deerfield, IL), anesthetized with sodium pentobarbital (Nembutal; 50 mg/kg,

ip, Abbott Laboratories, Deerfield, IL), and then given an injection of penicillin (1500 units, im,
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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/.001% epinephrine cocktail (0.5-2.0 cc, sc, Abbott Labs, Chicago, IL). After the
incision, the 2% lidocaine/.001 % epinephrine cocktail solution (.05- 1.0 cc) was applied
topically to the skull to facilitate seeing lambda and bregma. Stereotaxic surgical procedures
(David Kopf Instruments, Tujunga, CA) were used to implant one 22-gauge stainless-steel guide
cannula (Plastics One, Inc., Roanoke, VA) aimed at the MS (0.5 mm anterior [AP] to bregma,
4.9 mm ventral to dura [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 & Watson, 1998). The
hemisphere in which the unilateral hippocampal cannulae were implanted was counterbalanced
across rats. The cannulae were secured to the skull with three jeweler’s screws and cranioplastic
cement (Duralay, Worth IL) and a dummy cannula (Plastics One, Inc., Roanoke, VA) 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 patency 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, Deerfield, IL) delivered in

1000 ml/min 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 two minutes.
Behavioral testing occurred at least 1 week 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. Before and
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after all handling and behavioral testing, the rats were allowed a minimum of 30 minutes to
habituate to the laboratory environment. Fifteen minutes prior to behavioral testing, different

groups of rats were given unilateral hippocampal infusions of vehicle (1 pl, 0.5 pl/ min;

phosphate-buffered saline [PBS], pH = 7.4) or bicuculline methodide (0.3 nmol; Sigma). The
dose of bicuculline 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 hippocampal infusion was initiated; the rats were given a MS injection of vehicle (PBS;

0.5ul, 0.5ul/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 affecting activity measures or acquisition (Krebs &
Parent, 2005a, 2005¢). Bicuculline was prepared on the day of testing. Muscimol was prepared
in 5 and 1 nmol/0.5 puL concentrations and aliquoted (200 pl) into microcentrifuge tubes and
frozen (2-8 °C). On the day of the experiment, the muscimol was thawed and diluted with PBS
(pH = 7.4) to generate the desired concentration. 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 needle was connected to a 25 pl Hamilton syringe by polyethylene tubing (PE-

50), and the infusions were delivered using an infusion pump (Harvard Apparatus 11).
Following the completion of both injections, the needle was left in place for one minute to

facilitate drug diffusion.
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Spontaneous Alternation (SA)

Spontaneous alternation (SA) is assumed to be a hippocampal-dependent measure of
spatial working memory (Deacon, Bannerman, Kirby, Croucher, & Rawlins, 2002; Dember,
1989; Lalonde, 2002; Richman, Dember, & Kim, 1987; Stevens & Cowey, 1973). The
underlying assumption is that in order to alternate successfully between locations the rat must
remember its visits to previous places. This assumption is supported by the finding that SA is
impaired by removing directional cues or by increasing the interval between arm choices
(Dember, 1989; Lalonde, 2002; Richman, Dember, & Kim, 1987). Fifteen minutes after the drug
injections, SA performance was assessed by placing each rat in a Y-maze composed of three

equally spaced arms (60°; 60 cm long x 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 starting arm of the Y-maze and allowed to
explore the maze for 8 minutes. 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 entering 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 resulting quotient by 100.
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Continuous Multiple Trial Inhibitory Avoidance (CMIA)

A minimum of 3 days 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 compartment 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 underneath 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 compartment with its head facing
away from the door. Once the rat turned around to face the door or after 12 s passed, the
retractable 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 s). This sequence constituted one
training trial. Training continued until the rat remained in the lighted compartment for 100
consecutive s or for a maximum of 5 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 hrs (+/- 2 hrs) 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 s passed, the door was opened and the latency (s) to

cross over to the dark (shock) compartment was recorded and used as a measure of retention.
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Each rat was given a maximum of 600 s to enter the dark compartment and foot-shock was not

delivered.

Histology

After behavioral testing, the rats were euthanized with an overdose of sodium
pentobarbital (Sleepaway; 400 mg/kg, ip, Fort Dodge, IA) and perfused intracardially with 0.9%
saline followed by 10% formalin. Their brains were stored in a 10% formalin solution for at
least 2 days before sectioning. All brains were sectioned on a cryostat (Leica CM 30510 S) and

45-60 um sections were taken through the MS and hippocampal cannulae tracts. The brain

sections were stained with thionin and an unbiased observer determined the cannulae placement
using a light microscope (Olympus BX41). Acceptable medial 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.
Acceptable placement for hippocampal cannulae was defined as injection sites located within
hippocampal fields CA1, CA2, CA3, or dentate gyrus. Only rats with acceptable cannulae

placements in both brain regions were included in the statistical analyses.

Statistical Analysis

The data were expressed as means and standard errors of the mean (S.E.M.) and analyzed
using 2 (MS drug treatment) x 2 (hippocampal drug treatment) univariate analysis of variance
(ANOVA) and Tukey post hoc tests where appropriate. The acquisition and retention latency
data were not normally distributed due to the fact that several o