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Abstract

In this dissertation, the role of the septo-hippocampal system in anxiety
modulaiion was explored. Two animal models of rat anxiety were used: the elevated
plus-maze and shock-probe burying tests. A reduction in anxiety in the elevated plus-
maze is indicated by increased open-arm exploration, whereas a reduction in anxiety in
the shock-probe burying test is indicated by decreased burying behavior or increased
contacts with the shock-probe (chapter 1). In the first series of experiments (chapter 2),
reversible tetrodotoxin (TTX) inactivation of the dorsal hippocampus, ventral
hippocampus, septal region, or fimbria fornix induced anxiolytic-like effects that vary in
nature. More specifically, fimbria fornix inactivation increased both open arm
exploration and the number of contact-induced shocks from the probe, while having no
effect on burying behavior. Both septal and ventral hippocampal inactivation increased
open arm exploration and decreased burying behavior, but had no effect on the number of
probe-shocks. In contrast, TTX inactivation of the dorsal hippocampus increased the
number of shocks taken by the rats, but did not affect open arm activity or burying
behavior. The data suggest that the control of specific anxiety reactions is functionally
segregated within different aspects of the septo-hippocampal system. In the second series
of experiments (chapter 3), microinfusions (10 pg/0.5 pl) of the acetylcholinesterase
inhibitor physostigmine in either the dorsal or the ventral hippocampus increased rats’
open-arm exploration in the plus-maze test, and decreased burying behavior in the shock-
probe test. Interestingly, infusions in the ventral, but not the dorsal hippocampus also
increased the number of contacts rats made with the shock-probe. In the third series of

experiments (chapter 4), microinfusions (20 ng/0.4 ul) of the GABA 4 agonist muscimol
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into either the lateral or the medial septum increased rats’ open-arm exploration in the
plus-maze test, and decreased their burying behavior in the shock-probe test. More
importantly, the final set of experiments (chapter 5) showed that the combination of sub-
effective doses of physostigmine in the hippocampus (5 ug) and muscimol in the medial
septum (2.5 ng) significantly reduced burying of the shock probe, suggesting that the
septal GABAergic and hippocampal cholinergic systems may act synergistically in the

modulation of anxisty.
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Chapter 1

Introduction
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Background

Two emotions relevant to this dissertation are fear and anxiety. Although fear
and anxiety have often been used interchangably they are in fact distinct (Andreatini
et al., 2001). Generally, fear is a response to present danger whereas anxiety is a
response to potential danger. More specifically, fear is an emergency defensive
reaction enabling an organism to repond to immediate danger (Barlow, 2000).
Anxiety, on the other hand, is focused largely on possible future threats, danger, or
other negative stimuli (Barlow, 2000). Anxiety is accompanied by physical
symptoms such as sweating, shaking or trembling, rapid heart beat, and shortness of
breath. Although a normal emotional response, anxiety is abnormal if it occurs for no
apparent reason, if it is prolonged, or if it is abnormally intense (Diagnostic and
Statistical Manual of the American Psychiatric Association, 4™ edition, 1994; DSM-
IV). The DSM-IV classifies nine types of anxiety disorder: panic disorder (PD)
without agoraphobia, PD with agoraphobia, agoraphobia, specific phobia, social
anxiety disorder, generalised anxiety disorder (GAD), obsessive compulsive disorder
(OCD), acute stress disorder, and post traumatic stress disorder (PTSD). Anxiety
affects approximately 10% of the population (DSM IV).

Animal Models of Anxiety

Animal models of anxiety attempt to simulate some aspects of human anxiety
disorders in order to study the neural mechanisms of anxiety and the mechanisms of
action of anxiolytic compounds (Treit, 1994; Mineka, 1985; Marks, 1987). There are
three important criteria for animal models of anxiety: correlation, isomorphism, and

homology. A correlational model is selectively sensitive to clinically effective
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anxiolytic compounds. Therefore, correlational models have been used in
prescreening novel anxiolytic compounds. An isomorphic model is a model in which
the response of the animal to the anxiety provoking situation is similar to 2 human
anxiety response. Finally, an animal model is homologous if the condition that
produces anxiety in the animal would also result in anxiety in humans (Treit et al.,
2003 ). One general assumption for animal models of anxiety is that a real or
anticipated aversive stimulus should produce a fear reaction and this fear reaction
should be decreased by anxiolytic agents. Animal models of anxiety can be divided
into two categories. One category involves an animal’s response to non-painful
stressors, whereas the second category involves an animal’s response to a painful
stressor. An example of the former is the elevated plus-maze, whereas an example of
the latter is the shock-probe burying test (see Fig. 1.1 and 1.2 respectively). Both the
elevated plus-maze test and the shock-probe burying test, to varying degrees, meet
some of the criteria of correlation, isomorphism, and homology (Treit et al., 2003).
The clevated plus-maze

