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Abstract 
 

 The lateral septum is heavily implicated in anxiety regulation, with lesions or 

pharmacological inhibition of this region suppressing rats' defensive responses in various rat 

models of anxiety.  My first objective was to explore the functional relationship between the 

lateral septum and its major afferent structure, the ventral hippocampus. Although these 

structures are extensively connected, it was not clear if they work in concert to regulate anxiety-

like behaviours. This idea was tested using a pharmacological disconnection technique, whereby 

communication between these two structures was disabled by infusing the GABAA agonist 

muscimol into one side of the lateral septum and the contralateral side of the ventral 

hippocampus. Increases in open-arm exploration were evident when muscimol was co-infused 

into one side of the lateral septum and the contralateral ventral hippocampus. By contrast, open-

arm exploration was not altered when muscimol was co-infused into one side of the lateral 

septum and the ipsilateral ventral hippocampus. These results support the contention that the 

ventral hippocampus and the lateral septum regulate rats' open arm exploration in a serial 

fashion, and that this involves ipsilateral projections from the former to the latter site. 

 My second objective was to further characterize the neuropharmacological aspects of 

lateral septal regulation of behavioural defence.  The lateral septum contains high levels of NPY 

Y1 and Y2 receptor binding sites in the brain, yet little is known about their contribution in 

anxiety regulation at this site. Therefore, the second aim of my thesis was to characterize the 

contribution of NPY and its Y1 and Y2 receptor subtypes in the lateral septal regulation of 

anxiety in the elevated plus maze, novelty-induced suppression of feeding, and shock-probe 

burying tests. I determined that distinct NPY receptors differentially contribute to NPY-mediated 

anxiolysis in a test specific manner, with the Y1 receptor mediating NPY-induced anxiolysis in 
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the novelty-induced suppression of feeding test, and the Y2 receptor mediating NPY13-36-induced 

anxiolysis in the plus-maze test. Taken together, the results from these studies reinforce the view 

that the regulation of anxiety involves a variety of different, yet overlapping neural processes.  
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Chapter 1. General Introduction 

 

 Fear is an adaptive emotion that promotes the survival of a species by eliciting a variety 

of behaviours which can protect it from harm. However, these same behaviours can become 

maladaptive when they persist beyond the presentation of a threat, and clinical states of anxiety 

may reflect an inappropriate activation of normally adaptive responses (Blanchard and 

Blanchard, 1989; Beck, 1976). Thus, the more we understand the specific neuropharmacological 

and neuroanatomical mechanism of fear and anxiety regulation under normal, adaptive 

conditions, the better we can direct effective treatment when fear and anxiety becomes 

maladaptive and detrimental in humans.  

  

1.1 Animal models of anxiety 

 Pre-clinical studies are necessary for the development of novel pharmacological 

treatments for anxiety disorders, and many animal models have been developed over the years 

for this purpose. One of the primary motivations for the implementation of many of these 

paradigms was to validate the effectiveness of benzodiazepines pre-clinically, but these models 

have also been used to investigate the neurobiology of anxiety (for review: Bourin et al., 2007). 

Ethologically-based animal models of anxiety tap into a large repertoire of behavioural 

phenotypes (i.e. increased risk assessment, fearful anticipation, freezing behaviour, aggression), 

and the specific defensive behaviour that is expressed in any given test depends, in large part, on 

the environmental characteristics of the test paradigm. For example, high levels of freezing are 

observed in small foot-shock test chambers that provide no opportunity of escape, (Blanchard et 

al., 1970) whereas high levels of passive, spatial avoidance and risk assessment are apparent 

when rodents are provided with a small hide-box within a larger testing arena that contains a 
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threat stimulus, such as cat fur (Blanchard and Blanchard, 1989). Research increasingly suggests 

that different defensive behaviour can differ in terms of their neural mechanisms (Pesold and 

Treit, 1994,1996; McHugh et al., 2004; Bertoglio et al., 2006).  Thus, when investigating the 

neurobiology of anxiety, it is important to incorporate multiple animal models which account for 

a variety of anxiety-related behaviours.  

 

1.1.1 Ethological relevance 

 Ethologically-based models of anxiety measure animals’ natural, innate defensive 

behavioural responses to perceived threats (Blanchard et al., 1993; Rogers and Dalvi, 1997). 

These tests minimize the potential confounds of hunger and thirst and/or learning and memory 

present in conditioned animal models of anxiety (Rodgers, 1997). Since the neuronal control of 

anxiety may differ depending on whether the provoked behaviours are learned or innate, and 

whether deprivation techniques are involved, the use of unconditioned ethologically-based 

paradigms allow for the separation of anxiety from these potential influences. There are many 

ethologically-based animal models of anxiety currently in use, and incorporating multiple tests 

allows for the inclusion of multiple expressions of anxiety-like defensive behaviours, thus 

allowing for a more thorough investigation (Rogers and Dalvi, 1996; De Boer and Koolhaas, 

2003). In the current thesis, I investigated rats’ anxiety-related behaviour using the elevated plus-

maze, novelty-induced suppression of feeding, and shock-probe burying tests, with each test 

eliciting different anxiety-related defensive behaviours. 
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1.1.2 The elevated plus-maze test 

 The most widely used ethologically-based animal model of anxiety is the elevated plus-

maze, due to its affordability, simplicity, and minimal time investment (Pellow et al., 1985; 

Rodgers, 1997; File et al., 2004; Ramos, 2008). The plus-maze presents a natural conflict 

between the drive to explore a new environment and the tendency to avoid a potentially 

threatening one (approach/avoidance conflict) (Rodgers and Dalvi, 1996). This model takes 

advantage of rats’ natural tendency to remain close to vertical surfaces (i.e. thigmotaxis) to avoid 

potential threats, such as predation. The apparatus consists of two open arms and two enclosed 

arms that form a plus shape, all with open roofs and elevated (50 cm) from the floor. In the plus-

maze, rats are placed individually in the center of the maze facing one of the closed arms and 

allowed 5 minutes to explore. Rats display physiological and behavioural signs of stress when 

forced to stay in the open arms, including increased plasma corticosterone, freezing behaviour, 

and defecation (Pellow et al., 1985). Anxiety-like effects in the plus-maze test is indexed as an 

increase in the proportion of entries or time spent on the open arms of the maze. Open-arm 

activity in the plus-maze is increased by standard anxiolytic (anxiety-reducing) drugs (e.g. 

diazepam) and decreased by anxiogenic (anxiety-generating) drugs (e.g. yohimbine) (Rodgers 

and Dalvi, 1996; Pellow and File, 1986).  

 Although open arm exploration is the primary index for anxiety in this test, other 

ethologically relevant behaviours, such as risk assessment, are also measured and used as 

additional measures of anxiety-like behaviour. Risk assessment is behaviour aimed at gathering 

information about a threatening stimulus (Rodgers and Johnson, 1995; Blanchard et al., 2011). In 

the plus-maze test, stretch attend postures (SAPs; stretching forward and retracting to original 

position) are used as a measure of risk assessment (Rodgers and Johnson, 1995). SAPs are 
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further divided into protected or unprotected SAPs, depending on whether they are performed 

from a closed arm or an open arm, respectively (Rodgers and Johnston, 1995). Decreases in 

SAPs often accompany increases in open arm activity (Barbalho et al., 2009; Pentkowski et al., 

2009; Robert et al., 2011), as they both reflect a decrease in fearful responding to potential threat. 

