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ABSTRACT

The role of the septum in ‘anxiety’ was studied using two different animal
models of anxiolytic drug action: the elevated plus-maze, and the shock-probe burying
paradigm. Anxiolytic-like effects were observed in both these paradigms (i.e., an
increase in open arm activity, and a decrease in shock-probe burying), after lesions
of the entire septum in rats, compared to sham-lesioned controls (Experiment 1). In
the second experiment, anti-anxiety effects in these paradigms were found to be
anatomically specific since lesions of the posterior septum decreased both indices of
‘anxiety’, whereas lesions of the anterior septum resulted in levels of ‘anxiety’ that
were comparable to those displayed by sham-lesioned controls. In Experiment 3, it
was confirmed that the anti-anxiety effects of lesions to the posterior septum were
specific to the cell bodies in that region since the effects of kainic acid lesions, which
primarily destroy cell bodies leaving fibers of passage intact, produced results that
were generally comparable to those of electrolytic lesioned rats. While alter.» ¢
interpretations are possible, the major results of the present experiments provide
converging evidence that the septum is involved in the modulation of "anxiety"-

related behaviors in rats.
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INTRODUCTION

The septum is a midline structure present in the forebrain of a variety of
animal species. This complex structure, composed of several nuclei, has extensive
afferent and efferent connections to many brain structures including the
hippocampus, amygdala, hypothalamus, thalamus, raphe nucleus, ventral tegmentum,
and habenula. The septum is also traversed by numerous fiber tracts primarily
associated with the fornix system and the stria terminalis, which do not synapse in the
area (Swanson, & Cowan, 1979).

There are many differing hypotheses regarding the role of the septum in
behavior (see Appendix). One hypothesis, which is central to the present thesis, is
that the septum, in concert with other limbic structures, plays a role in the
modulation of "anxiety"-related behaviors (Gray, 1982). This hypothesis has mainly
been derived from the surprising degree of correspondence which is often seen
between the effects of clinically effective anti-anxiety drugs (i.e., anxiolytics) and the
effects of septal lesions in traditional aversive learning paradigms such as passive
avoidance, active avoidance, and classical conditioning of fear (i.e., generally, if
following septal lesions, an increase or a facilitation of a particular form of aversive
learning is observed, it will also be observed following the administration of anxiolytic
agents; if, conversely, a decrease or impairment is obtained, similar results will be

observed from an anxiolytic agent).
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The first part of this introduction consists of a procedural description of these
traditional aversive learning paradigm.s, followed by a brief summary of the effects
of septal lesions and the effects of anxiolytic agents in these paradigms. It will be
argued, in the next section of this introduction, that although the correspondence
between the effects of septal lesions and anxiolytic drugs in traditiona’ aversive
learning paradigms is often impressive, it is far from perfect. Thus, in this section, the
problems that arise from studying the effects of septal lesions in these paradigms will
be discussed, and arguments in favour of alternative approaches will be provided.

The final section will present the rationale and purpose of the present thesis.

Effects on Passive Avoidance

In passive avoidance tasks, an animal must learn to avoid making a response
on which punishment is contingent. There are several different passive avoidance
tasks. For ¢xample, in a runway task, an animal is first rewarded for running down
an alley (i.e., with food, water, or the omission of shock). Later, the animal is
punished (e.g., with electric foot-shock) for performing the same response. Well-
trained animals avoid running down the alley. Although there are exceptions (Fried,
1969), the majority of studies that have examined the effects of septal lesions on
passive avoidance in the runway found that septal-lesioned rats were impaired in
learning to avoid running down the alley (Beatty, Beatty, O’Brian, Gregoire, & Dahl,
1973; Bengelloun, Burright, & Donovick, 1977). Two other commonly used passive

avoidance tasks include "step-down" and "step-through" passive avoidance. In a step-
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down task, a rat is placed on a small, elevated platform. When the rat spontaneously
steps down onto a larger lower platform, it receives =1 ‘ctric foot-shock. In a step-
through task, the rat is placed in the large, brightly lit box of a two-box apparatus.
When the rat leaves the large brightly lit box to enter a smaller dark box, it receives
electric foot-shock. Animals quickly iearn to avoid stepping down onto the lower
platform (step-down), or going into the smaller box (step-trough). Septal lesions have
been found to impair passive avoidance in both step-down (Beatty et al., 1973) and
step-through (McDaniel, Donovick, Burtight, & Fanelli, 198C) passive avoidance
paradigms, but there are some exceptions (Frank & Beatty, 1974).

Similar to the effects of septal lesions, anti-anxiety drugs such as
chlordiazepoxide, diazepam, and oxazepam have generally been shown to impair
passive avoidance in step-down (Waddington & Olley, 1977), step-through (Oishi,

Iwahara, Yang, & Yogi, 1972), and Y-maze (Kumar, 1971) passive avoidance tasks.

Effects on Escape

In passive avoidance tasks, septal-lesioned animals are often impaired.
Whether they are impaired in their anticipation ot the shock, or in their perception
of the shock is not clear from the passive avoidance data. These possibilities can be
partially addressed in studies that examine the effects of septal lesions on escape
learning. Escape differs from passive avoidance in that in escape learning, the animal
is exposed to an ongoing electric shock from which it can escape by actively making

an escape response. For example, in a Y-maze escape task, an animal is placed on
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an electrified grid floor. The animal quickly learns to escape the shock by running
to the appropriate arm of the Y-maze. Septal-lesioned animals are not reliably
impaired in their ability to escape shock (Bunnell & Smith, 1966) suggesting that
their perception of, and response to aversive stimuli are not impaired. Escape
learning also appears to be unaffected by the administration of anti-anxiety drugs
(Waddington et al., 1977). Further evidence that the septal-lesioned animals are not
impaired in the perception of painful stimuli comes from studies which found that
threshold current intensity necessary to elicit a flinching response was not different
in septal-lesioned rats compared to non-lesioned rats (Lints & Harvey, 1969).
However, these studies also revealed that jump threshold was lower for septal-
lesioned rats, suggesting that while their perception of aversive stimuli such as shock

is not impaired, they are more reactive to these stimuli.

Effects on Active Avoidance

Unlike passive avoidance paradigms, in which an animal must refrain from
making a specified response in order to avoid punishment, in active avoidance, aun
animal must perform a specified response in order to avoid punishment. There are
many forms of active avoidance, including one-way, two-way, and Sidman bar-press
avoidancs.

In a one-way active avoidance task, an animal is first placed in a start box. At
the onset of a warning signal such as a buzzer or light, the animal must run down an

alley to a goal box in order to avoid foot-shock. If the animal does not leave the start
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box within a designated amount of time (i.e., the duration of the warning signal), the
animal is shocked. Normal animals learn to actively avoid shock by running down the
alley to the goal box. The effects of septal lesions on one-way active avoidance are
not as consistent as the effects of these lesions on passive avoidance. Some studies
have found iinpairment of one-way active avoidance following septal lesions (Thomas
& Thomas, 1972), while others have found no effect (Thomas & McCleary, 1974).
Furthermore, many studies found that septal-lesioned rats show improvements in
one-way active avoidance tasks, compared to sham-lesioned control rats (e.g., Zucker,
1965). Similar to the effects of septal lesions, anti-anxiety agents do not appear to
have uniform effects on one-way active avoidance. While facilitation of one-way
active avoidance has been seen after low doses of anxiolytic drugs (Bignami, De
Acetis, & Gatti, 1971), impairments have been observed after high doses. The high-
dose effects appear to have been a result of general sedation (Gluckman, 1965).

In a two-way active avoidance task, an animal must also perform a response
in order to avoid shock, yet unlike one-way active avoidance, the shock and non-
shock areas are continually alternated. For example, in two-way "shuttle” avoidance,
an animal is placed in one box of a two-box apparatus connected by an alley. A
warning stimulus such as a buzzer or light signals upcoming shock in that box. The
animal can avoid the shock by running through the alley to the other box (i.e., a
"shuttle-response"). If the animal remains in the fir:: box following the warning signal,
it receives foot-shock. The animal can still escape the shock, however, by "shuttling"

to the other box, which results in shock termination. The animal remains in this box
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until the next warning signal occurs. The animal must then shuttle back to the
original box where it had previously been shocked, in order to avoid shock.

Two-way shuttle-avoidance is difficult for rats to acquire (Bolles, 1970),
perhaps because the compartment which is presently ‘safe’ was associated with shock
on the previous trial. This association with a punishing stimulus might deter the
animals from approaching it (i.e., cause passive avcidance). Hence in shuttle-
avoidance there may be a ‘conflict’ between passive and active avoidance (Gray,
1982). Recall that while septal-lesioned animals are generally not impaired on one-
way active avoidance tasks, they generally are impaired in passive avoidance tasks.
If septal-lesioned animals maintain their ability to actively avoid shock, but are
impaired in their ability to perform in passive avoidance tasks, their ability to avoid
shock in a two-way active avoidance task might be expected to be better than normal
animals. This expectation is, in fact, supported by the results of a number of studies.
The facilitation of shuttle box avoidance in septal-lesioned animals is a well
documented phenomenon (Blatt, 1976; Carlson, 1970; Garber & Simmons, 1968;
Poplawsky, 1978). Similar improvements in two-way active avoidance have also been
observed following administration of anti-anxiety agents (Iwahara, 1971; Robichaud,
Sledge, Hefner, & Goldberg, 1973).