The elevated plus-maze is composed of two open arms (50 x 10 cm) and two
enclosed arms (50 x 10 x 40 cm) each with an open roof, arranged such that the two
arms of each type are opposite each other (see Fig. 1). The arms of the maze are
elevated to a height of 50 cm above the floor. Rats placed in the elevated plus-maze
typically avoid the open arms of the maze and spend most of their time in the two
enclosed arms (Pellow et al., 1985). Confinement to the open arms of the maze
produces significantly more anxiety related behavior (freezing, defecation, elevated
plasma corticosterone concenirations) than confinement to the closed arms (Pellow et

3
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al., 1985). Anxiolytic drugs such as diazepam increase open-arm exploration in the
plus-maze (Pellow, 1986; Pellow et al., 1985; Pellow and File, 1986; Treit et al.,
1993b). Conversely, anxiogenic drugs such as yohimbine, decrease open-arm
exploration (Johnston and File, 1989; Pellow, 1986; Pellow et al., 1985; Pellow and
File, 1986). The test does not involve response learning or an explicit memory
requirement, factors that can complicate the interpretation of drug effects in other
animal models of anxiety (e.g., the conflict test; Treit, 1985).

The shock-probe burving test

The shock-probe burying test consists of a 40 (length) x 30 (width) x 40
(height) cm chamber that is made of transparent plexiglass and has an open roof. The
floor of the chamber is covered evenly with a 5 cm layer of bedding material and an
electrified probe protrudes in from one of the chamber walls (see Fig. 2). In this test,
rats shocked from the stationary, electrified probe push bedding material from the
floor of the experimental chamber toward or over the probe, with rapid alternating
movements of the forepaws (i.e., “burying behavior”), while avoiding further contacts
with the probe (Pinel and Treit, 1978; Treit et al., 1981; Treit et al,, 1994). A
reduction in the duration of probe burying, in the absence of a decrease in general
activity, is used as the primary index of anxiety reduction in this test (Treit et al.,
1981). Standard anxiolytic drugs such as diazepam decrease shock-probe burying
(Treit et al., 1981; Tsuda et al., 1988; De Boer et al., 1990; Treit et al., 1993b; Treit et
al., 1994), whereas anxiogenic drugs such as yohimbine increase shock-probe burying
(Tsuda et al., 1988; Treit, 1990). The suppression of burying by benzodiazepine

anxiolytics is not secondary to behavioral sedation (Treit and Fundytus, 1988;
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Rohmer et al., 1990), associative learning deficits (Blampied and Kirk, 1983), or
analgesia (Treit, 1985), and can be reversed by benzodiazepine antagonists such as
flumazenil (Treit, 1987). An increase in shock-probe contacts in the absence of a
decrease in general activity can also be used as an index of anxiety reduction in this
test. For instance, the anxiolytic agents midazolam, pentobarbital, chlordiazepoxide,
and buspirone all have been show to increase the number of probe contacts (Treit and
Fundytus, 1988; Treit, 1990). Moreover, probe-shocked rats show increased plasma
corticosteroid and adrenaline levels. These increases in plasma corticosteroid and
adrenaline levels can be prevented by anxiolytic drugs (de Boer et al., 1990).

Animal models of anxiety have been used to study the neuroanatomical and
neurcchemical correlates of anxiety reactions in rodents. For instance, fluctuations in
serotonergic, noradrenergic, GABAergic, and cholinergic levels have all been shown
to influence anxiety reactions (e.g. Giovannini et al., 2001; Hajos-Korcsok et al.,
2003; Hegarty et al., 1995). Regarding brain structures, limbic structures (e.g.,
amygdala, hippocampus, septum) in particular have been widely implicated in fear
and anxiety. The role of the amygdala in anxiety has been extensively studied, but
structures such as the septum and the hippocampus have also been shown to be
important in anxiety regulation. These structures may regulate anxiety independently
or through an interaction with other structures. For instance it is possible that the
septum and hippocampus may interact in their modulation of anxiety. The septum
and the hippocampus as well as the GABAergic and cholinergic systems will be the

focus of subsequent sections.
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The septum, hippocampus, and anxiety