 Changes in open arm activity can also be influenced by changes in locomotor behaviour 

(i.e. an increase in locomotion may facilitate an increase in open arm exploration). Hence, it is 

important to account for potential treatment-induced changes in general activity levels, since 

anatomical or pharmacological manipulations that alter measures of anxiety-like behaviours may 

be the result of treatment-induced changes in general activity levels. To solve this potential 

confound, the number of closed arm entries, total number of arm entries (closed + open), and 

rearings are used as indices of general activity levels (Pellow et al., 1985; Rodgers and Johnson, 

1995). Thus, when alterations in open-arm exploration are observed in the absence of changes in 

activity levels, it can be stated with greater certainty that the experimental manipulation 

selectively altered anxiety. The combination of efficiency, simplicity, ethological relevance, 

pharmacological validation, and the ability to account for potential changes in activity levels 

contribute to the popularity of the elevated plus maze as a useful animal model of anxiety. 

 

1.1.3 The novelty-induced suppression of feeding test 

 A recently developed ethologically-based animal model of anxiety is the novelty-induced 

suppression of feeding test (Merali et al, 2002; 2003). This paradigm takes advantage of rats’ 

natural tendency to reduce feeding in an unfamiliar environment (i.e. hyponeophagia). This test 

does not involve food or water deprivation procedures, but rather the presentation of a highly 

palatable food (graham cracker pieces). Rats’ latency to begin consumption of the snack in their 
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familiar home cage (the home cage test) is compared with their latency to begin consumption of 

the snack in an unfamiliar cage in a novel room (the novel cage test). Anxiety reduction is 

indexed as a selective decrease in the latency to begin consumption of the snack in the novel 

cage without altering the latency to begin consumption in the home cage.  

 The novelty-induced suppression of feeding test is useful in separating the effects of 

changes in appetite on measures of anxiety. This is very beneficial since changes in appetitive 

motivation can influence rodents’ behavioural responding in exploration-based models of 

anxiety, such as the plus-maze (Genn et al., 2003b; Lopes et al., 2012). If rats’ show decreased 

latency to consume the snack in the home cage, there likely are appetitive effects present. 

However, if the latency to consume the snack is only altered in the novel cage test, the effects 

can be solely attributed to changes in anxiety. In support of this, anxiolytic drugs such as 

diazepam, chlordiazepoxide, and propranolol exclusively attenuate the normal increase in latency 

to feed in the novel environment without affecting home-cage responding, whereas non-

anxiolytic drugs such as haloperidol or amphetamine do not (Merali et al., 2003). Thus, the 

novelty-induced suppression of feeding is a useful, simple, and well-validated ethologically-

based model of anxiety that has the added advantage of measuring potential treatment-induced 

changes in appetitive motivation. 

 

1.1.4 The shock-probe burying test 

 The shock-probe burying test was developed in 1978 (Pinel and Treit, 1978). This test 

takes advantage of rats’ natural tendency to rapidly push bedding material with their forepaws 

and head toward noxious stimuli (termed ‘burying behaviour’ or ‘defensive burying’; Pinel and 

Treit, 1978). Defensive burying is a species-typical behaviour important for the survival of 
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rodents through enhancing their ability to defend against dangers in their environment (Pinel and 

Treit, 1978; Treit et al., 1981; De Boer and Koolhaas, 2003). Burying behaviour can be elicited 

by a variety of acute, noxious stimuli including bitter food (Poling et al., 1981), dead 

conspecifics (Pinel and Treit, 1983), tubes delivering air puffs (Pinel and Treit, 1983), and 

electrified probes (Pinel and Treit, 1978).  

 The apparatus consists of a transparent chamber containing bedding material, with an 

electrified, wire-wrapped probe inserted through a small hole centered 4 cm above the bedding. 

Rats normally respond to the shock of the probe by pushing the bedding toward and over the 

probe. Rats that have been shocked by the electrified probe show increases in blood pressure, 

heart rate, plasma corticosterone, and adrenaline (De Boer et al., 1990).  The shock-probe 

burying test is a valid and useful model for screening both anxiolytic and anxiogenic drugs and 

has been used for this purpose for over 25 years (for review: DeBoer and Koolhaas, 2003). 

Anxiolytic drugs belonging to the benzodiazepine and serotonergic classes suppress defensive 

burying (De Boer and Koolhaas, 2003; Treit et al., 1981, 1993) and anxiogenic compounds such 

as yohimbine and amphetamine increase burying behaviour (Treit et al, 1981; Treit and 

Fundytus, 1998). Thus, the primary index for anxiety reduction in this test is a decrease in the 

duration of burying behaviour (Pinel and Treit, 1978). An additional measure of anxiety 

reduction is a decrease in the latency to initiate defensive burying (DeBoer and Koolhaas, 2003). 

 Other ethologically relevant behaviours are also measured in the shock-probe test, 

including: duration of immobility, number of rears, and the number of shocks received. The rats’ 

physical reactivity to the shock is also measured using a four-point scale of increasing intensity 

(Treit et al., 1981). As a result of these additional indices, the shock-probe test has the advantage 

of being able to measure potential treatment-induced changes in associative learning (number of 
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shocks/probe avoidance), general activity level (immobility, rearing), and pain sensitivity (shock 

reactivity), all of which could alter burying behaviour (Treit et al., 1981; Rodgers 1997). Taken 

together, the shock-probe test is a particularly useful model, as it measures a wide range of 

ethologically relevant behaviour, and can account for changes in activity and pain sensitivity.  

 

1.1.5. Advantages of multiple models 

 Employing multiple paradigms allows for investigating a multitude of behavioural 

phenotypes of anxiety. In the elevated plus-maze test rats passively avoid potential threat in an 

open environment, in the novelty-induced suppression of feeding test rats respond to a highly 

palatable snack in a novel environment, and in the shock-probe test rats actively respond to an 

acute, painful stimulus. Thus, using these three models allows for the incorporation of different 

stressors which elicit unique defensive behaviours, such as passive avoidance in the elevated 

plus-maze test, hyponeophagia in the novelty-induced suppression of feeding test, and defensive 

burying in the shock-probe burying test. 

 Furthermore, the limitations of one model can be compensated by the strengths of another 

model. An advantage of using the plus-maze and shock-probe tests together is that anxiety 

reduction in the plus-maze test is indexed by an increase in open arm activity, whereas anxiety 

reduction in the burying test is indexed by a decrease in burying activity. Because anxiolytic 

agents have opposite effects on activity in the plus-maze and burying tests, anxiety reductions 

seen in both tests cannot be explained by drug-induced changes in general activity levels. 

Further, as mentioned above, using the novelty-induced suppression of feeding test can account 

for potential treatment-induced changes in appetite which can alter measures of anxiety in tests 

such as the plus-maze.  
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1.2 The neural substrates of anxiety regulation  

 The variety of anxiety-like behaviours are represented by a diverse profile of neural 

correlates, including locus coeruleus (LC) (Kask et al., 1998b), bed nucleus of the stria terminalis 

(BNST) (Radley et al., 2006), periaqueductal gray (PAG) (Kask et al., 1998a),  prefrontal cortex 

(Radley et al., 2009), amygdala (LeDoux, 2003), hypothalamus (Hakvoort- Schwerdtfeger and 

Menard, 2008), hippocampus (Treit and Menard, 1997), and lateral septum (Treit and Pesold, 

1990, Menard and Treit, 1996). Rodents exposed to various stressors (i.e., cat odor, plus-maze, 

social stress, open field, foot shock) consistently show increased c-fos-immunoreactivity (IR) in 

these structures (Pezzone et al., 1992; Silveira et al., 1993; Matsuda et al., 1996; Dielenberg et 

al., 2001). The involvement of each structure depends on the type of fear and/or anxiety. For 

example, the PAG is more involved in reflexive, autonomic fight/flight responses, the 

hypothalamus in integrating the hormonal response to stress, the amygdala in conditioned 

anxiety, and the septum and hippocampus in unconditioned anxiety (for review: Millan et al., 

2003). Despite these distinctions, it is important to keep in mind that the regulation of anxiety is 

a complex process incorporating numerous interconnected networks and neurotransmitter 

systems, all contributing to the multitude of processes involved in its behavioural expression.  