In a Sidman bar-press avoidance task, shock is presented at regular intervals.
A bar-press response can postpone the shock for a period of time. In this paradigm,
there is no warning signal for the presentation of shock, other than the passage of

time. An animal must bar-press within regular response/shock intervals in order to
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avoid getting shocked. Studies revealed that septal-lesioned animals perform better
at this task, as measured by a reduction in shocks taken, as well as by a reduction in
responses ¢mitted (greater efficiency), than normal animals (Morgan & Mitchell,
1969; Sagvolden, 1976; Sodetz, 1970, & 1972). Similar improvement in performance
of Sidman bar-press avoidance tasks was observed following the administration of
anti-anxiety agents at low doses (Davidson, 1970). While impairments were found at
high doses (Sansone, Renzi, & Amposta, 1972), these seem to be a result of the

sedative effect of these drugs at high doses.

Tffects on Conditioned Suppression

Classical conditioning of ‘fear’ is another form of aversive learning that has
been employed in the study of ‘anxiety’. These paradigms examine the effects of
"conditioned fear" on ongoing behavior. However, very few of these tasks have been
used to study the effects of both septal lesions and anxiolytic drugs. The most
commonly used of these tasks is called "conditioned suppression” or "conditioned
emotional responding’ (Estes & Skinner, 1941).

In conditioned suppression, a neutral stimulus such as a light (conditioned
stimulus), that has been previously paired with an aversive stimulus such as foot-
shock (unconditioned stimulus), is superimposed on an ongoing behavior such as bar-
pressing for food, and the resulting suppression in this latter behavior is the index of
‘fear’ or ‘anxiety’. Even though presentation of shock is not affected by the rats’ bar-

pressing response (response-independent), animals normally suppress their bar-
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pressing behavior following the presentation of a signal for shock (Estes & Skinner,
1941; Lauener, 1963). Early studies that examined the effects of septal lesions on
conditioned suppression yielded inconsistent results. While some researchers
observed a deficit of response s+ pression in septal-lesioned animals (Harvey, &
Lints, 1965), others did not (Brady, & Nauta, 1955). Later studies compared rats’ bar-
pressing response rates on two differcut signals for shock. One signal represented
response-independent shock, while the other represented shock whose probability was
dependent on the rats’ bar-pressing response (response-contingent shock). In normal
animals, suppression of bar-pressing behavior was found to be greater when the
signal represeuted response-contingent shock than when it represented response-
independent shock (Huppert, & Iversen, 1975). Studies which compared the effects
of septal lesions on response suppression toward these two signals for shock found
that septal lesions alleviated response suppression, but did so equally whether the
signal warned of response-contingent or response-independent shock (Dickinson,
1975; Feldon, Rawlins, & Gray, 1982). Anti-anxiety agents also antagonized the
response suppression produced by both types of signals. However, this effect was
greater for the signal warning response-contingent than response-independent shock

(Rawlins, Feldon, & Gray, 1980; Huppert, & Iversen, 1975).

umm f Septal Lesion Effects in Traditional Aversive Learning Paradigms
While the effects of septal lesions on passive avoidance have been generally

consistent, the effects of septal lesions on active avoidance have been more varied.
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For example, performance on one-way active avoidance tasks has been found to be
impaired, improved, or unchanged following septal lesions in rats. In both two-way
active avoidance and Sidman bar-press avoidance tasks, septal lesions in rats have
often been shown to facilitate avoidance. While the effects of septal lesions on
conditioned suppression have been rather equivocal, they suggest that septal lesions
may impair conditioning to signals that warn of punishment.

Overall, it appears that in tasks in which shock-avoidance requires a decrease
in responding, septal-lesioned rats perform poorly, whereas in tasks which require an
increase in responding, septal-lesioned rats perform better than controls. These data
are in accordance with Gray’s (1982) Behavioral Inhibition System (BIS) model of
anxiety. This hypothesis states that inputs such as novelty and signals of punishment
produce, among other things, behavioral inhibition. In tasks where behavioral
inhibition competes with avoidance responding, one would expect normal rats to have
poor performance, and conversely to perform well in tasks in which avoidance
requires inhibiting a response. Furthermore, if we abolish the BIS, which according
to Gray is dependent on the functioning of the septo-hippocampal system, we would
expect the opposite results (i.e., impaired performance when avoidance requires
inhibiting a response, and improved performance when avoidance requires the

performance of a response).

Nevertheless, while there is considerable evidence that septal lesions modulate

"anxiety"-related behaviors in traditional aversive learning paradigms, the data are not
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entirely consistent, and their interpretation is not particularly straightforward (cf,,
Thomas, 1988). The main problem stems from the large number of inconsistencies
in septal-lesion effects in these paradigms. This lack of agreement across studies
could be due to a combination of factors such as variations in lesion parameters (e.g.,
size, extent and type), and/or variations in behavioral parameters (e.g., shock-
iniensity, task complexity).

Due to the complex nature and interconnections of the septum, differential
septal damage could cause fairly different behavioral effects. For example, many
studies have noted different behavioral results following medial versus lateral septal
damage. Lateral septal lesions appear to produce increased exploratory bihi-zior
(Myhrer, 1989), "emotionality" (Poplawsky & Johnson, 1973), and startle amplitude
(Lee, Lin, & Yin, 1988), as well as decreased ‘anxiety’ in the "social interaction test"
(Clarke & File, 1982), and decreased rearing (Lee, et al., 1988). Medial septal lesions
have been shown to produce decreases in exploratory behavior and activity (Myhrer,
1989), and normal "emotionality" (Clody & Carlton, 1969). Other studies have noted
differences when comparing anterior with posterior septal lesions. For example,
anterior septal lesions were found to enhance defensive behaviors in rats, whereas
posterior septal lesions were found to have no effect (Blanchard, Blanchard, Lee, &
Nakamura, 1979).

The other factor that might contribute to inconsistent results is the
heterogeneity of the behavioral paradigms used to study the role of the septum in

anxiety (e.g., step-down passive avoidance, step-through passive avoidance, one-way
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active avoidance, 2-way active avoidance, Sidman barpress avoidance, conditioned
suppression). Moreover, many of these traditional aversive learning paradigms
involve food or fluid as appetitive reinforcers. Since septal lesions produce changes
in appetitive motivation indicated by increases in food (Donovick, Burright, &
Gittelson, 1969) and water intake (Lubar, Schaefer, & Wells, 1969), behavioral
paradigms which involve such reinforcers might not be appropriate for the study of
septal lesious. Finally, it should be noted that these behavioral paradigms were not
specifically designed to study animal ‘anxiety’. Instead their main purpose was to
study the ‘general laws of learning’.

In light of these problems, it is not surprising that support of the hypothesis
that the septum is involved in the modulation of anxiety has not been entirely
consistent. Nor, perhaps, is it surprising that the interpretation of the exact role of
septal nuclei in anxiety has not been uniform (Gray, 1982; Thomas, 1988).

In the next two sections, arguments in favour of aiternative approaches to
studying the role of the septum in anxiety will be pre:«.ated. These arguments will

center on pharmacological and behavioral consider :iions.

Pharmacological Consideratio

Effects of anxiolytic drugs that are similar to the effects of septal lesions in
these aversive learning paradigms lend support to the notion thz* septal lesions are
involved in the modulation of anxiety. However, the behavioral effects of anxiolytic

drugs in these paradigms are often inconsistent, and often lack drug-class specificity
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(i.e., non-anxiolytics have effects that are similar to anxiolytic agents). For example,
non-anxiolytic agents such as amphetamine and morphine have also been found to
have effects like those of septal lesions and anxiolytic drugs on conditioned
suppression {Capell, Ginsberg, & Webster, 1972; Hill, Pescor, Belleville, & Wikler,
1957), and active avoidance (McMillan & Leander, 1976; Morrison & Stephenson,
1973). The lack of drug-class specificity of behavioral effects in these paradigms
raises the question of whether the effects of anxiolytic drugs in these paradigms
actually reflect a specific reduction in anxiety. Thus, behavioral paradigms that have
satisfied pharmacological criteria for a test for anxiolytic drug action may be valuable
for studying the role of the septum in ‘anxiety’. The major criterion for a model of
anxiolytic drug action is that it can distinguish standard anxiolytic from non-anxiolytic

agents (Treit, 1985).

Behavioral Considerations

Another approach to studying the role of the septum in anxiety may be to
utilize behavioral paradigms that measure animals’ untrained reactions to novel or
painful stimuli. For example, there is a considerable amount of evidence suggesting
that high fearfulness is accompanied by high defecation scores (Broadhurst, 1975;
Gray, 1971, & 1979). Interestingly, there are many reports that septal lesions reduce
defecation in novel situations such as in open field tests (e.g.,, Jonason & Enloe, 1971;
Nielson, Mclver, & Boswell, 1965). Further evidence that septal lesions reduce

untrained ‘fear’ reactions comes from findings that septal lesions reduced latency to
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eat in a novel environment (Ross, Grossman, & Grossman, 1975), and reduced
emergence latency to go from a familiar to an unfamiliar place (Thomas, Moore,
Harvey, & Hunt, 1959). The suppressive effects of novelty on eating, drinking, and
emerging in novel environments are also reduced following the administration of
anui-anxiety agents ( Soubrie, Kulkarmi, Simon, Boissier, 1975; Soubrie, de Angelis,

Simon, & Boissier, 1976; and Simon & Soubrie, 1979, respectively).