Extensive evidence from lesion and drug studies have implicated the septum
and to a lesser extent the hippocampus in fear and anxiety. Ablation of the septum
reduces rats’ anxiety-related behaviors in several animal models of anxiety. For
example, electrolytic or excitotoxic lesions of the septum produced anxiolytic-like
effects in the plus-maze and shock-probe burying tests (Pesold and Treit, 1992; Treit
and Menard, 1997; Treit et al., 1993a). These anxiolytic effects occurred in the
absence of hyperirritability (septal rage; Harrell and Balagura, 1975). Hippocampal
lesions can also produce anxiolytic-like effects in animal models. For instance,
hippocampal lesions impaired passive avoidance of the probe in the shock-probe
burying test (Treit and Menard, 1997), increased open arm exploration in the elevated
plus-maze test (Bannerman et al., 2002; Deacon et al., 2002; Kjelstrup et al., 2002),
and reduced anxiety in the social interaction test (Bannerman et al., 2002). More
specific evidence for the role of the septum and the hippocampus in anxiety
modulation comes from studies using intracranial drug infusions. Infusions of
GABAergic compounds in both structures have been shown to reduce anxiety.
(Gonzalez et al., 1998; Menard and Treit, 2001). For instance, both hippocampal and
septal infusions of the benzodiazepine-type anxiolytic, midazolam, an indirect
GABA, agonist, increased open arm exploration in the plus-maze (Menard and Treit,
2001; Pesold and Treit, 1996). In addition, intra-septal infusions of midazolam
decreased burying behavior in the shock-probe test (Pesold and Treit, 1994, 1996).
Similarly, infusions of the direct GABA, agonist muscimol in the lateral septum (LS)
decreased anxiety in the Vogel conflict test (Drugan, 1986). There are some data that

~

O
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suggest that infusions of cholinergic compounds in the septum or the hippocampus
also modulate anxiety. Infusions of the nicotinic agonist nicotine in the LS increased
anxiety (OQuagazzal et al., 1999), while infusions of both muscarinic and nicotinic
antagonists in the hippocampus increased anxiety in a variety of tests (File et al.,
1998; Hess and Blozovski, 1987; Smythe et al., 1998).

Septum and Hippocampus: Anatomy and Neurochemistry
Neurochemistry of the septum.

The septum can be divided into medial, lateral, and posterior regions (Jakab
and Leranth, 1995). The LS is mainly composed of GABAergic neurons, whereas the
medial septum-diagonal band (MSDB) contains both cholinergic and GABAergic
neurons. Both types of neurons of the MSDB have cholinergic as well as GABAergic
receptors (Bialowas and Frotscher, 1987). In addition, they possess receptors for
other neurotransmitters, such as glatamate (Leranth and Frotscher, 1989). The
proportion of medial septal neurons which are either cholinergic or GABAergic is not
100%, and the remaining neurons contain neuropeptides. The neuropeptides that are
the most common are galanin and N-acetyl-aspartyl-glutamate (NAAG; Forloni et al.,
1987; Melander et al., 1985; Senut et al., 1989). Some neuropeptides are colocalized
with the cholinergic or GABAergic neurons. Galanin, for instance, is colocalized

with cholinergic neurons and parvalbumin with GABAergic neurons (Melander et al.,

1985).
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Neurochemistry of the hippocampus.

Unlike the septum, the principal cells of the hippocampus are glutamatergic
neurons. These glutamatergic neurons are comprised of both the granule cells of the
dentate gyrus and the pyrémidal cells of the hippocampus proper. The glutamatergic
cells comprise 90% of hippocampal neurons. The remaining 10 % of hippocampal
neurons are composed of GABAergic interneurons (Freund and Buzsaki, 1996). The
pyramidal cells contain glutamatergic, cholinergic, GABAergic, serotoninergic, and
noradrenergic receptors. The GABAergic interneurons have receptors for GABA,
acetylcholine (ACh), noradrenaline (NA), and serotonin (Vizi and Kiss, 1998).
Septal and hippocampal connections.

The septum has a number of afferent and efferent connections that may
mediate its role in fear and anxiety (see Figs. 3 and 4). The afferent and efferent
connections of the LS and MSDB share some similarities, but some anatomical
differences also exist. In general terms, the MSDB can be viewed as the relay center,
transmitting ascending information from lower to higher brain regions. Conversely,
the LS mediates descending information to brain stem areas (Leranth and Vertes,
2000). However, this view is oversimplified since the LS is also widely innervated
by diencephalic sources (Jakab and Leranth, 1995). The MSDB and LS are
reciprocally connected through GABAergic pathways (Leranth et al., 1992). Both the
MSDB and the LS receive serotonergic, noradrenergic, and cholinergic inputs from
brainstem areas. Specifically, the septum receives a serotonergic input from the raphé