 A particularly important circuit for the regulation of unconditioned anxiety behaviour is 

between the hippocampus and the septum. Gray’s neuropsychological theory of anxiety (1982), 

states that these two regions may work together in the modulation of anxiety-like responses. This 

theory was based on the remarkable similarity of lesions to both structures to anxiety-related 

behaviours (for review, see Gray and McNaughton, 1983).  
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1.2.1 The septum 

 The septum is a subcortical forebrain region located rostrodorsal to the hypothalamus, 

situated between the lateral ventricles. Various behavioural processes are regulated by the 

septum, including learning and memory (Parent and Gold, 1997), reward (Olds and Milner, 

1954), appetite (Donovick et al., 1969), and anxiety (Treit and Pesold, 1990; Menard and Treit, 

1997). The septum regulates the expression of anxiety-like behaviours as part of a circuit which 

includes the amygdala, hippocampus, and hypothalamus, among others (Risold and Swanson, 

1997).  

 The septum seems to play an excitatory role in anxiety regulation, with both electrolytic 

and excitotoxic lesions increasing rats’ open arm exploration in the plus-maze and decreasing 

rats’ defensive burying in the shock-probe test (Gray et al., 1981; Treit and Pesold 1990; Pesold 

and Treit, 1992; Treit and Menard, 1997). Similarly, pharmacological inhibition of the septum 

with infusions of the GABAA agonist midazolam or muscimol also produces anxiolytic-like 

effects in these same tests (Pesold and Treit, 1994; Degroot et al., 2001). Evidence suggests that 

pharmacological dissociations exist within the septum for different animal models. For example, 

intra-septal infusions of the non-NMDA (N-methyl-D-aspartic acid) receptor antagonist CNQX 

(6-cyano-7-nitroquinoxaline-2,3-dione) increased open arm exploration in the plus-maze and 

decreased defensive burying in the shock-probe test. In contrast, intra-septal infusions of the 

NMDA receptor antagonist AP-5 decreased burying behaviour, without affecting rats’ open arm 

exploration (Menard and Treit, 2000).  
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1.2.1.1 The lateral septum 

 The septum is functionally and anatomically divided into the medial and lateral septum, 

with the lateral septum more consistently involved in anxiety regulation than the medial septum. 

For example, while electrolytic lesions to either structure increased open-arm exploration in the 

plus-maze and decreased defensive burying in the shock-probe tests (Menard and Treit, 1996), 

infusions of the GABAA agonist midazolam into the lateral, but not medial septum, decreased 

anxiety-like behaviours in these same tests (Pesold and Treit, 1996). These findings suggest that 

the anxiolytic-like effects of medial septal lesions were likely due to lesion-induced destruction 

of fibers of passage (Treit and Menard, 2000). Furthermore, the null effects of infusions of 

midazolam into the medial septum suggested that the reduction in anxiety-like behaviours 

resulting from infusions of midazolam into the entire septum (Pesold and Treit, 1994) were due 

to its action in the lateral septum (Pesold and Treit, 1996). However, later studies showed that 

infusions of the GABAA agonist muscimol increased rats’ open arm exploration and decreased 

defensive burying when infused into either the lateral or medial septum (Degroot et al., 2001). 

Together, the evidence suggests that the lateral and medial septum both play excitatory roles in 

the expression of anxiety-like behaviours. However, because the lateral septum plays a more 

consistent role than the medial septum in the regulation of rats’ innate responses to threat, it is 

the main region of interest in the current thesis. 

 

1.2.2 The hippocampus  

 The hippocampus is located in the medial temporal lobe and has traditionally received a 

lot of attention for its role in learning and memory (for review: Fanselow and Dong, 2009). 

However, the hippocampus also plays a central role in anxiety regulation, although this has been 
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heavily debated (for review: Fanselow and Dong, 2009).  It may be that different subdivisions 

within the hippocampus contribute to anxiety regulation under different contexts. Indeed, the 

hippocampus can be divided both anatomically and functionally into two distinct regions: the 

dorsal hippocampus and the ventral hippocampus (for review: Fanselow and Dong, 2009).     

 

1.2.2.1. The dorsal and ventral hippocampus 

 The effect of lesions to the dorsal and ventral hippocampus show functional dissociations 

in tests of anxiety. For example, lesions to the ventral hippocampus show stronger anxiolytic-like 

effects in unconditioned anxiety-related responses than lesions to the dorsal hippocampus 

(Bannerman et al., 2002; Kjelstrup et al., 2002; Degroot and Treit, 2004; McHugh et al., 2004; 

Bertoglio et al., 2006; Pentkowski et al., 2006). On the other hand, lesions to the dorsal 

hippocampus result in stronger deficits in tasks that involve associative learning and memory 

than do lesions to the ventral hippocampus (Bannerman et al., 2002; McHugh et al., 2004; 

McNaughton and Corr, 2004; Pentkowski et al., 2006).   

 Additionally, pharmacological manipulations to the dorsal and ventral hippocampus also 

show dissociative effects in animal models of anxiety. For example, temporary lesions using 

local application of tetrodotoxin (TTX) of the ventral, but not dorsal, hippocampus suppressed 

rats’ open arm activity in the plus-maze and defensive burying in the shock-probe test (Degroot 

and Treit, 2004). However, dorsal hippocampal inhibition with TTX increased the number of 

contacts with the shock-probe, without affecting defensive burying, suggesting an impairment in 

associative learning rather than anxiety (Degroot and Treit, 2004).  

 More recent reports using a conditioned shock-probe paradigm show dissociations 

between the dorsal and ventral hippocampus with respect to fear and memory. Temporary 



12 

 

inhibition of the ventral hippocampus with the sodium channel blocker lidocaine, impaired 

defensive burying of the shock-probe during the first exposure to the test (acquisition trial), 

whereas inhibiting the dorsal hippocampus with lidocaine did not. During the retention trail, the 

same rats were tested again 24 hours later without receiving lidocaine treatment. Rats that were 

infused with lidocaine in the dorsal hippocampus during the acquisition trial showed impairment 

in shock-probe avoidance in the retention trial, whereas rats that were infused with lidocaine into 

ventral hippocampus did not (McEown and Treit, 2009). These results suggest that inhibition 

with lidocaine into the dorsal, but not ventral hippocampus impaired rats’ ability to learn the 

association between the probe and the shock. By contrast, inhibition of the ventral, but not dorsal 

hippocampus impaired the unconditioned anxiety-related defensive burying of the probe. 

 Based on the above reports, the ventral hippocampus appears to play a more consistent 

role than the dorsal hippocampus in anxiety regulation, whereas the dorsal hippocampus seems 

to be more related to learning and memory-related processes of the aversive stimuli. Thus, given 

the ventral hippocampus’ more consistent role in ethologically based anxiety regulation, my 

thesis focuses on this subdivision of the hippocampus.  

 

1.2.3 The septohippocampal system  

 The septum and hippocampus are heavily interconnected, and together they are referred 

to as the septohippocampal system (Risold and Swanson, 1997; Sheehan et al., 2004).  As 

mentioned previously, according to Gray (1982), these two structures may act in concert to 

regulate anxiety, as evidenced by the correspondence between the effects of septal and 

hippocampal lesions and anxiolytic drugs in early aversive learning paradigms (for review: Gray 

and McNaughton, 1983).  Subsequent research confirmed the independent involvement of both 
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the septum and hippocampus in the regulation of rats’ innate responses in ethologically-based 

tests of anxiety (Pesold and Treit, 1992; 1994; 1996; Treit and Menard, 1997).   