Two recently developed tests that employ rats’ untrained ‘fear’ responses, as
well as satisfy pharmacological criteria for a test of anxiolytic drugs, are the elevated
plus-maze test (Pellow, 1986), and the shock-probe burying test (Treit, Pinel, &
Fibiger, 1981). Moreover, these tests are not confounded with appetitive motivation
since neither of these tests involve food or fluid reward.

In the elevated plus-maze, two adjacent arms are open, and two adjacent arms
are enclosed with walls. On first exposure, rats normally avoid the open arms,
restricting most of their activity to the closed arms. This avoidance of the open arms
is likely to reflect ‘fear’ since rats display significantly more ‘anxiety’-related behaviors
(freezing, immobility, defecation) in the open arms, and have significantly higher
plasma corticosterone levels when they are confined to the open zrms (Pellow,
Chopin, File, & Briley, 1985). Open-arm activity in the plus-maze is defined as the
amount of time that the rat spends in the open arms relative to total time in any arm
(i.e., % open/total), as well as the amount of crosses into the open arms relative to

the total number of crosses (i.e., % open /total). General activity is measured as the
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totai number of crosses into any arm. The relatively low level of open arm activity
(10-20%), is a measure of ‘anxiety’ in this paradigm.

Pharmacological studies revealed that a selective increase in open-arm
exploration was observed following the administration of clinically effective anxiolytic
agents such as diazepam, chlordiazeproxide, phenobarbitone, and tracazolate (Pellow,
et al., 1985). Conversely, agents that supposedly increase anxiety (i.e., anxiogenics)
such as yohimbine, amphetamine, caffeine, and pentylenetetrazole (PTZ), suppress
rats’ open arm activity below baseline control levels (Pellow, & File, 1986).
Furthermore, non-anxiolytic agents including antidepressants (i.e., imipramine and
mianserin) and major tranquilizers (i.e., haloperidol) have no specific effects on open
arm activity (Pellow, et al., 198S).

Similar effects have been found in the shock-probe burying paradigm. Rats
shocked from an electrified probe mounted on a wall of a test chamber will
characteristically spray bedding material from the floor of the chamber toward the
probe, with rapid alternating movements of the forepaws. This "burying" behavior has
been observed toward a variety of aversive or ‘threatening’ stimuli, such as airblasts,
physical blows, light flashes (Terlecki, Pinel, & Treit, 1979), noxious smells (Pinel,
Gorzalka, & Ladak, 1981), and fluids previously paired with toxicosis (Wilkie,
MacLennan, & Pinel, 1979). Rats appear to rapidly associate the shock (or other
aversive stimulus) with a spatially contiguous cue (e.g., the probe), and following first
exposure to the shock, proceed to bury the source of the aversive stimulus with

whatever material is present, e.g., bedding, sand, or wooden blocks (Pinel & Treit,
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1979). The burying response appears to be an ‘untrained’ fear reaction in rats, since
depriving rats of any type of bedding material from birth does not prevent burying
response on first exposure to this test (Pinel, Symons, Christensen, & Tees, 1989).
There is also some evidence that burying behavior may be a response that rodents
display toward stimuli that are aversive or threatening to them in their natural
environment. For example, "territorial threat" from conspecifics has been reported
to induce rats to bury the entrance hole of their underground burrows (Calhoun,
1962). In addition, ground squirrels will reportedly defend themselves from predatory
snakes by spraying material directly at the snakes (Owings & Coss, 1978).

In the shock-probe burying test for anxiolytic drug action, rats are shocked
from an electrified probe, and the amount of bedding material that they spray toward
the probe (i.e., burying) is a major index of ‘anxiety’ (Treit, Pinel, & Fibiger, 1981).
A variety of clinically effective anxiolytic agents such as diazepam, chlordiazepoxide,
and pentobarbital, have been shown to suppress rats’ burying response in a dose-
dependent fashion (Treit et al., 1981). This reduction in burying behavior appears to
be specific to anxiolytic agents. Although there are exceptions (Craft, Howard, &
Pollard, 1988), mocst studies have shown that non-anxiolytic agents such as
imipramine, morphine, d-amphetamine, pentylenetetrazole, and picrotoxin have no
significant effect on burying behavior (Beardslee, Papadakis, Fontana, &
Commissaris, 1990; Treit, 1990; Treit et al., 1981). Furthermore, blocking the site at
which benzodiazepine-type anxiolytics exert their effects [GABA/benzodiazepine

receptor complex (Haefely, Pieri, Polc, & Schaffner, 1981)}, blocks the effects of
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these anxiolytics on burying behavior ‘Treit, 1987; Treit, Pinel, & Fibiger, 1982).
Moreover, ‘anxiogenic’ agents such as yohimbine and beta-CCE have been shown to
facilitate the amount that rats bury the shock probe (Tsuda, Yoshishige, & Tanaka,
1988:; Tsuda, Nishimura, & Tanaka, 1989).

These behavioral and pharmacological characteristics suggest that the elevated
plus-maze test and the shock-probe burying test may be useful for the study of septai
lesions on ‘anxiety’. Théir combined use may be particularly advantageous: while the
plus-maze paradigm measures a passive, untrained ‘fear’ reaction to novel elevated
platforms (i.e., open-arm avoidance), the shock-probe burying paradigm measures an
active, untrained ‘fear’ reaction toward a painful stimulus (i.e., shock-probe burying).
Moreover, since an anti-anxiety effect in the plus-maze test is measured as an
increase in a specific activity (open arm activity), whereas in the shock-probe test it
is measured as a suppression of a specific activity (burying), results from these two
tests may provide valuatle converging evidence for the role of the septum in anxiety.
If the septum is involved in the modulation of anxiety, it would be expected that
septal lesions in rats will produce a specific pattern of ‘anti-anxiety’ effects in the
shock-probe burying and in the elevated plus-maze tests. Specifically, relative to
controls, septai-lesioned rats should exhibit higher percentages of open arm activity

in the elevated plus-maze, but suppressed burying behavior in the shock-probe

burying paradigm.
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Thus, the purpose of the present thesis was to study the effects of septal
lesions in rats, on two pharmacologically validated tests of anxiolytic drug action: the

elevated plus-maze test and the shock-probe burying paradigm.
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Experiment 1

In the first experiment, the effects of electrolytic lesions of the entire septum
on rats’ reactivity in two pharmacologically justified tests of anxiety (the elevated
plus-maze test and the shock-probe burying paradigm), were examined. While there
is evidence that »!: trolytic lesions of the septum reduced fear reactions in the shock-
probe burying paradigm [i.e., septal lesions eliminated burying toward the shock-
probe (Gray, Terlecki, Treit, & Pinel, 1981)], the effects of septal lesions in the
elevated plus-maze have not been documented. The first purpose of Experiment 1
was to replicate the earlier findings of reduced fear reactions in the shock-probe
burying paradigm following complete septal lesions (Gray et al., 1981), as well as to
extend these findings by using different shock parameters (i.e., parameters that have
been found to be sensitive to the anxiolytic effects of drugs on defensive burying and
shock-probe avoidance). The second purpose of this experiment was to examine the

effects of septal lesions on open-arm activity in the elevated plus-maze.
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METHOD

Subjects

The subjects were 50 naive, 265-465 g male albino Sprague-Dawley rats from
Charies River, Canada. They were handled and tail marked one day prior to surgery.
Following surgery, rats were individually boused in polycarbonate :ages and
maintained on a twelve hour light/dark cycle (lights on at 0700), food and water

available ad lib. Behavioral testing occurred between the hours of 1000 and 1700.

Apparatus

Plus-Maze. A separate testing room contained the elevated plus-maze
apparatus. The wooden plus-shaped maze, elevated to a height of 50 cm, consisted
of two adjacent 50 X 10 cm open arms, and two adjacent 50 X 10 X 50 cm enclosed
arms, each with an open roof. The testing room was quiet, and dimly lit at the time
of testing. Behavioral data were collected by an observer who was unaware of the

surgical history of the rat, and who sat quietly one meter from the maze.

Shock-Probe Burying. The shock-probe burying apparatus was kept in a quiet
testing room at the time of testing. The floor of this 40 X 30 X 40 cm Plexiglas

chamber was covered evenly with S cm of bedding material (odour-absorbent kitty
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litter). On one of the walls of the Plexiglas chamber, 2 cm above the bedding
material, was a small hole through which the shock-probe could be inserted. The 6.5
X 0.5 X 6.5 cm probe was wrapped with two copper wires through which the electric
current was administered. Shock intensity was adjusted with a variable resistor in
series with a 1000 V shock source, and was set at 2 mA. The behavior of each rat
was recorded on video tape via closed circuit television, and later measured by an

observer who was unaware of the surgical history of the rats.

Surgery and Histology

Following sodium pentobarbital anesthesia (Nembutal, 60 mg/kg i.p.), the
animals were placed in a Kopf stereotaxic instrument. Bilateral septal lesions (n=30)
were produced by passing a 1.2 mA, 12 second anodal current though a stainless steel
electrode insulated with varathane to within 0.5 mm of its tip. Using flat skull
coordinates, the electrode was lowered, angled 15 degrees medially in order to avoid
perforating the sagittal sinus, such that its tip was positioned in the septal area (1.2
mm anterior and 2.0 mm lateral to bregma, 5.5 mm ventral to dura). Pilot studies
revealed a 0.5 mm anterior/posterior discrepancy between the atlas coordinates and
the instrument coordinates for the septal area in these rats, therefore a +0.5 mm
adjustment in stereotaxic coordinates were made. Sham-lesioned controls (n=20)
were treated in the same way except that no current was passed through the

electrode. At the conclusion of the behavioral testing, rats were overdosed with



21
chloral hydrate and perfused intracardially with physiological saline followed by 10¢%¢
formalin. Brains were extracted and placed in 10% formalin for a minimum of three
days, after which they were frozen and sliced using a cryostat. In order to determine
exact location and extent of the lesions, every fourth 32 um section through the lesion
area was mounted on a slide, stained with thionine, and examined microscopically.
Lzsions were rated by at least two observers, and data for the animals with misplaced
lesions were discarded. The location and extent of these lesions were transcribed

onto the appropriate Paxinos and Watson atlas plates.