nuclel, a noradrenergic input from the locus coeruleus, and a cholinergic input from
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the tegmental nuclei (Leranth and Frotscher, 1989). The MSDB and LS also receive
a glutamatergic projection from the hypothalamus. This glutamatergic pathway
projects to cholinergic neurons in the MSDB and GABAergic neurons in the LS
{Leranth and Vertes, 2000). The amygdala projects to the LS, but not the MSDB
(Jakab and Leranth, 1995). The pathway from the amygdala to the LS is believed to
be composed of neuropeptide Y-containing fibers (Allen et al., 1984). The
hippocampus projects to the septum via both a GABAergic and glutamatergic
pathway. Neurons in the MS receive GABAergic afferents from the hippocampus
(Leranth et al., 1992), while the glutamatergic pathway projects to the LS. The
GABAergic projection originates from non-pyramidal cells in the stratum oriens of
the CA1-CA3 region and innervates cholinergic and non-cholinergic neurons (Amaral
and Witter, 1995). The glutamatergic pathway projects from pyramidal cells and
terminates on GABAergic neurons of the LS (Jakab and Leranth, 1990). In addition
to the glutamatergic pathway from the hippocampus, the LS also receives a
glutamatergic projection from the entorhinal cortex (EC; Stevens and Cotman, 1989).
The septum contains several efferent pathways. Both the MSDB and LS
project to glutamatergic neurons of the hypothalamus via a GABAergic projection
{(Jakab and Leranth, 1995). In addition, both areas of the septum project to the
amygdala. The MSDB-amygdala pathway is cholinergic in nature, while the LS-
amygdala pathway is GABAergic (Jakab and Leranth, 1995). Furthermore, the

MSDB, but not the LS, projects to the EC and the hippocampus.
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Afferent pathways of the hippocampus

The MS sends a cholinergic projection to the EC and is connected to the
hippocampus through cholinergic and GABAergic projections. In the septo-
hippocampal pathway, cholinergic fibers constitute between one half and two thirds
of all septo-hippocampal projections, whereas the remaiing non-cholinergic septo-
hippocampal neurons are GABA-ergic (Freund and Antal, 1988; Kiss et al., 1990;
Nauman et al., 1992; Wainer et al., 1985). These septal fibers reach the hippocampus
via the fimbria and the dorsal fornix and terminate mainly in the dentate gyrus and
subfields of Ammon’s horn (Freund and Antal, 1988). The cholinergic neurons
project to the hippocampal pyramidal cells, the dentate granule cells and the
inhibitory interneurons (Lewis et al., 1967). The GABAergic neurons, on the other
hand, project primarily to the inhibitory interneurons (Babb et al., 1988). The
hippocampus is innervated by another major pathway, the glutamatergic perforant
pathway, that originates from the entorhinal cortex. In addition, the hippocampus
receives serotonergic and noradrenergic inputs from the raphé nuclei and the locus
coeruleus respectively (Vizi and Kiss, 1998). Whereas the medial raphé nucleus
projects mainly to the dorsal hippocampus the dorsal raphé nucleus projects mainly to
the ventral hippocampus (Azmitia and Segal 1978). Another anatomical distinction
between the ventral and dorsal hippocampus is that the ventral, but not the dorsal,
hippocampus receives projections from, and sends projections to, the basolateral
nucleus of the amygdala (Pikkarainen et al., 1599).

Given these neuroanatomical and neurochemical dissociations, it seems
possible that different regions of the septum or the hippocampus play different roles

10
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in their mediation of fear and anxiety. In support of this concept, infusions of
midazolam in the lateral, but not the medial, septum reduced anxiety in the plus-maze
and shock-probe tests (Pesold and Treit, 1996). Additionally, lateral and medial
septal lesions had different results on behavioral suppression (Feldon et al., 1982).
Furthermore, stimulation of the lateral, but not the medial, septum inhibited
aggressive behavior (Brayley and Albert, 1977). Regarding the hippocampus, a
distinction was observed following the infusion of serotonergic compounds.
Infusions of the serotonin (5-HT) 14 agonist 8-OH DPAT in the ventral hippocampus
had no effect on anxiety measures in the plus-maze test or social interaction (File and
Gonzalez, 1996; Hogg et al., 1994). Conversely, the same dose of 8-OH DPAT,
when infused in the dorsal hippocampus, induced a significant anxiogenic effect as
measured in social interaction and plus-maze (File et al., 1996).

The GABAergic and Cholinergic Systems and Anxiety

As mentioned, stimulating GABAergic receptors in the septum or

hippocampus decreases rats’ fear reactions (Gonzalez et al., 1998; Menard and Treit,
2001; Pesold and Treit, 1996). It is generally believed that anxiety can result from
changes in GABAergic transmission (DSM IV). Decreased GABAergic activity
results in arousal, anxiety, restlessness, insomnia, and exaggerated activity (Nutt and
Malizia, 2001). Although both GABA4 and GABAGg receptors are involved in the
anxiogenic effect (Quintero et al., 1985; Shephard et al., 1992), GABA 4 receptors
play a more prominant role (Cugurra, 1992) and are the target of benzodiazepines
(BDZs), a class of well known anxiolytics. When GABA binds to the GABA,
receptor, it produces an increase in the permeability of the chloride ion channel,