 There are two main neural pathways between the hippocampus and septum. In the first 

pathway, pyramidal hippocampal neurons of the CA3 region send glutamatergic projections to 

GABAergic neurons of the lateral septum (Walass and Fonnum, 1980). In the second pathway, 

non-pyramidal cells of the CA1 and CA3 region of the hippocampus send GABAergic 

projections to cholinergic neurons in the medial septum (Amaral and Witter, 1995). Sub-

effective doses of the acetylcholine esterase inhibitor physostigmine in the dorsal hippocampus 

combined with sub-effective doses of muscimol in the medial septum summate to decrease 

anxiety in the shock-probe test, providing support for this pathway in anxiety regulation 

(Degroot et al., 2003). Further, the anxiolytic-like increases in open-arm exploration produced by 

infusions of midazolam into the dorsal hippocampus were reversed by intra-septal infusions of 

glutamate, which were ineffective when given alone (Menard and Treit, 2001).  These findings 

provide support for the involvement of the glutamatergic pathway in anxiety regulation. 

 Progressively more ventral areas of the hippocampus innervate progressively larger areas 

of the lateral septum (Risold and Swanson, 1997).  As mentioned previously, many studies 

highlight the contribution of both the ventral hippocampus and lateral septum toward the 

regulation of rats’ natural responses to acute threat(s). Lesions or pharmacological perturbations 

of either the ventral hippocampus (Trivedi and Coover, 2004; Pentkowski et al., 2006; McEown 

and Treit, 2009) or the lateral septum (Drugan et al., 1986; Menard and Treit, 1996; Pesold and 

Treit, 1996) consistently suppress rats’ defensive behaviours in many animal models of anxiety.  

Although these findings emphasize the individual contributions of the ventral hippocampus and 

lateral septum to anxiety, prior to my thesis it remained unclear whether these two structures act 
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independently or in tandem to regulate rats’ anxiety-related responses. It is possible to test the 

integrated contribution of the ventral hippocampus and the lateral septum using disconnection 

techniques. Although projections from the ventral hippocampus to the lateral septum are 

primarily ipsilateral, there are some contralateral projections as well (Risold and Swanson, 

1997). If the ipsilateral input from the ventral hippocampus to the lateral septum is necessary for 

anxiety regulation, then pharmacologically inhibiting activity in the lateral septum on one side of 

the brain, while simultaneously inhibiting activity in the ventral hippocampus on the 

contralateral side of the brain should reduce anxiety-related defensive behaviours. By contrast, if 

the contralateral input is necessary for anxiety regulation, then concurrent pharmacological 

inactivation of one side of the lateral septum and the ipsilateral ventral hippocampus should yield 

anxiolytic-like effects.  

 Thus, the first purpose of my thesis was to use a disconnection technique to evaluate the 

joint contribution of the lateral septum and ventral hippocampus in the regulation of rats’ 

anxiety-related responses in the elevated plus-maze test. Although this approach speaks to the 

neural circuitry of anxiety, it leaves unanswered questions about the chemical messengers that 

influence information flow in the septohippocampal system. Thus, the second purpose of my 

thesis was to further characterize lateral septal regulation of anxiety by also exploring the 

potential involvement of neuropeptide Y (NPY) in this system. 

 

1.3 europeptide Y and anxiety 

 NPY is a well-conserved 36-chain amino acid peptide, which is one of the most abundant 

and widely distributed peptides in mammalian brain (Adrian et al., 1983; Allen et al., 1983; 

Dumont et al., 1998). The function of NPY is diverse and includes the regulation of blood 
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pressure (Zukowska-Grojec and Wahlestedt, 1993), feeding and sexual behaviour (Kalra et al., 

1988), cognition (Redrobe et al., 2006), learning and memory (Redrobe et al., 2004; Thorsell et 

al., 2000), circadian rhythm (Maywood et al., 2002), and the regulation of stress and anxiety 

(Nakajima et al., 1998; King et al., 1999, 2000; Kask et al., 2001a; Sajdyk et al., 2004; Bacchi et 

al., 2006; Karlsson et al., 2008). NPY plays a predominately inhibitory role, whereby it inhibits 

calcium and barium currents (Toth et al., 1993; Chen and van den Pol, 1996). NPY increases 

GABA release and decreases glutamate release in both hippocampal and hypothalamic slices 

(Bleakman et al., 1992; Greber et al., 1994; Silva et al., 2001; 2003; Bacci et al., 2002). 

 NPY has been shown to counteract both the neurochemical and behavioural responses to 

threat in animals (for reviews: Eaton et al., 2007; Heilig, 2004). Chronic mild stress increases the 

expression of the anxiogenic compound cholecystokinin (CCK) and decreases the expression of 

NPY in the hypothalamus (Kim et al., 2003). Further, NPY-transgenic animals with an over-

expression of NPY are resistant to the effects of acute restraint stress in the elevated plus-maze 

and punished drinking test (Thorsell et al., 2000; Carvajal et al., 2004), and show decreased 

anxiety in the open field test (Carvajal et al., 2004). On the other hand, NPY knockout mice 

displayed increased anxiety-like responding in the open field and acoustic startle tests (Bannon et 

al., 2000). Thus, endogenous NPY may protect animals against the behavioural consequences of 

stress, such as the normal anxiogenic-like effect of restraint.   

  Administration of NPY (i.c.v.) is anxiolytic in many models of anxiety, including the 

social interaction, open field, plus-maze, and Vogel’s conflict drinking tests (File, 1980; Heilig et 

al., 1987; 1989). NPY-like-IR is found in structures involved in anxiety regulation, including the 

LC, PAG, amygdala, hippocampus, and lateral septum (Adrian et al., 1983; Allen et al., 1983; 

Gray and Morley, 1986). Site-specific injections of NPY into these same structures show an 
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anxiolytic-like profile in rats across multiple animal models (Heilig et al., 1993; Sajdyk et al., 

1999; Kask et al., 1998a,b, 2001a; Smialowska et al., 2007). Further, administration of NPY has 

been shown to counteract the anxiogenic response of corticotropin-releasing factor (CRF) in both 

the basolateral amygdala and the lateral septum in the two-floor choice and social interaction 

tests, respectively (Kask et al., 2001a; Sajdyk et al., 2006).  

 

1.3.1. europeptide Y receptors 

 The actions of NPY are mediated by several G-protein linked receptor subtypes in 

mammals: Y1, Y2, Y4, Y5, Y6; although Y6 is not present in most species, including rats 

(Harro, 2006). The most abundant NPY receptors in the brain are the Y1 and Y2 receptors, with 

highest expressions in the LC, amygdala, hippocampus, and lateral septum (Martel et al., 1986; 

Dumont et al., 1996, 1998). The Y4 receptor is restricted to the paraventricular hypothalamic 

nucleus (PVN), olfactory bulb, and area postrema (Dumont et al., 1998). The distribution of the 

Y5 receptor is less dense and not as broad as the Y1 and Y2 receptors, with its largest 

concentration in the piriform cortex, supraoptic nucleus, and hippocampus, and moderate to low 

concentrations in the arcuate nucleus, PVN, LC, amygdala, and lateral septum (Dumont et al., 

2004; Morin and Gehlert, 2006).  

 To date, the Y1, Y2, Y4 and Y5 receptors have all been implicated in anxiety regulation 

to some degree. However, the Y1 and Y2 receptors have been the most implicated in NPY-

mediated anxiety regulation (Nakajima et al., 1998; Kask et al., 2001a; Sajdyk et al., 2004; 

Bacchi et al., 2006; Karlsson et al., 2008). Some studies suggest that the Y5 receptor may 

mediate NPY-induced anxiolysis (Sorensen et al., 2004; Walker et al., 2009), whereas others find 

no effects across multiple models (Kask et al., 2001b). Recent work also implicates the Y4 
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receptor in anxiety regulation, with Y4 knockout mice displaying decreased anxiety-like 

responding in the open field and plus-maze tests (Painsipp et al., 2008).  