Procedure

Plus-Maze. Following three days of post-surgical recovery, ten septal-lesioned
rats and ten sham-lesioned rats were handled every day for four consecutive days. On
the fifth day (8 days post-surgery), each rat was placed individually in the center of
the plus-maze. An observer scored total time spent in the open arms, the total
number of crossings into the open arms, and the total number of crossings into the
closed arms for five minutes. A crossing was defined as all four paws in the arm. For
the purpose of analysis, open arm activity was measured as both the amount of time
that the rat spent in the open arms relative to the total time of the test (%
open/total), as well as the number of crosses into the open arms relative to the total

number of crosses (% open/total). The maze was cleaned after each rat was tested.
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Shock-Probe Burying. Following eight days of post-surgical recovery, the other
ten rats from each of the two lesion conditions were tested in the shcck-probe
apparatus. On each of the four consecutive days prior to the shock-probe test, the
rats were individually habituated to the Plexiglas test chamber for 15 minutes. On the
fifth day, rats were placed in the chamber containing the constantly electrified probe,
which had been inserted 6 cm into the chamber just prior to the test. When the rat
touched the constantly electrified probe with its forepaws or snout, it received a brief,
electric shock. Following the first shock, the duration of time each rat spent spraying
bedding material toward the probe (i.e., burying behavior) was measured for fifteen
minutes, as well as the total number of shocks each rat received from the probe. The
rat’s behavioral reaction to each shock was measured on the following four point
scale: 1) flinch involving only head or forepaw, 2) whole body flinch and ambulation
to far end of chamber, 3) hopping away and running, 4) jumping away and running.
A mean shock reactivity score was derived for each rat by summing their reactivity
scores to each shock, and dividing this by the number of shocks obtained. The total
duration of all the rats’ activity (e.g., locomotion, sniffing, rearing, digging, grooming)
was also measured to assess the effects of the septal lesions on general activity.
Septal hyperreactivity. One day prior to the shock-probe and plus-maze tests,
all rats were evaluated for septal hyperreactivity by scoring the rats’ resistance to
capture according to the following five point scale: 0) no reaction, 1) shied from
hea=d, 2) avoided hand by running and/or struggling when capture, 3) jump to avoid

capture, 4) bit and/or tried to bite when captured.



RESULTS AND DISCUSSION

Histology

The maximal extent of the lesions, as well as the extent of a typical lesion, are
illustrated in Figure 1. While damage to the sham-lesioned rats was restricted to very
minor track-lesion damage of the corpus callosum and of the dorsal surface of the
neocortex, damage to the septal-lesioned rats included most of the lateral and medial
septal nuclei. These lesions extended as far rostral as the most anterior portion of the
genu of the corpus callesum, and as far caudal as the anterior fornix. Extra-septal
damage occasionally included very slight damage to the corpus callosura, cingulate
cortex, medial striatum, vertical limb of the diagonal band, and anterior fornix. Data
for misplaced lesions were discarded leaving 20 rats in the sham-lesioned group, and

20 rats in the septal-lesioned group.

Plus-Maze

The mean percent (open/total) of time spent in the open arms as well as the
mean percent (open/total) of crossings into the open arms, for sham- and septal-
lesioned rats, are shown in Figure 2. It is apparent that septal-lesioned rats spent
more time in, and crossed more often into the open arms than sham-lesioned
controls. These differences in percent open-arm activities were found to be significant
with independent measures t-tests [percent open-arm time: t(18)= 4.73, p<0.001;

percent open-arm crosses: t(18)= 3.14, p<0.006]. These results show that like the
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effects of anxiolytic agents, compiete lesion: of the septum in rats »rocuce a reliable
increase in open arm activity. The total number of arm entries for the septal-lesiszd
rats was significantly lower than that for the sham-lesioned rats [ t(18;= 2.1%,
p<0.05; see Table 1). These differences in owerzll activity do not, however, a:pear
to account for the differences in open arm activity, since the absolute duration of
time spent in open arms was higher for the septal-lesioned rats than the sham-

lesioned controls [t(18) =4.723, p<0.001).

Shock-Probe Buryin

The mean duration of time that the .eptal- and sham-lesioned rats spent
burying the probe is shown in Figure 3. Consistent with the results of previous
experiments (Gray et al., 81), sham-lesioned rats spent a considerable amount of time
spraying bedding material toward the probe (i.e., burying), whereas not a single
septal-lesioned rat displayed this behavior. Independent measures t-tests confirmed
that the difference in burying duration between the septal- and sham-lesioned rats
was significant, t(18)= 2.56, p<0.02. The behavioral effects of septal lesions appear
to be specific to burying behavior since there were no significant differences between
septal- and sham-lesioned rats in either the number of shocks obtained [t(18)=0.64,
p>0.5; see Table 2], or in reactivity to those shocks [t(18)= 1.72, p>0.1; see Table
2). Furthermore, this suppression of burying activity in the septal-lesioned rats cannot
be attributed to an overall decrease or change in general activity during the test,

since there were no significant differences between septal- and sham-lesioned rats on
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this measure [t(18)= 0.48, p>0.5; see Table 2]. These results indicate that, like anti-
anxiety agents, complete lesions of the septum appear to produce a reasonably

specific suppression of defensive burying.

Handling Reactivity

The mean resistance to capture of septal-lesioned and sham-lesioned rats was
not significantly different on the day before the plus-maze {t(18)=1.00, p>0.5; see
Table 1] and shock-probe test [t(18)=0.268, p>0.5; see Table 2]. These results
suggest that differences in behavior displayed by septal- and sham-lesioned animals

in the latter tests were not due to "septal hyperreactivity".
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Figure 1
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TABLE 1
SHAM SEPTAL
(n=10) (n=10)
Total Number of Arm Entries 10.80 5.90
(1.04) (2.02)
Handling Reactivity 0.00 0.20
(0.00) (0.20)
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TABLE 2

SHAM SEPTAL

(n=10) (n=10)

General Activity (sec) 807.3 826.8
(36.7) (16.3)

Number of Shocks 1.6 1.4
(0.22) (0.21)

Shock Reactlivity 1.1 1.7
(0.24) (0.29)

Handling Reactivity 0.30 0.40
(0.21% (0.31)
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Experiment 2

Results from the first experiment revealed that complete septal lesions
reduced fear reactions in two tests of anxiolytic drug action (the elevated pius-maze
test, and the shock-probe burying paradigm). Previous studies have suggested that
different septal nuclei might play different roles in the modulation of emotion-related
behaviors. For example, Gray and his colleagues (1981) compared the effects of
anterior with posterior septal lesions on the shock-probe burying paradigm and found
tae suppression of burying behavior to be specific to the posterior portion of the
septum. Thus, the first purpose of Experiment 2 was to replicate the previous findings
of reduced fear reactions in the shock-probe burying paradigm following posterior
septal lesions but not anterior septal lesions. The second purpose of Experiment 2
was to compare the effects of anterior and posterior septal lesions in the elevated

plus-maze test.

METHOD

Subjects

The subjects were 40 naive, male albino Sprague-Dawley rats weighing 185-

225 g at the time of surgery. Housing and feeding conditions were the same as those



32

used in Experiment 1, as were shock-probe and plus-maze apparatus.

Surgery and Histolo

Following nembutal anesthesia, the rats were placed in a Kopf stereotaxic
instrument. With the electrode positioned according to flat skull coordinates, 15 rats
received bilateral lesions (1.0 mA for 10 sec) to the anterior portions of the septum
(2.1 mm anterior and 2.0 mm lateral to bregma, 6.7 mm ventral to dura, with the
electrode angled 18 degrees medially), and 15 rats received bilateral lesions (1.0 mA
for 10 sec) to the posterior portions of the septum (0.7 mm anterior and 2.0 mm
lateral to bregma, 5.5 mm ventral to dura, with the electrode angled 15 degrees
laterally). Pilot studies revealed a 0.5 mm dicrepancy between the atlas and
instrument coordinates for the posterior septal area, and a 0.9 mm discrepancy for
the anterior septal area. Therefore, +0.5 mm and +0.9 mm adjustments were made
for posterior and anterior septal lesions, respectively. Half of the ten sham-lesioned
rats were treated the same way as the anterior septal-lesioned rats and half as the
posterior septal-lesioned rats, except that no current was passed through the
electrode. Since there were no behavioral differences between these two sham-
lesioned groups, their data were combined for purpose of analysis. Histological

procedures and assessments were the same as those described in Experiment 1.
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Procedure

The procedures were similar to those used in Experiment 1 except that each
rat was tested in both the plus-maze and the shock-probe apparatus.