i1
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which hyperpolarizes the post-synaptic neuron. Benzodiazepines bind to the GABA,
receptor at a specific binding site that is different from the site where GABA binds.
Benzodiazepines increase the binding of GABA to the receptor and increase the
inhibitory actions of GABA (Tallman, 1985). More specifically, BDZs increase the
frequency of the opening of the chloride channels (Twyman et al., 1989). They lower
the concentration of GABA required to open the channel and thus enhance the
effectiveness of GABA (Barnard et al., 1998). Clinically, BDZs are highly effective
anxiolytics. Imaging studies indicate that patients suffering from some anxiety
disorders exhibit a decrease in BDZ binding. This suggests that some anxiety
disorders may be due to defective neuroinhibitory processes (Malizia et al., 1998;
Malizia, 1999; Tiihonen et al., 1997). Further clinical evidence for the role of GABA
in anxiety comes from patients that exhibit a deficit in GABA4 receptor density.
These patients are more likely to suffer from panic attacks and GAD (Schlegel, et al.,
1994; Kaschka, et al., 1995; Malizia, et al., 1998).

Experimentally, an impairment of GABA 4 receptor function in an animal
model is sufficient to induce a state of anxiety (Crestani et al., 1999). Conversely, a
facilitation of GABA 4 receptor function attenuates animals’ responses to fear-
provoking stimuli. For instance, systemic infusions of BZDs decrease anxiety in a
variety of animal models of anxiety, including the light-dark, social interaction, plus-
maze, and shock-probe burying tests (Crawley, 1981; Guy and Gardner, 1985; Treit
et al., 1993b). Benzodiazepine receptors are particularly abundant in limbic
structures (Niehoff and Kuhar, 1983; Young and Kuhar, 1980), and studies using
intracranial drug infusions suggest that limbic structures may modulate the anxiolytic

12
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effect induced by increased GABAergic stimulation (e.g. Gonzalez et al., 1998;
Kataoka et al., 1982: Menard and Treit, 1999; Nazar et al., 1999; Pesold and Treit,
1994, 1995, 1996).

Whereas the role of the GABAergic system in anxiety modulation has been
extensively studied, the role of the cholinergic system in anxiety modulation has
received limited study. However it has been shown that like increased GABAergic
function, increased cholinergic function can result in decreased anxiety levels (ie.
Brioni et al., 1993; Rodgers and Cole, 1995; Smythe et al., 1998). Interestingly,
Alzheimer’s disease is associated with decreased cholinergic activity and roughly
33% of Alzheimer’s patients suffer from anxiety disorders (Weiner et al., 1997).
More importantly, treatment with acetylcholinesterase (AChE) inhibitors decreased
anxiety in Alzheimer’s patients (Weiner et al., 1997). In addition, studies have shown
that nicotine can result in lower anxiety levels (Pomerleau et al., 1984; Jarvik et al.,,
1989).

Experimental evidence for the role of ACh in anxiety comes from animal
models of anxiety. Systemic administration of cholinergic compounds are known to
modulate anxiety in both rats and mice. Systemic injections of muscarinic
antagonists increased anxiety in the plus-maze and black-white box (Rodgers and
Cole, 1995; Smythe et al., 1998), whereas systemic injections of nicotinic agonists in
rats or mice decreased anxiety in the elevated plus maze, social interaction, and
contextual fear conditioning (Brioni et al., 1993; Decker et al., 1994; Irvine et al.,

1999; Szyndler et al., 2001). Furthermore, systemic injections of the AChE inhibitor

13
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physostigmine decreased novelty-induced neophobia in rats (Sienkiewicz-Jarosz et
al., 2000).

There is some limited evidence that suggests that the cholinergic and
GABAergic systems can interact in anxiety modulation. Belotti et al., 1998 examined
the combined effects of infusing a muscarinic antagonist (scopolamine) in the medial
septum with a systemic injection of diazepam. Whereas a single injection did not
affect anxiety, combined sub-effective doses of scopolamine and diazepam
significantly alleviated anxiety as measured with the elevated plus-maze. This raises
the possibility of an ACh-GABA interaction in anxiety regulation.

Thesis Rationale

Although much is known about the role of the septo-hippocampal system in
anxiety regulation, several issues still need to be addressed. First, lesion work to this
point has only examined the effects of permanent lesions while the effects of
temporary lesions have not been explored. Since permanent lesions result in
progressive degeneration of axons and cell bodies, and in a reorganization of brain
tissue (Bishop, 1982; Eccles, 1976; Ramirez, 2001), this raises the possibility that the
behavioral effects obtained with permanent lesions may be due to an effect on distant
sites. Second, the role of hippocampal cholinergic systems in anxiety is still poorly
understood. Although there is anatomical evidence of a difference between dorsal
and ventral hippocampal cholinergic systems, the functional significance of these
differences for anxiety regulation has not been systematically explored. Third,
although the role of the GABAergic system in anxiety has received greater study, the
effect of intra-cerebral infusions of directly acting GABA agonists has rarely been

14
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assessed. Finally, there is some suggestion that the septum and the hippocampus can
interact in the modulation of anxiety, but only one prior study attempted to address
this issue (Menard and Treit, 2001).