 

1.3.1.1 The Y1 and Y2 receptors and anxiety 

 Most evidence supports the role of the Y1 and Y2 receptor in anxiety regulation. Y1 

receptors are often regarded as post-synaptic receptors, whereas Y2 receptors as often regarded 

as pre-synaptic receptors, either as autoreceptors inhibiting NPY release, or as heteroreceptors 

inhibiting glutamate release (Bleakman et al., 1992; Greber et al., 1994; King 1999,2000; Silva 

et al., 2001; 2003). However, other studies show that both Y1 and Y2 receptors can be located 

pre-and post-synaptically (Finta et al., 1992; Chen and van den Pol, 1996; van den Pol et al., 

1996), complicating the potential mechanism of action of these receptor subtypes. 

 Y1 knockout mice do not exhibit the normal NPY-induced (i.c.v.) increases in open-arm 

exploration in the plus-maze test (Karlsson et al., 2008), whereas Y2 knockout mice exhibit 

reduced anxiety in the plus maze, open field, and light/dark tests (Redrobe et al., 2006; Tschenett 

et al., 2003). Infusions of the Y1 antagonist BIBP 3226 (i.c.v.) increased rats’ anxiety in the plus-

maze test (Kask et al., 1996), whereas infusions of the Y2 antagonist BIIE 0246 decreased rats’ 

anxiety in the plus-maze test (Bacchi et al., 2006). Interestingly rats infused with Y2 agonists 

NPY13-36 or C2-NPY (i.c.v.) fail to display changes in anxiety-like behaviours in many tests 

(Broqua et al., 1995; Britton et al., 1997; Sorensen et al., 2007; Heilig et al., 1989), but mice 

infused with the Y2 agonist NPY13-36 show increased anxiety in the plus-maze test (Nakajima et 

al., 1998). Thus, it seems that the Y1 receptor mediates the anxiolytic-like actions of NPY, 

whereas evidence for the contributions of the Y2 receptor is less clear and vary across rodent 

species.  
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 Site-specific infusions of NPY receptor agonists and antagonists further elucidate the role 

of each receptor subtype. In the PAG, the Y1 receptor appears to contribute to anxiety regulation, 

as infusions of Y1 antagonist BIBP 3226 into the PAG decrease open arm exploration in the 

plus-maze and increase social interaction in the social interaction tests (Kask et al., 1998a).  In 

the LC,  the Y2 receptor appears to contribute to NPY-mediated anxiety as infusions of the Y2 

agonist NPY13-36 decreased anxiety in the plus-maze test, whereas infusions of the Y1 agonist 

[Leu31,Pro34]NPY were without effect (Kask et al., 1998c). In the amygdala, both the Y1 and 

Y2 receptors have been implicated in NPY-mediated anxiety regulation. The anxiolytic effects of 

NPY infused into the basolateral amygdala were suppressed by co-infusions of the selective Y1 

antagonist BIBO 3304 in the social interaction test (Sajdyk et al., 1999). Interestingly, infusions 

of the Y2 agonist NPY3–36 into the basolateral amygdala decreased social interaction at low 

doses, but increased social interaction at high doses in the social interaction test (Sajdyk et al., 

2002). 

 Both the Y1 and Y2 receptor differentially mediate the anxiolytic-like actions of NPY 

infusions into the hippocampus in the plus-maze test, in a subregion specific manner 

(Smialowska et al., 2007).  For instance, in the CA1 area of the dorsal hippocampus, the 

anxiolytic-like effect of NPY was blocked by Y1 antagonism with BIBO 3304, whereas in the 

dentate gyrus, it was blocked by Y2 antagonism with BIIE 0246 (Smialowska et al., 2007). 

Further, the anxiolytic effect of infusing metabotropic glutamatergic receptor (mGluR) group II 

and III agonists into the hippocampus could be blocked by co-infusions of either a Y1 or a Y2 

receptor antagonists, respectively (Smialowska et al., 2007).  The idea here is that activation of 

mGluR present on NPY-expressing interneurons increases the local release of NPY and leads to 

subsequent anxiolysis. 
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1.3.2 Lateral septal neuropeptide Y  

 Little is known regarding specific NPY receptor contributions to the lateral septal 

regulation of anxiety. The lateral septum contains some of the highest concentrations of Y1 and 

Y2 receptors in the brain, and contains low to moderate concentrations of the Y5 receptor 

(Dumont et al., 1998). Prior to the current thesis, only one study had examined the role of the Y1 

and Y2 receptors in NPY-mediated anxiety regulation at this site, using only the social 

interaction test (Kask et al., 2001a). They found that pre-treatment with the Y1 antagonist BIBO 

3304, but not the Y2 antagonist BIIE 0246, prevented the NPY-induced anxiolysis in this test. 

Importantly, pharmacological manipulations on measures of anxiety can be test specific, with 

effects being present in some models, but not others. Therefore, it is important to investigate 

lateral septal NPY receptor involvement across multiple animal models. Thus, the second aim of 

my thesis was to investigate the role of lateral septal NPY and its Y1 and Y2 receptor subtypes in 

the regulation of anxiety across a battery of animal models which elicit a variety of anxiety-like 

defensive behaviours. 

 

 

1.4 europeptide Y and appetite 

 NPY has been labelled a “seeking peptide” whereby it may mediate the reduction in 

anxiety necessary for exploration as part of a natural food-seeking response (for review: Harro, 

2006). Indeed, in addition to decreasing anxiety, central administration of NPY (i.c.v.) also 

elicits robust increases in feeding in rats (Gray and Morley, 1986; Hanson and Dallman, 1995; 

Polidori et al., 2000; Levine and Morley, 1984; Paez et al., 1991; Van Dijk and Strubbe, 2003). 

This orexinogenic response seems to be primarily mediated by the hypothalamus, as infusions of 
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NPY directly at this site increase food consumption to a similar degree as i.c.v. infusions of NPY 

(Hanson et al., 1995). Interestingly, food restriction in rats has also been shown to increase NPY 

expression in both the hypothalamus (Schwartz et al., 1998) and lateral septum (Kovacs et al., 

2005, 2007), providing evidence that these two structures may work together in regulating the 

NPY-mediated balance between energy intake and anxiety-related behaviours. 

 NPY-induced increases in feeding can be problematic for tests in which indices of 

anxiety can be sensitive to changes in appetitive motivation, such as in the plus-maze test. For 

example, food restriction has been shown to selectively increase rats' open-arm exploration in the 

plus-maze without altering their behavioural responses in the social interaction test (Genn et al., 

2003b). Thus, when interpreting data it is important to take into account any influences on 

appetitive motivation which may account for changes in measures of anxiety. Implementation of 

the novelty-induced suppression of feeding test in the current study is able to account for 

potential NPY-induced changes in appetitive motivation which could effectively alter measures 

of anxiety (Merali et al., 2003).  

 

1.5 Concluding remarks 

 Animal models of anxiety serve many purposes, from screening novel drug treatments to 

investigating the neurobiology of fear and/or anxiety. Ideally, researchers should incorporate a 

battery of animal models to ensure they are accounting for more than one facet of anxiety-related 

responses. Ethologically-based animal models of anxiety are generally more efficient and assess 

more natural, unlearned defensive behaviours in animals. Each paradigm has its advantages and 

disadvantages and by incorporating more than one test it is possible to account for each test’s 

shortcomings. It is important to keep in mind that the defensive repertoire of anxiety-related 
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responding in animals does not relate specifically to anxiety regulation or disorders in humans. 

Nonetheless, each test has unique qualities that provide the tools for studying both adaptive and 

maladaptive fear- and anxiety-related behaviours.  

 The regulation of anxiety is mediated by many structures including hypothalamus, PAG, 

LC, amygdala, hippocampus, and lateral septum. Together, the septum and the hippocampus 

make up the septohippocampal system, and Gray’s theory (1982) states that these two structures 

may work together in the regulation of anxiety. Specifically, the lateral septum and ventral 

hippocampus appear to be most consistently involved in ethologically relevant anxiety-related 

defensive behaviours. However, prior to this thesis, it had yet to be investigated whether the 

lateral septum and ventral hippocampus work together in the regulation of anxiety-like states. 