Following eight days of post-surgical recovery, the rats from each of the three
lesioned groups (anterior, posterior, and sham) were tested on the elevated plus-
maze. Immediately following the plus-maze test, the rats were habituated 15 minutes
to the shock-probe apparatus for the first of four consecutive habituation days. On
the fifth day (12 days post-surgery), the probe was inserted into the Plexiglas
chamber, and all rats from each group were tested in the shock-probe test. This order
of testing was based on pilot studies which revealed that behavior in the shock-probe
test was not affected by prior exposure to the 5-min plus-maze test; however behavior
on the plus-maze test was disrupted as a consequence of prior exposure to the shock-
probe test. Otherwise, handling and testing procedures were the same as those
described in Experiment 1. Resistance to capture was also assessed on the day prior

to each behavioral test.
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RESULTS AND DISCUSSION

Histology

The maximal extent of the lesions as well as the typical lesions for both the
anterior and the posterior septal-lesioned rats, are illustrated in Figure 4. Damage
to sham-lesioned rats was minimal, similar to that of sham-iesioned rats in
Experiment 1. Damage to anterior septal-lesioned rats was restricted mainly to the
medial and lateral septal nuclei, beginning as far rostral as the most anterior portion
of the genu of the corpus callosum, and extending as far caudally as 1.0 mm anterior
to the fornix. Damage to this lesion group occasionally included slight damage to the
corpus callosum, cingulate cortex, and the vertical limb of the diagonal band.
Damage to the posterior septal-lesioned rats was also primarily restricted to the
medial and lateral septal nuclei, extending as far rostral as 1.0 mm anterior to the
fornix, and as far caudally as the anterior fornix. Extra-septal damage in this lesion
group occasionally included slight damage to the corpus callosum, medial striatum,
vertical limb of the diagonal band, and anterior fornix. Data for misplaced, unilateral,
or complete septal lesions were discarded leaving 10 rats in the sham-lesioned group,
12 rats in the anterior septal-lesioned group, and 11 rats in the posterior septal-

lesioned group.

Plus-Maze

The mean percent (open/total) open arm activity (time spent and crosses into
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open arms) for the posterior and anterior septal-lesioned rats as well as the sham-
lesioned controls, are presented in Figure 5. Anterior septal lesions had little effect
on rats’ open-arm activity as compared to sham-lesioned controls. Posterior septal
lesions, similar to complete septal lesions in Experiment 1, produced a substantial
increase in open arm activity. One-way analysis of variance revealed a significant
effect of lesion type on both percentage of time spent in open arms, and percentage
of crossings into the open arms [ F(2,30)= 12.58, p<0.001, and F(2,30)=9.96,
p<0.001, respectively]. Subsequent pairwise comparisons (independent t-tests,
alpha=0.05) confirmed that the anterior septal- and the sham-lesioned rats did not
differ significantly from one another on either measure, but that they both differed
significantly from posterior septal-lesioned rats on both measures. In contrast to the
results of Experiment 1, the three groups did not differ significantly in their overall
level of activity as measured by total number of entries [F(2,30)=2.966, p >0.05; see
Table 3]. In agreement with the findings of Experiment 1, these results show that
septal lesions, and more specifically, posterior septal lesions, produce anti-anxiety

effects in the elevated pius-maze.

Shock-Probe Burying

Consistent with the plus-maze results, anterior septal lesions had little effect
on rats probe burying behavior compared to sham-lesioned controls, whereas lesions
of the posterior septum completely suppressed this behavior (see Figure 6). An

analysis of variance performed on the duration of burying data revealed a significant
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effect of lesion type [F(2,30)=5.77, p<0.01]. Pairwise comparisons (t-tests,
alpha=0.05) confirmed that while there was no significant difference in burying
duration between the anterior septal-lesioned rats and the sham-lesioned rats,
posterior septal-lesioned rats buried significantly less than either of the two latter
groups. These differential results are specific to burying behavior since there were
no significant differences between the three groups on other measures such as
number of shocks obtained [F(2,30)=0.69, p>0.5; see Table 4], shock reactivity
[F(2,30)=0.82, p>0.5; see Table 4], or changes in general activity [F(2,30)=0.53,
p>0.5; see Table 4]. These results, which replicate the findings of Gray et al., (1981),
show that posterior but not anterior septal lesions produce specific and complete
suppression of probe burying behavior. These results and those of the plus-maze test
support the hypothesis that posterior portions of the septum modulate "anxiety"-

related behaviors in these two paradigms.

Handling Reactivity

There were no significant differences in resistance to capture scores between
the three groups of rats on the day prior to the plus-maze test [F(2,30)=2.18, p>0.1;
see Table 3] or on the day prior to the shock-probe test [F(2,30)=0.01, p>0.5; see
Table 4]. These results suggest that any differences in behavior observed between the
three groups of rats on either of the two tests were not a consequence of septal-

hyperreactivity.
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TABLE 3
SHAM ANTERIOR POSTERIOR
(n=10) SEPTAL LESION SEPTAL LESION
(n=12) (n=11)
Total Number 6.10 11.08 11.27
of Arm Entries (1.31) (2.21) (1.18)
Handling Reactivity 0.7 0.0 0.18
(0.26) (0.0) €0.18)
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TABLE 4
SHAM ANTERIOR POSTERIOR
(n=10) SEPTAL LESION SEPTAL LESION

(n=12) (n=11)

General Activity 815.2 854.8 817.5
(sec) (40.8) (16.4) (35.0)

Number of Shocks 1.8 2.2 1.7
(0.25) (0.29) €0.30)

Shock Reactivity 2.1 1.7 2.2
(0.22) (0.28) (0.30)

Handling Reactivity 0.0 0.08 0.0

(0.0) (0.08) (0.0)
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Experiment 3

Results from Experiment 2 suggest that the anti-fear effects observed
following septal lesions are specific to the posterior septum since electrolytic lesions
of the posterior, but not anterior septum, suppressed fear reactions in both the
elevated plus-maze and the shock-probe burying paradigm. However, due to the
septum’s extensive reciprocal connections with other areas of the limbic system, it is
unclear whether the anti-fear effects of electrolytic lesions can be directly attributed
to the destruction of septal nuclei themselves, or fibers of passage. The use of an
excitatory amino acid such as kainic acid, which primarily destroys cell bodies leaving
fibers of passage intact, may help determine whether anti-fear effects of posterior
septal lesions are due to loss of cell bodies in the posterior septum, or simply a result
of destroying fibers which course through the area. Thus, the purpose of Experiment
3 was to clarify the role of the septum in fear, by comparing the effects of kainic acid
and electrolytic lesions of the posterior septum, on rats’ reactivity in both the
elevated plus-maze and the shock-probe burying paradigm. If fear reactions are
specifically modulated by the posterior septum, then kainic acid lesions should

produce anti-fear effects that are comparable to those of electrolytic lesions.
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METHOD

Subjects

The subjects were 52 naive, male albino Sprague-Dawley rats weighing 240-
400 g at the time of surgery. Housing and feeding conditions were the same as those

in the first experiment, as were shock-probe and pius-maze apparatus.

Surgery and Histology

Following nembutal anesthesia the rats were placed in a Kopf stereotaxic
instrument. Using flat skull coordinates, bilateral electrolytic lesions (n=13) were
produced by passing a 1.0 mA anodal current for 10 seconds through an electrode
positioned in the septal area (0.7 mm anterior and 2.0 mm lateral to bregma, 5.5 mm
ventral ¢ dura, with the electrode angled 15 degrees medially). Kainic acid lesions
(n=25) were produced by bilaterally infusing 0.75 ul of kainic acid (2.2 ug/ul,
dissolved in phosphate buffered saline, pH=7.4) at a rate of 0.1 ul/min through a
stainless steel cannula preitioned in the septal area (0.7 mm anterior and 2.0 mm
lateral to bregma, 5.3 .am ventral to dura, with the cannula angled 13 degrees
medially). The cannula was connected via polyethylene tubing to a 200 ul Hamilton
microsyringe. The syringe was left in place 7 minutes following the infusion of the

acid in order to allow it to diffuse away from the cannula tip. Post-surgical seizure
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activity was carefully monitored in the kainic acid-lesioned rats, and a 5-10 mg/kg
dose of diazepam was administered (i.p.) if and when the seizuring reached a
moderately severe level (i.e., full body rigidity and tremoring). Half of the fourteen
sham-lesioned rats were treated the same as the electrolytic-lesioned rats except that
no current was passed, and the other half were treated the same as the kainic acid-
lesioned rats except that no kainic acid was infused, and no diazepam was
administered.

Histological procedures and assessments wete also the same as in Experiment
1. Kainic acid lesions were quantified in terms of a loss of magnocellular cells, and

a respective increase in gliosis.

Procedure

The procedures were virtually the same as in Experiment 2, except for the
extended post-surgical recovery time allotted to all groups. This extended post-
surgical recovery time was determined by pilot studies which showed that a
reasonable amount of cell death (and gliosis) was apparent by 15 days following the
excitatory amino acid infusion.

Following fifteen days of post-surgical recovery, the rats from each of the
three lesion groups (electrolytic, kainic acid, and sham) were tested on the elevated
plus-maze, then individually habituated for 15 minutes on each of four consecutive

days in the shock-probe apparatus, and tested with the shock-probe in place on day
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5 ( i.e., 19 days post-surgery). In addition to the measures taken in Experiments 1
and 2, the total time that the rats spent in the closed arm for the five minute test was
also assessed. In this experiment, open arm time was defined as the amount of time
that the rat spent in the open arms relative to the total amount of time in any arm
(% open/total). Otherwise, handling, habituating and testing procedures were the
same as those described in Experiment 1. Resistance to capture was assessed on the

day of each behavioral test.