This thesis focuses on addressing these issues in an effort to enhance our
understanding of the septo-hippocampal system in fear and anxiety. The roles played
by various sub-regions of the septo-hippocampal system in anxiety modulation will
be determined in the first set of experiments using temporary reversible lesions. The
medial septum, fimbria fornix, dorsal and ventral hippocampus will be systematically
lesioned while fear responses are measured. The roles played by the dorsal and
ventral hippocampal cholinergic systems in anxiety modulation will be examined in
the second set of experiments using intra-hippocampal infusions of the AChesterase
inhibitor physostigmine. In the third set of experiments, activity in the medial or
lateral septum will be suppressed using the directly acting GABAa agonist muscimol.
In addition, the cholinergic and GABAergic systems of the hippocampus and septum
will be stimulated simultaneously. The final set of experiments will explore the
possibility of a septal-hippocampal interaction in greater detail by using sub-effective

doses of physostigmine in the hippocampus and muscimol in the septum.
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Figure 1-1. The elevated plus-maze.
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Figure 1-2. The shock-probe burying test.
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Figure 1-3. Schematic representation of the anatomy of the septo-hippocampal system.

= ACh receptor

P: pyramidal cells, NP: non-pyramidal cells.

= GABA receptor.
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Figure 1-4. Schematic representation of afferent and efferent connections of the
septum and the hippocampus.
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Chapter 2

Anxiety is functionally segregated within the septo-hippocampal system

A version of this chapter has been submitted for publication to Brain Research.
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Introduction

Anatomically, the septum and the hippocampus are extensively connected.
The septum contains cholinergic and GABAergic cell bodies that project to the
hippocampus via the fimbria fornix (Freund and Antal, 1988; Kiss et al., 1990;
Naumann et al., 1992; Wainer et al., 1985). The hippocampus, in turn, projects to the
septum via both a GABAergic and glutamatergic pathway (Amaral and Witter, 1995).

Functionally, extensive evidence has implicated the septum and the
hippocampus in fear and anxiety. For example, we have repeatedly found that
ablation of the septum reduces rats’ untrained fear reactions, suggesting that the
septum normally plays an excitatory role in the control of anxiety (for reviews see;
Menard and Treit, 1999; Treit and Menard, 2000). Specifically, we found that
electrolytic or excitotoxic lesions of the septum produced anxiolytic-like effects in the
plus-maze and shock-probe burying tests, i.e., open-arm exploration was increased
and burying behavior was decreased (Pesold and Treit, 1992; Menard and Treit,
19964a,b; Treit and Pesold, 1990; Treit et al., 1993a). In addition, dorsal hippocampal
lesions impaired passive avoidance of the probe in the shock probe test but had no
effect on burying behavior or open arm exploration (Treit and Menard, 1997).

Thus far, all prior lesion studies examining the role of the septo-hippocampal
system in anxiety have used permanent electrolytic, excitotoxic, or knife cut lesions.
One drawback of this method is that permanent lesions can result in progressive
degeneration of axons and cell bodies, and in a reorganization of brain tissue (e.g.
Eccles, 1976). In terms of the septo-hippocampal system, prior research has shown
that fimbria fornix, hippocampal, and septal lesions result in retrograde and
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anterograde neuronal degeneration (e.g. Gage et al., 1986; Ginsberg et al., 1999;
Halim and Swerdlow, 2000; Hefti, 1986, Kojima, 1991; Mellgren, 1973; Sofronview
and Isacson, 1988; Tuszynski et al., 1990). Thus, previous behavioral effects
obtained with permanent lesions of the septo-hippocampal system are difficult to
attribute to functional inactivation at the lesion site. Therefore, we wanted to
determine the effects of restricted, reversible lesions of the septo-hippocampal system
on anxiety. Because we wanted to temporarily inactivate very specific neuronal
regions, the sodium channel blocker tetrodotoxin (TTX) was used. Prior research
showed that at the dose and volume used in the current study, we could selectively
inactivate an area with a radius of 0.5 mm (Zhuravin and Bures, 1991).
Materials and Methods