 NPY plays an essential role in regulating behavioural responses to threat in many 

structures, including the lateral septum. High expressions of NPY binding sites are found in the 

lateral septum, and infusions of NPY into this structure have been found to decrease anxiety in 

the plus-maze and social interaction tests. However, little is known about the contribution of 

NPY and its Y1 and Y2 receptors in the lateral septum across a broader range of anxiety-like 

behaviours, including defensive burying in the shock-probe test and hyponeophagia in the 

novelty-induced suppression of feeding test.  

 

1.6 Goals of the thesis 

 To summarize, the objectives of my thesis were as follows: (1) To determine the 

necessity of communication between the ventral hippocampus and lateral septum for the 

expression of anxiety-related behaviour, and (2) to determine the role of lateral septal NPY and 
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its Y1 and Y2 receptor subtypes in the expression of anxiety-like behaviour using three animal 

models of anxiety. 
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Chapter 2. The ventral hippocampus and the lateral septum 

work in tandem to regulate rats' open-arm exploration in the  

elevated plus-maze 

 

As published in “The ventral hippocampus and the lateral septum work in tandem to regulate 

rats' open-arm exploration in the elevated plus-maze.”Trent �L, Menard JL. 2010. Physiology & 

Behavior, 101, 141-152. 

 

2.1 Abstract 

 Lesions or pharmacological inhibition of the ventral hippocampus or the lateral septum 

suppress rats' defensive responses in various rat models of anxiety. Although these two structures 

are extensively connected, it was not clear whether they regulate anxiety in a parallel 

(independent) or serial (integrated) fashion. In Experiment 1, bilateral infusions of the GABAA 

receptor agonist muscimol (5 ng/side) into the lateral septum increased rats' open-arm 

exploration in the elevated plus-maze test, whereas unilateral infusions of muscimol did not. 

Similar anxiolytic-like effects were observed in Experiment 2, following bilateral infusions of 

muscimol (500 ng/side) into the ventral hippocampus. In Experiment 3, we confirmed that 

unilateral infusions of muscimol into either the lateral septum (5 ng) or the ventral hippocampus 

(500 ng) did not alter rats' normal open-arm avoidance. Importantly, dramatic increases in open-

arm exploration were evident when muscimol was co-infused into one side of the lateral septum 

(5 ng) and the contralateral ventral hippocampus (500 ng). By contrast, open-arm exploration 

was not altered when these same doses of muscimol were co-infused into one side of the lateral 

septum and the ipsilateral ventral hippocampus. These results support the contention that the 
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ventral hippocampus and the lateral septum regulate rats' open arm exploration in a serial 

fashion, and that this involves ipsilateral projections from the former to the latter site. 

 

2.2 Introduction 

 The septum and hippocampus are heavily interconnected fostering interest into whether 

they share similar functions. According to one theory, these two structures act in concert to 

regulate anxiety, as first evidenced by the correspondence between the effects of septal and 

hippocampal lesions in classical aversive learning paradigms, and the effects of anxiolytic drugs 

in these same paradigms (Gray, 1982; Gray and McNaughton, 2000). Subsequent research 

confirmed the involvement of the septum and hippocampus in the regulation of rats' innate fear 

responses in tests of anxiety that do not rely on prior learning for fear expression. For example, 

total lesions of the septum increase rats' open-arm exploration in the elevated plus-maze and 

reduce their defensive burying in the shock-probe test (Treit and Pesold, 1990; Pesold and Treit, 

1992). In a similar fashion, rats with total lesions of the hippocampus display increased open-arm 

exploration, spend less time freezing in response to predators (e.g., a live cat) or noxious stimuli, 

such as electric shocks, and show reduced neophobia when presented with food in a novel 

environment (Kjelstrup et al., 2002; Blanchard and Blanchard, 1972; Blanchard et al, 1970; 

Jarrard, 1968; Bannerman et al., 2002). More recent studies highlight the importance of the 

lateral septum and ventral hippocampus in the regulation of rats' untrained responses to acute 

threat(s). In particular, lesions or pharmacological perturbations of either the lateral septum (e.g., 

Menard and Treit, 1996; Pesold and Treit, 1996; Drugan et al., 1986; Degroot et al., 2001) or the 

ventral hippocampus (e.g., Kjelstrup et al., 2002; Trevedi and Coover, 2004; Pentkowski et al., 

2006; Degroot and Treit, 2004; McEown and Treit, 2009) consistently suppress rats' defensive 
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behaviours in various animal models of anxiety, whereas application of these treatments to either 

the medial septum (e.g., Menard and Treit, 1996, Pesold and Treit, 1996; Degroot et al., 2001; 

Bannerman et al., 2004; Kohler and Srebro, 1980; Torres-Garcia et al., 2003) or the dorsal 

hippocampus (e.g., Kjelstrup et al., 2002; Bannerman et al., 2002; Trivedi and Coover, 2004; 

Pentkowski  et al., 2006; Degroot and Treit, 2004; McEown and Treit, 2009; Rezayat et al., 

2005; Engin and Treit, 2008; Carvalho et al., 2005) yield more variable results (for reviews see: 

Engin and Treit, 2007; 2008; Bannermen et al., 2004b). Although such findings emphasize the 

individual contributions of the lateral septum and ventral hippocampus to anxiety, it remains 

unclear whether these two structures act in parallel (independently) or serially (in tandem) to 

regulate rats' anxiety-related responses. 

 Structurally, it seems likely that information flow from the ventral hippocampus to the 

lateral septum is important for anxiety regulation. The hippocampus sends a massive, 

glutamatergic innervation to the lateral septum, with progressively more ventral parts of the 

hippocampus innervating progressively larger and progressively more ventral regions of the 

lateral septum (Risold and Swanson, 1997). Thus, the ventral hippocampus innervates a much 

greater volume of the lateral septum than does the dorsal hippocampus. Notably, regions of the 

lateral septum that show the most pronounced increase in Fos-like immunoreactivity following 

exposure to aversive stimuli (e.g., air puff, plus-maze, cat odor or a cat; Duncan et al., 1996; 

McGregor et al., 2004; Canteras et al., 2001) are known to receive massive input from the ventral 

hippocampus (Risold and Swanson, 1997). It is possible to test the integrated contribution of the 

ventral hippocampus and the lateral septum using disconnection techniques. Although 

projections from the ventral hippocampus to the lateral septum are primarily ipsilateral, there are 

some contralateral projections as well (Risold and Swanson, 1997). If the ipsilateral input from 
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the ventral hippocampus to the lateral septum is necessary for anxiety regulation, then 

pharmacologically inhibiting activity in the lateral septum on one side of the brain, while 

simultaneously inhibiting activity in the ventral hippocampus on the contralateral side of the 

brain should reduce anxiety-related defensive behaviours. By contrast, if the contralateral input is 

necessary for anxiety regulation, then concurrent pharmacological inactivation of one side of the 

lateral septum and the ipsilateral ventral hippocampus should yield anxiolytic-like effects. A 

schematic detailing of the two disconnection techniques is provided in Fig. 1. The primary 

purpose of this study was to use these techniques to evaluate the integrated contribution of the 

ventral hippocampus and the lateral septum in the regulation of rats' anxiety-related responses in 

the elevated plus-maze test. 