RESULTS AND DISCUSSION

Histologies

Data for misplaced lesions, as well as data for kainic acid lesions which
included total tissue loss, were discarded leaving a total of 31 lesioned animals: 13
sham, 7 electrolytic, and 11 kainic acid. Both typical and overall extent of the lesions
are displayed in Figure 7. Similarly to Experiment 1 and 2, damage to sham-lesioned
controls was restricted to very slight neocortical and corpus callosum damage, as well
as slight ventricular enlargement. Despite the slightly larger track lesions produced
by lowering the cannula, there were no behavioral differences between the two sham-
lesioned groups and therefore their data were combined for the purpose of analysis.
Damage to the electrolytic-lesioned animals encompassed most of the medial and

lateral septal nuclei, beginning approximately 1.0 mm anterior to the fornix and
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extending as far caudally as the anterior fornix. Extra-septal damage occasionally
included slight damage to the corpus callosum, medial striatum, vertical limb of the
diagonal band, and anterior fornix. While the kainic acid-lesioned animals had
slightly more cerpus cailosum damage than the electrolytic-lesioned rats, the rostro-

caudal and medio-lateral extents of lesions were the same.

Plus-Maze

The mean percentage (open/total) of time spent in and number of crosses
into the open arms for sham-, electrolytic-, and kainic acid-lesioned rats, is shown in
Figure 8. A one-way analysis of variance revealed a significant effect of lesion type
on both percentage of time spent in open arms [F(2,28) =34.267, p<0.001], as well
as percentage of crossings into tbe open arms [F(2,28)=24.536, p<0.001]. In
agreement with results obtained in Experiment 1 and 2, electrolytic-lesioned rats
displayed significantly elevated open arm activities as compared to sham-lesioned
controls (independent t-tests, alpha=0.05). The effects of kainic acid lesions were
found to be comparable to those of electrolytic lesions, since they also differed
significantly from sham-lesioned controls on both measures of open arm activity while
not differing significantly from electrolytic-lesivied rats on either measure
(indepenient t-tests, alpha=0.05). While there was a trend for kainic acid-lesioned
rats to display even greater open arm activity than electrolytic-lesioned rats, this
difference was not significant. Both groups of lesioned rats showed a level of open

arm activity that exceeded chance level (t-tests, alpha=0.05), suggesting a
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"preference” for the open arms.

While the lesioned groups displayed higher percentages of open arm activity
than the sham-lesioned controls, there were no significant differences among any of
the groups in terms of total numbe: of arm entries [F(4,44)=0.427, p>0.5; sce Table
5]. Given that kaimc acid primarily destroys cell bodies, leaving fibers of passage
intact, the finding that kainic acid lesions of the septum produced at least as powerful
‘anxiolytic’ effects as electrolytic lesions, provides increasing support for the
hypothesis that regions of the posterior septum play a role in modulating "anxiety"-

related behaviors.

Shock-Probe Burying

In accordance with predictions, not a single rat in either of the two lesion
groups displayed burying behavior. Unfortunately, normal baseline levels of burying
were not obtained for the sham-lesioned controls (i.e., only 3 rats buried) yielding
non-significant differences in duration of burying between any of these groups of rats
[F(2,28) =1.572, p>0.2]. While it would be tempting to speculate that the suppression
of burying in the lesioned groups was reflective of an anxiolytic effect, it could have
also been a consequence of another factor, which suppressed burying behavior in the
sham-lesioned controls.

A one-way analysis of variance revealed a significant effect of lesion type
[F(2,28)=4.515, p<0.05), on number of shocks obtained (Figure 9). In agreement

with the results obtained in Experiment 2, pairwise comparisons (independent t-test,
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alpha=0.05) confirmed that there was no significant difference in the number of
shocks taken by electrolytic- and sham-lesioned rats (see Table 6). However, pairwise
comparisons also revealed that kainic acid-lesioned rats obtained significantly more
shocks than sham-lesioned controls (see Table 6). This increased number of shocks
taken by the kainic acid-lesioned rats cannot be explained by a reduced sensitivity
toward the shock-probe since there were no significant differences between any of
the groups on reactivity to shock scores [F(2,28)=0.271, p>0.1; see Table 6]. While
a lesion effect was also revealed for general activity scores [F(2,28)=6.101, p<0.01],
the increase in number of probe contacts does not appear to be attributable to an
overall non-specific increase in activity, since general activity scores for the kainic
acid-lesioned rats were significantly lower than those of sham-lesioned controls
[t(22) =4.537, p<0.0005], while not differing significantly from electrolytic-lesioned
rats (see Table 6). Interestingly, similar increases in number of shocks taken have
also been observed in this paradigm following the administration of anxiolytic
compounds (Treit, 1990).

While these results are certainly interesting, it would be premature to draw
any strong conclusions at this time since baseline level of burying response normally

observed by control animals in this paradigm were not obtained.

Handling Reactivity

A lesion effect was found for the mean resistance to capture scores on both

the day of the plus-maze test [F(2,28)=11.339, p<0.001; see Table ] and the day of
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the shock-probe test {F(2,28)=7.914, p<0.005; see Table 6]. Pairwise comparisons
(independent t-tesws, alpha=0.05) revealed that on both these days, sham- and
electrolytic-lesioned rats were significantly less reactive than kainic acid-lesioned rats,
while not significantly different from each other on this measure. While these results
indicate that kainic acid-lesioned rats were hyperreactive to handling, they were not
more reactive to shock, and their general activity in the two tests of anxiety was

either lower than, or not different from, sham-lesioned controls.
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SHAM ELECTROLYTIC KAINIC ACID

(n=13) SEPTAL LESION SEPTAL LESION
(N=7) (N=11)
Total Number 10.31 12.43 12.73
of Arm Entries (1.08) (1.78) (2.08)
Handling Reactivity 0.89 0.86 2.18
(0.20) (0.24) (0.25)
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TABLE 6
SHAM ELECTROLYTIC KAINIC ACID
(n=13) SEPTAL LESION SEPTAL LESION
(N=7) (N=11)
General Activity 829.69 716.14 565.82
(sec) (19.75) (89.04) (58.97)
Number of Shocks 3.08 3.57 6.73
(0.33) (0.37) (1.39)
Shock Reactivity 1.58 1.47 1.43
(0.15) (0.12) (0.14)
Handling Reactivity 0.96 1.07 2.18
(0.14) (0.23) (0.30)
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GENERAL DISCUSSION

The results of these experiments support the hypothesis that the septum is
involved in the modulation of "anxiety"-related behaviors in the rat. In Experiment
1, complete septal lesions suppressed fear reactions in two different animal models
of anxiolytic drug action: the plus-maze test and the shock-probe burying paradigm.
In the plus-maze test, septal lesions suppressed rats’ tendency to avoid the open
arms, and in the shock-probe burying paradigm, septal lesions completely suppressed
rats’ burying behavior toward a continuously electrified probe. In Experiment 2, it
was demonstrated that these anti-fear effects could be localized to a fairly restricted
region of the septum, since anterior septal lesions did not produce any significant
changes in either the plus-maze or the shock-probe test, whereas posterior septal
lesions supriressd both open-arm avoidance and shock-probe burying. The results
of Experiment 3 suggested that these anti-fear effects of posterior septal lesions were
specific to that region, and not the result of disrupting fibers which pass through the
area, since the effects of kainic acid lesions were comparable to many of the effects
of electrolytic lesions. Both electrolytic and kainic acid lesions of the posterior
septum produced comparable suppression of rats’ tendency to avoid the open arms
in the elevated plus-maze. While the rats’ tendency to bury the shock-probe was
suppressed for both electrolytic and kainic acid-lesioned rats in Experiment 3, normal
baseline levels of burying were not obtained from the control rats in this experiment,

rendering any conclusion regarding the effects of these lesions on burying behavior
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merely speculative.

These anti-fear effects following septal lesions are at least as large as those
observed following the administration of anxiolytic agents in these two paradigms.
While there were some exceptions, lesion effects were behaviorally restricted to
open-arm avoidance and probe-burying. The results of these experiments provide
converging evidence that the septum is involved in the modulation of "anxiety'-
related behaviors in the rat.

While there is substantial evidence consistent with this view (Gray, 1982),
most of the behavioral paradigms used to study the role of the septum in anxiety are
not pharmacologically validated e.g, the effects of anxiolytic agents do not show
drug-class specificity, they have not been shown to be blocked by antagonists of the
GABA /benzodiazepine receptor complex, and these tests are not always sensitive to
anxvgenic agents. Furthermore, these behavioral paradigms cften employ the use of
food and fluid as rewards. Septal lesions, like anxiolytic agents, have repeatedly been
shown to have effects on consummatory motivation. While this strengthens the
apparent similarities between the effects of septal lesions and those of anxiolytic
agents, it may nonetheless be more prudent to employ tests that are not confounded
by such appetitive motivators, especially in the study of the role of the septum in
anxiety. Unlike traditional aversive learning paradigms, the elevated plus-maze test
and the shock-probe burving test have been shown to satisfy most pharmacological
criteria of anxiolytic drug action, and are not confounded by the use of food or fluid

as appetitive motivators.
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The combined use of the plus-maze and shock-probe paradigms in the analysis
of septal lesion effects is important for two reasons. First, the elevated plus-maze and
the shock-probe burying paradigm employ two different types of fearful stimuli (novel
elevated arms in the plus-maze and painful aversive stimuli in the shock-probe
burying paradigm). Second, fear’-reduction is primarily measured by a facilitation of
a specific activity in one paradigm (plus-maze) and an inhibition of a specific activity
in the other (shock-probe). Therefore, effects observed are not specific to one type
of ‘fearful’ stimulus (e.g., shock), or one behavioral index of ‘anxiety’ (e.g., response
suppression). Thus, reduced fear reactions in these two tests following septal lesions
provide strong converging evidence that the septum plays an important role in the
control of anxiety.