Anxiety was assessed in the elevated plus-maze and the shock-probe burying
tests. In the elevated plus-maze test, rats typically avoid the open arms of the maze
and spend most of their time in the two enclosed arms (Pellow et al., 1985). In the
shock-probe burying test, rats shocked from a stationary, electrified probe push
bedding material from the floor of the experimental chamber toward the shock-probe
(i.e., burying) while avoiding further contacts with the probe (Pinel & Treit, 1978;
Treit et al., 1981; Treit et al., 1994). Anxiolytic drugs such as diazepam increase
open-arm exploration in the plus-maze and decrease burying toward the shock-probe
(De Boer et al., 1990; Pellow, 1986; Pellow et al., 1985; Pellow & File, 1986; Treit et
al., 1981; Treit et al., 1993b; Treit et al., 1994; Tsuda et al., 1988). Conversely,

anxiogenic drugs such as yohimbine, decrease open-arm exploration while increasing
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shock-probe burying (Johnston & File, 1989; Pellow, 1986; Pellow et al., 1985;
Pellow & File, 1986; Treit, 1990; Tsuda et al., 1988).
Subjects

Male Sprague-Dawley rats (Ellerslie, Edmonton, Alberta, Canada), weighing
250-300g upon arrival, were used. Following surgery, rats were individually housed
in polycarbonate cages and maintained on a 12:12 h light/dark cycle (lights on at
07.00h), with food and water available ad libitum. Behavioral testing occurred
between 09.00 and 19.00 h. Measures were taken to minimize pain and discomfort to
the animals and all research was carried out in accordance with the NIH guidelines
regarding the care and use of animals for experimental procedures.
Surgery and Histology

For all experiments, rats were given an oral administration of the analgesic
acetaminophen (Tylenol 120 mg/1.5 ml; McNeil, Guelph, ON, Canada) followed one
hour later by atropine sulfate (0.1 mg/0.2 ml, i.p.; Ormond Veterinary Supply LTD.,
Cambridge, ON, Canada) to reduce respiratory complications due to the anaesthetic.
The rats were then anaesthetized with pentobarbital (Nembutal 50 mg/kg, i.p.; Abbott
Laboratories, Toronto, ON, Canada), hydrated with saline (3 cc, s.c.), and given the
antibiotic penicillin (Division of Vétoquinol N.-A Inc. Lavaltrie, QC, Canada, 15,000
1.U./0.05 cc, i.m.). In experiment 1, stereotaxic procedures were used to implant 40
rats with two 22 gauge stainless-steel guide cannulae (Plastics One, Inc. Roanoke,
VA) aimed bilaterally 1 mm above the fimbria fornix (-1.1 mm anterior to bregma
[AP], 2.7 mm ventral to dura [DV], +/- 0.7 mm lateral to the midline, angled at 22°),

using flat skull coordinates; Paxinos and Watson, (1986). In Experiment 2,
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stereotaxic procedures were used to implant 40 rats with one 22 gauge guide cannula
aimed 1 mm above the medial septum (0.5 mm AP, 4.9 mim DV). Similarly in
Experiment 3, the same surgical procedures were used to implant 40 rats bilaterally 1
mm above the ventral hippocampus (-5.2 mm AP, 5.7 mm DV, +/- 5.6 mm lateral to
the midline). In Experiment 4, 40 rats were implanted bilaterally with guide cannulae
aimed 1.2 mm above the dorsal hippocampus (4.2 mm AP, 2.0 mm DV, +/- 4.1 mm
lateral to the midline). Cannulae were implanted 1-1.2 mm above the intended target
areas since the injection needle protrudes 1-1.2 mm beyond the cannulae tips.

In Experiment S, we bilaterally infused 20 rats with the anterograde tracer
biotinylated dextranamine (0.5 pl BDA; Molecular Probes Inc., US), at a rate of 0.05
ul/1 min, into the dorsal hippocampus at the same coordinate as that selected for
Experiment 4 (-4.2 mm AP, 3.2 mm DV, +/- 4.1 mm lateral to the midline; n = 10) or
ventral hippocampus at the same coordinate as that selected for Experiment 3 (-5.2
mm AP, 6.7 mm DV, +/- 5.6 mm lateral to the midline; n = 10). BDA was dissolved
in 0.1 M phosphate-buffered saline (PBS) to create a 10% BDA solution.
Subsequently the BDA solution was infused through 26 gauge stainless steel internal
cannulae. The cannulae were connected to a 10 ul constant rate Hamilton
microsyringe with polyethylene tubing and the infusions were delivered using an
infusion pump (Harvard Apparatus 22). The cannulae were left in place for an
additional 5 minutes following the infusion in order to allow the BDA to diffuse away
from the cannula tip. The volume of BDA and the location of the infusion sites were
based on the volume and location of TTX infused in experiments 3 and 4, since we

wanted to determine the anatomical projections of a similar area to that inactivated by
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TTX in these two experiments.