 The elevated plus-maze is one of the most widely used animal models of anxiety due, in 

part, to its ethological relevance and efficiency (Dalvi and Rodgers, 1996). The plus-shaped 

apparatus is elevated from the floor and consists of two open and two closed arms, each with an 

open roof. The test takes advantage of the innate tendency of small rodents to avoid open areas 

(Treit et al., 1993), where they are presumably more vulnerable to potential attack and/or 

predation (Jones and Dayan, 2000; Orrock et al., 2003). Normally, rats avoid the open-arms of 

the maze and instead spend the majority of the 5 min test exploring the closed arms (Pellow et 

al., 1985; Carobrez and Bertoglio, 2005). Anxiolytic drugs increase open-arm exploration, 

whereas anxiogenic drugs reduce open-arm exploration. Thus, the index for anxiety reduction in 

this test is an increase in both the percentage of open-arm entries and percentage of open-arm 

time, without changes in the total number of closed-arm entries (Pellow et al., 1985; Carobrez 

and Bertoglio, 2005). 
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 As a first step toward determining whether the lateral septum and ventral hippocampus 

act in a serial fashion to regulate anxiety, it was necessary to separately evaluate the effects of 

the GABAA agonist, muscimol in each of the individual structures. Although prior studies had 

shown that bilateral infusions of muscimol into the lateral septum suppress rats' open-arm 

avoidance in the plus-maze (Degroot et al., 2001), it was not known whether bilateral 

inactivation of that site was required for muscimol-induced anxiolysis. Thus, in Experiment 1, 

our aim was to confirm the anxiolytic-like effects of bilateral infusions of muscimol into the 

lateral septum, and further to determine whether unilateral infusion of muscimol at that site is 

behaviourally ineffective in the plus-maze test. In Experiment 2, our aim was to determine 

whether bilateral infusions of muscimol into the ventral hippocampus have anxiolytic-like 

actions on rats' plus-maze behaviour. To the best of our knowledge, this had not been 

investigated prior to this report. Based on prior lesion studies (e.g., Kjelstrup et al., 2002; 

Degroot and Treit, 2004), we predicted that, similar to lateral septal infusions, bilateral infusions 

of muscimol into the ventral hippocampus would have anxiolytic actions in the plus-maze test. In 

Experiments 3 and 4, pharmacological disconnection techniques were used to specifically test 

whether the lateral septum and ventral hippocampus regulate anxiety in a serial fashion. Because 

input from the ventral hippocampus to the lateral septum is primarily ipsilateral (Risold and 

Swanson, 1997), our main prediction here was that combined infusions of muscimol into one 

side of the lateral septum and into the contralateral ventral hippocampus would reduce rats' 

anxiety related behaviours in the plus-maze, whereas unilateral muscimol-induced inactivation of 

either structure alone would not alter these behaviours (Experiment 3). Further, given that there 

are relatively fewer contralateral projections from the ventral hippocampus to the lateral septum 

(Risold and Swanson, 1997), we expected that muscimol-induced inactivation of one side of the 
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ventral hippocampus and the lateral septum on the same side of the brain would not reduce rats' 

open-arm avoidance (Experiment 4). 

 

2.3 Materials and method 

2.3.1 Experiment 1: the effects of bilateral and unilateral infusions of muscimol into the 

lateral septum 

2.3.1.1 Subjects 

 Subjects were 47 naïve, male Long Evans rats from Charles River, Quebec weighing 

300–400 g at the time of surgery. Upon arrival, rats were double-housed in polycarbonate cages 

(45.5×24×21 cm) and acclimatized to the colony for at least 1 week prior to surgery. Following 

surgery, the rats were individually housed. The colony was maintained on a 12:12 light/dark 

cycle (lights on at 0700 h) at approximately 21 °C, with food and water available ad libitum. All 

experimental procedures were in compliance with the Canadian Council on Animal Care and 

were approved by Queen's University Animal Care Committee. 

 

2.3.1.2 Surgery 

 Rats were anesthetized with isoflurane (0.5%–4.5%) in oxygen, and buprenorphine (0.04 

mg/kg, s.c.) was administered preoperatively to reduce pain. After the rat's head was shaved it 

was placed in a Kopf stereotaxic apparatus, and injected subdermally with the analgesic 

Marcaine (2 mg/kg) under the scalp. After sterilizing the scalp, an incision was made to expose 

the skull. Stereotaxic procedures were used to drill burr holes through the skull to enable the 

implantation of a single 23-gauge stainless-steel guide cannula, unilaterally targeting either the 

right or left lateral septum, according to brain atlas coordinates (Paxinos and Watson, 1998) (0.5 
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mm AP, ±1.2 mm ML, and 3.2 mm DV to bregma, with the cannulae angled 7° medially). A 

second group of animals was implanted with two guide cannulae, bilaterally targeting the lateral 

septum using the same coordinates as above. Guide cannulae were secured to the skull using 3 

small jeweller's screws and dental acrylic. At the end of surgery a pin was inserted into each 

cannula to keep the tract clear of debris. Immediate post-operative care included: analgesic 

treatment using ketoprofen (Anafen; 5 mg/kg. s.c.), rehydration with injection of lactated ringer 

solution (5 ml, s.c.), and maintenance of body temperature by placing the rat under a heat lamp. 

After animals recovered from anesthesia they were transferred from the surgery room to a 

recovery room (separate from the home colony) where they remained for a minimum of 3 

recovery days. On each recovery day, rats were given a morning injection of buprenorphine and 

an afternoon injection of both buprenorphine and ketoprofen, at the same doses listed above. The 

recovery room temperature was set to approximately 26 °C, which was slightly higher than the 

regular colony conditions. Once recovery was complete, the animals were returned to the regular 

colony where they were briefly handled each day until infusions and behavioural testing 

commenced. 

 

2.3.1.3 Infusions 

 Following post surgical recovery rats were randomly assigned to one of the following 

four infusion conditions: (1) unilateral infusions of saline (0.9%); (2) unilateral infusions of 

muscimol (5 ng); (3) bilateral infusions of saline; and (4) bilateral infusions of muscimol (5 

ng/side). To limit drug diffusion, we chose the smallest effective dose, based on the prior 

literature (Drugan et al., 1986), and used a relatively small infusion volume of 0.25 µl. On each 

of the three consecutive days prior to testing, rats were habituated to the infusion procedures by 
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briefly removing and replacing their cannula pins in the infusion room. Muscimol (Sigma-

Aldrich, ON, Canada) was dissolved in 0.9% saline and stored in aliquots, at −20 °C, until use. A 

fresh aliquot was used on each test day. On testing day, rats were gently hand-held, the cannula 

pins were removed, and either one (unilateral infusions) or two (bilateral infusions) 30-gauge 

stainless steel internal injector(s) were lowered to 2.0 mm below the tip of the guide cannulae. 

Polyethylene tubing (PE50) was used to connect each injector to one of two 10 µl constant rate 

Hamilton micro-syringes mounted onto a dual micro-syringe infusion pump (KD Scientific, 

MA). The infusion rate was set at 1 µl per minute for a final volume of 0.25 µl/side. At the end 

of the infusion, the injectors were left in place for an additional 1 min to allow for diffusion away 

from the tips. The movement of a bubble inside the polyethylene tubing was monitored to 

confirm drug flow. In addition, prior to replacing the cannulae pins, the top of each cannula 

guide and internal cannulae were examined for fluid efflux. 

 

2.3.1.4. Behavioural testing: the elevated plus-maze test 

 Plus-maze testing occurred at least 7 days after surgery, between 0900 and 1700 h. The 

wooden plus-shaped maze consisted of two open arms (50×10 cm) and two enclosed arms 

(50×10×50 cm), all with open roofs and elevated 50 cm from the floor of the test room. Five 

minutes after their respective infusions, rats were placed individually in the center of the maze, 

facing one of the closed arms. An experimenter stood quietly in one corner of the room, and 

recorded the number of entries made into any arm (open or closed), with an entry defined as all 

four limbs in the arm. Behavioural tests were also taped, using a digital camcorder. The tapes 

were later coded by an observer, who was unaware of the rats' pharmacological treatment, using 

Observer VideoPro (Noldus, MA). The following behaviours were coded across the 5 min test 
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duration: (a) number of open-arm entries, (b) number of closed-arm entries, (c) total number of 

entries, (d) time spent in the open arms, and (e) time spent in the closed arms. An arm entry was 

indexed as the rat having all four of its paws on the arm. Open-arm activity was quantified as the 

% open-arm time (time on the open arms/time on open+closed arms) and % open-arm entries 

(open entries/ open+closed entries). We also counted the frequency of stretched attend postures 

(SAP; i.e., where the rat stretches forward and then retracts to its original position without any 

forward locomotion). SAPs were differentiated according to where they occurred on the maze. 