Nevertheless, septal lesions have been shown to produce a wide variety of
behavioral effects, some of which could have contributed to the present results.
Furthermore, many of the behavioral effects of septal lesions have also been found
following the destruction of anatomically related areas, leading to the notion that
these effects may not necessarily be specific to the septum, but a result of destroying
its connections or inputs to related structures (e.g., the amygdala, hippocampus, and
hypothalamus). The following section will critically evaluate a number of behavioral

and anatomical alternative explanations for the results of the present experiments.
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Alternative Interpretations: Behavioral

General Activity. Septal lesions have been reported to have various effects on
general activity. Rats with septal lesions have been reported to be hypoactive in
wheels (Douglas, & Raphelson, 1966), tilt boxes (Trafton, 1967), and home cages
(Thomas, et al., 1959), but hyperactive in situations which encourage exploratory
behavior such as novel mazes (Nielson, et al., 1965).

In the elevated plus-maze, lesions of the entire septum, and lesions of the
posterior septum but not the anterior septum, produced significant increases in open-
arm activity that appeared to be unrelated to any changes in general activity in this
test. That is not to say, however, that there were no changes in general activi.y
following septal lesions. General activity in the elevated plus-maze, as measured by
total number of arm crossings, was significantly lower for complete septal lesions as
compared to controls in Experiment 1, and slightly higher for posterior septal-
lesioned rats as compared to controls in Experiment 2. These differences in open
arm activity may be related to the inconsistent and complex effects that septal lesions
have on ambulation in the open field. It is important to note, however, that despite
the fact that general activity is significantly lowered in the first experiment, slightly
elevated in the second experiment, and unchanged as compared to controls in the
third experiment, a significant increase in open-arm activity was uniformly observed
in all three experiments. It therefore seems unlikely that changes in general activity

can account for the increase in open arin activity observed in the elevated plus-maze
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after septal lesions.

The complete suppression of burying behavior after electrolytic lesions of :he
septum observed in Experiments 1, 2, and 3 was not associated with any significant
ch:unges in general activity in this test. However, the complete suppression of burying
behavior seen in kainic acid-lesioned rats in Experiment 3 was associated with a
change in general activity. While general activity of these rats was not significantly
different from that of electrolytic-lesioned rats, it was significantly lower than that of
sham-lesioned controls. These rats tended to engage in significantly more immobile
activities such as resting or sleeping. In any case, no conclusions can be made
regarding the suppression of burying behavior observed in lesioned animals in
Experiment 3, since normal baseline levels of behavior were not observed in sham-

lesioned control rats.

Hyperreactivity. Hyperreactivity to handling is a well documented behavioral
effect of septal lesions (Fried, 1973). Resistance to capture was measured to assure
that behavioral changes in these paradigms were not correlated with increases in this
measure. While the resistance to capture score of electrolytic septal-lesioned rats was
higher than sham-lesioned controls post-operatively (data not presented), all rats
were handled for four days prior to testing, lowering the reactivity of these rats to the
same level as controls by testing day. It is therefore unlikely that hyperreactivity had
any effect on the behavior of electrolytic-lesioned rats in these paradigms.

Interestingly, resistance to capture scores of kainic acid septal-lesioned rats
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never decreased to the level displayed by electrolytic or control rats at the time of
testing, remaining significantly higher following several days of habituation. However,
there is no reason to speculate that the increased resistance to capture of these rats
could have produced any of the behavioral changes observed in these paradigms,
since reactivity to shocks was not different for these rats, and general activity was

either not different than, or lower than sham-lesioned controls.

Memory _Deficit. Septal lesions produce well documented memory

impairments in rats. For instance, septal lesions have been found to impair
performance in the radial arm maze task (Miyamoto, Kato, Narumi, & Nagaoka,
1987), Morris water maze task (Kelsey & Landry, 1988), item recognition task
(Kesner, Crutcher, & Beers, 1988), fixed-goal task, variable-goal task (Poucet &
Herrmann, 1990), and delayed matching task (Dunnett, 1985). Could memory deficits
have contributed to the present results?

It seems unlikely that a memory deficit could account for the increased open
arm activity on the elevated plus-maze, since the maze does not appear to involve
a clear memory requirement. If these rats were impaired ir remembering which arm
they had previously visited, we would expect to see a random aumber of entries into
any arm. The observed ‘preference’ for the open arms by septal-lesioned rats in
Experiment 3 argues against this hypothesis.

The shock-probe burying paradigm might involve a memory com:»onent in that

the rats had to remember that they had received a shock, as well as from where they
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had received it. If septal-lesioned rats’ memory was impaired, we might expect to see
an increase in the number of shocks taken by these rats. The findings that these rats
passively avoided the shock-probe argues against a memory deficit in the electrolytic
septal-lesioned animals, although the increased number of shocks that kainic acid-

lesioned took from the probe does not argue against a memory deficit.

Behavioral Disinhibition. Septal-lesioned rats are characterized by their
propensity to over-respond in situations which require response inhibition.
Impairment of passive avoidance is an example of septal-lesioned rats’ behavioral
disinhibition. Are the present resv!ts simply due to 2 general ‘disinhibition’?

The percentages of open-arm activity displayed by electrolytic-lesioned rats in
Experiment 1, 2, and 3, and by kainic acid-lesioned rats in Experiment 3, were
significantly higher than those of sham-lesioned controls. This increase in open arm
activity may be attributable to a general disruption of passive avoidance, or
‘disinhibition’. However, the suppression of the burying response in the shock-probe
burying paradigm by septal-lesioned rats does not appear to support a response
disinhibition hypothesis, which might predict more burying. Furthermore, with the
exception of kainic acid-lesioned rats, rats in Experiments 1, 2 and 3 were clearly
able to inhibit shock-probe contacts. If septal lesions simply disinhibited responding,
these rats would presumably take more shocks than sham-lesioned controls.

While general ‘disinhibition’ is not clearly apparent in electrolytic septal-

lesioned rats in the shock-probe burying paradigm, the behavioral effects of kainic
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acid are not as clear in this test. Kainic acid-lesioned rats behaved quite differently
in the shock-probe paradigm than the electrolytic-lesioned rats. While electrolytic-
lesioned rats did not tzke significantly more shocks than sham-lesioned controls,
kainic acid-l:cioned rass did. Anxiolytic agents are also reported to increase, in a
dose-dependent fashion, the number of shocks taken from the probe in this test
(Treit, 1990). This increased number of contact-induced shocks received by kainic
acid-lesioned rats is probably not attributable to any differences in r:.:ctivity toward
shocks, since electrolytic- and sham-lesioned rats were not different on this measure.
Moreover, the increased number of shocks taken cannot be attributable to a non-
specific increase in general activity, since the general activity of kainic acid-lesioned
rats was not significantly different than that of electrolytic-lesioned rats, and
significantly lower than that of sham-lesioned controls.

The higher number of shocks taken by kainic acid- as compared to
electrolytic-lesioned rats can be interpreted in other ways, however. It can be
speculated that a more specific septal lesion, such as that produced by kainic acid,
which presumably does not destroy fibers of passage, results in a more ‘fearless’ rat,
one that resembles more closely a rat under the influence of anxiolytic agents in this
paradigm. It could also be speculated that the kainic acid-lesioned rats’ failure to
passively avoid the probe may be attributable to damage of extra-septal areas such
as the hippocampus (Ben-Ari, Tremblay, Ottersen, & Naquet, 1979). While diazepam
was administered during the surgery for kainic acid lesions (in order to minimize

extra-septal damage), it may have been insufficient to prevent extra-septal damage
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completely. Since the septum has many efferent connections to the hippocampus, and
since lesions of the hippocampus have alsc been found to produce passive avoidance
deficits (Boast, Zornetzer, & Hamrick, 1975; Thompson, 1978), it is possible that
kainic acid-lesioned rats sustained damage to both the septum and the hippocampus,
resulting in an additive effect on passive avoidance behavior. In the absence of
histological evidence of hippocampal damage, however, this idea is merely

speculative.

Incentive Motivation. Studies have indicated that septal lesivns produce
increases in incentive motivation. For example, septal-lesioned animals run faster
than controls for food and especially sucrose reward (Clody & Carlton, 1969; Henke,
1975), respond at higher rates for rewards in operant situations (Henke, 1979;
Hothersall, Johnson, & Collen, 1970), and bar-press at higher rates for food reward
(Carlson, & Wielkiewicz, 1972), or for rewarding brain stimulation (Keesey &
Powley, 1968). While the elevated plus-maze and the shock-probe burying paradigm
are not confounded with food or fluid reward, they may nonetheless involve other
types of reward whose incentive value might be increased in septal-lesioned animals.
While there hardly appears to be anything rewarding about the shock-probe burying
paradigm, exploration of the vast array of visual stimuli present in the plus-maze
testing room may have ‘rewarding’ properties (cf. Widgiz & Beck, in press). If
exploratory oehavior is rewarding, and perhaps enhanced in septal-lesioned rats, it

might explain the observed ‘preference’ that these rats appear to have for the open



64
arms in Experiment 3. While it might be possible that open-arm exploration in the
plus-maze may be enhanced by an increase in incentivc motivation, it would,
however, be difficult to explain septal-lesioned rats’ reduced burying belavior in

terms of an increase in ‘incentive motivation’.