Guide cannulae in Experiments 1-4 were attached to the skull with 4 jeweler’s
screws and cranioplastic cement (Lang Dental MFG. Co., Inc, IL). Dummy cannulae
were inserted into the guide cannulae to keep the cannulae tracts clear. Immediately
after surgery the rats were placed into a warm environment until they regained
consciousness. Two days after surgery, each cannula was checked for obstructions,
and betadine (Purdue Pharma, Pickering, ON, Canada) was applied to the surgical
wound. Following behavioral testing, rats were sacrificed with an overdose of chloral
hydrate (Fisher, Nepean, ON, Canada) and perfused intracardially with 0.9% saline
followed by 10% formalin (Fisher, Nepean, ON, Canada). The brains were removed
and placed in a 10% formalin solution. After at least 48 hours had elapsed, the brains
were frozen with dry ice, sectioned (60 pm), mounted onto glass slides and stained
with thionin (Sigma, Oakvile, ON, Canada). The location of the cannulae for each rat
was examined microscopically by an observer who was “blind” to the behavioral
results. The location of the cannulae tips were then transcribed onto the appropriate
atlas plates. The behavioral data for animals with misplaced cannulae or necrosis of
brain tissue at the site of implantation were discarded. Using these criteria we deleted
the data from 14, seven, nine, and six rats in Experiments 1,2, 3, and 4 respectively.
In addition, behavioral data could not be obtained for animals that failed to touch the
probe, or for animals that could not be properly infused. Because of these procedural
problems, we were unable to obtain data from one rat in Experiment 3 and six rats in
Experiment 4 in the plus maze test. In addition, we could not obtain data from five,

two, and five rats in the shock probe apparatus in Experiments 1, 3, and 4
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respectively.
Infusion Procedures in Experiments 1-4

Rats in each experiment were randomly assigned to one of the following drug
conditions: a control condition, infused with vehicle (0.5 pl saline, pH 7.4) or a drug
condition, infused with 5 ng/0.5 ul TTX (Sigma, Oakville, Ontario, Canada). These
two drug conditions were counterbalanced across tests. The dose of TTX was based
on a previous study (Baldi et al., 1998). The tame, hand-held rats were given an
infusion of TTX or saline bilaterally into the fimbria fornix (Experiment 1),
unilaterally into the medial septum (Experiment 2), bilaterally into the ventral
hippocampus (Experiment 3), or bilaterally into the dorsal hippocampus (Experiment
4) through a 26 gauge stainless steel internal cannula lowered 1.0 mm (Experiments
1-3) or 1.2 mm (Experiment 4) below the tip of the guide cannula. The internal
cannula was connected to a 10 ul constant rate Hamilton microsyringe with
polyethylene tubing and the infusions were delivered using an infusion pump
(Harvard Apparatus 22). The internal cannula was left in place for one minute
following the infusions in order to allow for diffusion.

Anterograde Tracing Protocol Experiment S.

Three days afier the administration of BDA in Experiment 5, animals were
anesthetized as described above and perfused transcardially for 20 minutes with 0.1
M PBS, pH 7.4, followed by refrigerated 4% paraformaldehyde (PFA)in 0.1 M PB,
pH 7.4. Subsequently, the brain was removed, postfixed overnight in a 4 % PFA
containing 15 % sucrose solution, and cryoprotected in 0.1 M PBS containing 15 %

sucrose, pH 7.4.
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Brains were sectioned in 50 um sections as described previously and sections
were incubated overnight in ExtrAvidin peroxidase conjugate (Sigma, Oakville,
Ontario, Canada) at 1:1000 dilution in 0.3% Triton PBS (Fisher, Canada).
Subsequently, sections were stained for identification of the tracer as described in
previous experiments (Wylie et al., 1997) in order to reveal structures anterogradely
labeled by the transported BDA. Disminobenzidine (Sigma, Oakville, Ontario,
Canada) staining was performed in combination with neutral red. Finally, terminal
fields and injection sites were microscopically examined.

Plus Maze

The behavioral procedures were the same as those used in previous
experiments (e.g., Degroot and Treit, 2002; Menard and Treit, 2000, Pesold and Treit,
1996; Treit et al., 1993a,b). All behavior was recorded on video-tape so that it could
be analyzed at a later date, and all testing commenced at least seven days after the
completion of surgery. The wooden, plus-shaped apparatus was elevated to a height
of 50 cm, and consisted of two 50 x 10 cm open arms, and two 50 x 10 x 50 cm
enclosed arms, each with an open roof. The maze was in the center of a quiet and
dimly lit room. The rat’s behavior was observed using a mirror that was suspended at
an angle above the maze. Behavioral data were collected by a “blind” observer who
quietly sat one meter behind one of the closed arms of the maze. Five minutes
following their respective drug treatment, rats were placed individually in the center
of the plus-maze, facing one of the closed arms. The observer measured (1) time
spent in the open arms, (2) time spent in the closed arms, (3) number of entries into
the open arms, and (4) number of closed arm entries during the five-minute test
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