Behavioral Sequencing Impairment. There have been reports in the literature
that limbic system structures, including the septum, are involved in the sequential
contr... n* behavior (Pribram, 1960). Lesions of the septum disturb the sequencing
of maternal behaviors (Fleischer & Slotnick, 1978), as well as courtship behaviors in
rats (Michal, 1973). However, these studies also revealed that while the pattern of
these complex behaviors was disrupted, the individual components of behavior were
still present (e.g., decreased successful mounting for male rats despite an increase in
pursuit activities toward females). These data suggest that septal-lesioned animals
should have no difficulty performing individual behaviors of a complex sequence of
behaviors, while their performance of the sequence should be impaired.

While it seems unlikely that an increase in open arm activity on the plus-maze
could be a result of a disruption in behavioral sequencing, suppression of a complex,
sequenced behavior such as the burying response could certainly lend itself to this
type of interpretation. However, septal-lesioned rats did not appear to engage in any
of the individual behavioral components of burying (e.g., pushing bedding material
with their forepaws or snout), that should have been exhibited if septal-lesioned rats

were not less fearfui, but simply disrupted in their ability to perform sequenced
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behavior.
In summary, while alternative behavioral interpretations of the results of the

present experiments are possible, they may not be as parsimonious as an anti-fear

interpretation.

Alternative Interpretations: Anatomical

The results of these experiments are at least consistent with the hypothesis
that the septum, and more specifically the posterior septum, is involved in the
modulation of "anxiety"-related behaviors. However, these behavioral results must be
interpreted in light of the limitations of the anatomical procedures employed to
investigate this hypothesis. While lesion data have provided much useful information
about the invelvement of different brain structures in certain functions, lesion data
are subject to some limitations. It is difficult to produce a lesion so discrete that it
does not interfere in any way with other structures in the vicinity of the lesion, or
more distant structures.

Even if it were possible to produce a discrete, restricted lesion, it would not
yield conclusive information about the function of a particular brain structure since
these structures usually have afferent and efferent connections to other brain areas,
in combination with which they may produce their effects. The septum, in this
respect, with all of its afferent and efferent connections with other areas of the limbic

system, can almost be regarded as a relay station for limbic system information.
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The use of neurotoxic-lesion techniques such as kainic acid can improve the
specificity of lesions. Since kainic acid and other excitatory amino acids primarily
destroy cell bodies leaving fibers of passage intact, behavioral effects of neurotoxic
lesions that are comparable to those of electrolytic lesions provide stronger evidence
that the structure in question is modulating these behavioral effects. However, this
type of lesion technique still cannot provide us with information about the exact role
of a structure.

Most behaviors are not controlled by a single brain structure, but by the
combination of many brain areas that function together in concert, to produce
behavior. Lesioning different areas that work together to produce a behavior might
therefore be expected to produce similar results. Emotion-related behaviors such as
fear and aggression are assumed to be controlled by the limbic system (Papez, 1937),
which is composed of many interconnected structures, including the hippocampus,
hypothalamus, habenula, thalamus, cingulate, orbitofronti, parahippocampal cortex,
and the septum. The septum contains many nuclei, each of which have numerous
connections with these and other brain regions. The notion that the septum might
work in concert with these other limbic system structures to produce their effects is
supported by the observation that some of the behavioral effects of septal lesions can
also be observed following lesions of other limbic system structures. For instance,
hyperreactivity following septal lesions, which is often interpreted as aggressiveness,
has also been observed following stimulation of the lateral hypothalamus (Wasman

& Flynn, 1962), which has connections to the ventral septum. In addition, the effects
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of septal lesior:: »n consummatory behaviors may be attributed to destruction of its
connections with the hypothalamus, since the hypothalamus has been implicated in
the control of appetite and satiation (Leibowitz, 1980). Anti-fear effects have been
observed in the social interaction test, following lesions of the dorsal raphe, which
has serotonergic projections to the lateral septal nucleus (File, Hyde, & MacLeod,
1979), as well as on the elevated plus-maze, following neurotoxic lesions of central
serotonergic neurons (Briley, Chopin, & Moret, 1990). A reduction in defensive
burying has also been observed following decortication in rats (Kolb & Wishaw,
1981), as well as caudate-putamen lesions in mice (Cigrang, Vogel, & Misslin, 1986).
Conditioned fear responses in the potentiated startle paradigm were found to be
blocked following lesions of the amygdala in rats (Hitchcock & Davis, 1986).
Furthermore, many of the behavioral effects of septal lesions in traditional aversive
learning paradigms, have also been observed following lesions of the hippocampus
(Gray & McNaughton, 1983). In summary, these results underline the importance of
viewing the septum as a part of a neural ‘system’ which controls a variety of
behaviors, rather than as a unitary structure with a single, specific function.

Even within the septum, behavioral effects may be anatomically dissociated.
The major subdivisions of the septum are the medial and lateral septal nuclei rostral
to the fornix, and the triangular septal nucleus, caucal to the fornix. Lesion studies
that have attempted to differentiate the behavioral functions of different areas of the
septum have generally compared either medial with lateral septal lesions, or anterior

with posterior septal lesions. Studies that have compared the effects of medial and
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lateral septal lesions on "anxiety"-related behaviors have generali found that lesions
of the lateral septal nuclei reduce ‘fear’, whereas lesions of the ial septal nuclei
do not (Hamilton, Kelsey, & Grossman, 1970). The results of the present experiments
suggest that the posterior, but not the anterior septum modulates "anxiety"-related
behavicrs, since lesions of the posterior, but not anterior septum reduced ‘fear’
reactions. However, the anterior septum is primarily composed of the medial septal
nuclei, and the diagonal band of Broca, as well as comprising the anterior portion of
the lateral septal nuclei. At the posterior portion of the septum, the medial septal
nuclei becomes very small and disappears fairly quickly, behind which the lateral
septal nuclei join the midline. Therefore, the posterior portion of the septum is
primarily composed of lateral septal nuclei, and the anterior portion of the septum
consists primarily of medial septal nuclei. Perhaps the behavioral differences
following posterior and anterior septal lesions, found in the present experiments,
were actually a reflection of the differential role of lateral and medial septal nuclei

in the control of anxiety.

The results of the present experiment are partially consistent with Gray’s
(1982) Behavioral inhibition hypothesis (i.e., septal lesions dicinhibit behavior). In the
elevated plus-maze, open-arm avoidance was ‘disinhibited’ in the septal-lesioned rats.
However, this disinhibition of septal-lesioned rats was not observed with respect to
the burying response. Burying behavior in septal-lesioned rats was completely

suppressed. Furthermore, electrolytic septal-lesioned rats did not show a
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‘disinhibition’ toward the shock-probe, taking no more shocks than sham-lesioned
controls. While septal lesions produce a variety of behavioral effects, an anti-fear

effect appears to be the most parsimonious interpretation of the results of the

present experiments.
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APPENDTX

Hypotheses of Septal Function

Author Hypothesis

Caplan (1973) The septum is part of the neural substrate for
mediation and expression of behaviors’ emotional or
motivational component

Dickinson (1974) The septum functions in a response suppression
system sensitive primarily to aversive stimuli

Donovick, Burright The septal region plays an important role in

& Bengelloun (1979) modulating hypothalamic function, by integrating
the organism’s need state signals with
environmental influences and past experience

Gray (1982) Inputs such as signals of punishment, signals of
non-reward, or novelty trigger the
behavioral inhibition system to produce either
behavioral inhibition, an increment in arousal,
and/or increased attention. This system is
dependent at least in part on the septo-hippocampal
system

Miyamoto, Kato The septohippocampal cholinergic mechanism
Narumi, & Nagaoka plays an important role in spatial memory
(1987)

Myhrer (1989) The hippocampal function integrates septal
and entorhinal inputs permitting it to
respond differentially to sensory stimuli.
This "matching" system functlons to
discriminate the degree of novelty or
familiarity of any sensory system

0’'Kelly (1963) The septum serves as a
comparative/integrative mechanism which
weighs shifting evidence reflecting its
internal and external enviromnment in light of
its own capabilities and past experience

Papez (1937) The septum serves as a relay station in the
circuitry of "emotion" or "affect"

Siegel & Skog The septum plays a role in the regulation of
(1970) aggressive behavior by inhibiting the lateral
hypothalamic nucleus
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Hypotheses of Septal Function {continued)

Sutherland, Kolb
Whishaw (1982)

Thomas (1988)

Vinogradova (1975)

The frontal cortex and the septo-
hippocampal system form a functionally
integrated system for learning and using
spatial representation of aspects of the
environment

The septal region is a central link in a
major forebrain inhibition system. The septal
inhibition suppresses aversive emotional
states. Lateral septal region mediates relief
from fear or anxiety, and is an important
structure in providing goal direction for
aversively motivated behavior reinforced by
relief from fear or anxiety

The septo-hippocampal-entorhinal system
mediates habituation to environmental
stimuli, that is "matching" input signals to
determine their novelty or their presence in
memory stores.