To do this, closed arms and the central area were classified as “protected” areas while the open 

arms were classified as “unprotected”. SAPs were quantified as total SAP 

(protected+unprotected) and % protected SAP (protected/total), according to (Rodgers and 

Johnson, 1995). The index for anxiety reduction in this test is an increase in the proportion of 

time spent in the open arms, and/or an increase in the proportion of entries into the open arms 

(Pellow et al., 1985). Total SAP and % protected SAP were used to index risk assessment 

(Rodgers and Johnson, 1995). The number of closed arm entries and the total number of entries 

were used as indices of general locomotor activity (Pellow et al, 1985; Rodgers and Johnson, 

1995). 

 

2.3.1.5. Histology 

 At the end of behavioural testing, rats were injected with a lethal dose of an anesthetic 

cocktail (2.5 ml of a mixture comprised of 5 ml of Ketamine (100 mg/ml), 2.5 ml of Xylazine 

(20 mg/ml) and 1.5 ml of saline), and were perfused intra-cardially with 120 ml of 0.9% saline 

followed by 120 ml of 10% phosphate buffered formalin. The brains were extracted and 

submerged in formalin for at least 48 h, after which they were sliced into 40 µm thick coronal 



32 

 

sections, using a cryostat. The sections were dry mounted onto glass slides. The location of the 

cannulae injector tips was determined and transcribed onto atlas sheets (Paxinos and Watson, 

1998), by an observer who was unaware of the corresponding behavioural data. 

 

2.3.1.6. Statistical analysis 

 The behavioural data were analyzed using one-way analysis of variance (ANOVA), 

followed by pair-wise comparisons using the Least Significant Difference (LSD) test, where 

appropriate. In all cases, the alpha level was set at p ≤ 0.05. 

 

2.3.2. Experiment 2: the effects of bilateral infusions of muscimol into the ventral 

hippocampus 

 All experimental procedures were the same as in Experiment 1, with the following 

exceptions. Thirty-two rats were implanted with two 23- gauge stainless-steel guide cannula, 

aimed bilaterally at the ventral hippocampus (5.3 mm AP, ±5.2 mm ML, and 4.5 mm DV to 

bregma, with the cannulae angled 6° laterally) (Paxinos and Watson, 1998). Following post 

surgical recovery rats were randomly assigned to one of the following two infusion conditions: 

(1) bilateral infusions of saline (0.5 µl/side) and (2) bilateral infusions of muscimol (500 

ng/side). The dose of muscimol was based on pilot studies and the previous literature (e.g., 

(Rudy and Matus-Amat, 2005). Because of the relatively large size of the ventral hippocampus, 

we increased the volume of the infusions to 0.5 µl/side to further enhance drug diffusion. 
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2.3.3 Experiment 3: the effects of disconnecting ipsilateral information flow from the 

ventral hippocampus to the lateral septum 

 All experimental procedures were the same as in Experiments 1 and 2, with the following 

exceptions. Fifty-seven rats were implanted with one guide cannula aimed at the lateral septum 

(0.5 mm AP, ±1.2mm ML to bregma, and 3.2 mm DV to dura with the cannula angled 7° 

medially) and a second guide cannula aimed at the contralateral ventral hippocampus (5.3mm 

AP, ±5.2 mm ML, and 4.5 mm DV to bregma with the cannula angled 6° laterally) (Paxinos and 

Watson, 1998). For roughly half of the animals, the right lateral septum and left ventral 

hippocampus were targeted and for the remaining animals the left lateral septum and right 

ventral hippocampus were targeted. Following post surgical recovery, rats were randomly 

assigned to one of the following infusion conditions: (1) infusions of saline into one side of the 

lateral septum and the contralateral ventral hippocampus (saline LS−saline VHcontra); (2) 

infusions of saline into one side of the lateral septum and muscimol into the contralateral ventral 

hippocampus (saline LS−muscimol VHcontra); (3) infusions of muscimol into one side of the 

lateral septum and saline into the contralateral ventral hippocampus (muscimol LS−saline 

VHcontra); and (4) infusions of muscimol into one side of the lateral septum and the 

contralateral ventral hippocampus (muscimol LS−muscimol VHcontra). The muscimol 

concentrations were the same as in Experiment 1 (5 ng/0.25 µl for the lateral septal infusion) and 

Experiment 2 (500 ng/0.5 µl for the ventral hippocampal infusion). To reduce handling stress in 

the animals, both injectors were lowered to their respective targets and the dual micro-syringe 

infusion pump was activated to simultaneously deliver 0.25 µl of solution into one side of the 

lateral septum and the contralateral ventral hippocampus. After a 1 min diffusion period, the 
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lateral septum injector was removed, and the pump was activated again to deliver an additional 

0.25 µl of solution to the ventral hippocampus.  

 

2.3.4 Experiment 4: the effects of disconnecting contralateral information flow from the 

ventral hippocampus to the lateral septum 

 All experimental procedures were the same as in the prior experiments, with the 

following exceptions. Twenty-five rats were implanted with one guide cannula aimed at the 

lateral septum (0.5 mm AP, ±1.2 mm ML to bregma, and 3.2 mm DV to dura with the cannula 

angled 7° medially) and a second guide cannula aimed at the ipsilateral ventral hippocampus (5.3 

mm AP, ±5.2 mm ML, and 4.5 mm DV to bregma with the cannula angled 6° laterally) (Paxinos 

and Watson, 1998). For roughly half of the animals, the right lateral septum and right ventral 

hippocampus were targeted and for the remaining animals the left lateral septum and left ventral 

hippocampus were targeted. Following post surgical recovery, rats were randomly assigned to 

one of the following infusion conditions: (1) infusions of saline into one side of the lateral 

septum (0.25 µl) and the ipsilateral ventral hippocampus (0.5 µl; saline LS−saline VHipsi) and 

(2) infusions of muscimol into one side of the lateral septum (5 ng/0.25 µl) and the ipsilateral 

ventral hippocampus (500 ng/0.5 µl; muscimol LS− muscimol VHipsi). The infusion procedures 

were the same as in Experiment 3. 
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Figure 1. Schematic diagrams depicting the two disconnection techniques. The schematic on the left (A) 

depicts how ipsilateral connections, from the ventral hippocampus to the lateral septum, are disconnected 

by concurrent, temporary lesions to one side of the lateral septum and the contralateral ventral 

hippocampus. The schematic on right (B) depicts how contralateral connections, from the ventral 

hippocampus to the lateral septum, are disconnected by concurrent, temporary lesions to one side of the 

lateral septum and the ipsilateral ventral hippocampus.  
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2.4 Results 

2.4.1. Experiment 1: bilateral (but not unilateral) infusions of muscimol into the lateral 

septum increased open-arm activity. 

 Forty rats had internal injector tips that were situated in the lateral septum (see Fig. 2). 

One rat in the bilateral saline group was an outlier that displayed % open-arm entries and % 

open-arm time that were more than 2.5 SD away from the respective group means. The data from 

this rat was discarded from the analysis, yielding the following n's/group: unilateral saline 

(n=10), unilateral muscimol (n=10), bilateral saline (n=9), and bilateral muscimol (n=10). As can 

be seen in Fig. 3A and B, bilateral infusions of muscimol into the lateral septum substantively 

increased rats' open-arm activity, whereas unilateral infusions of muscimol did not. These results 

were confirmed significant by an overall ANOVA for the % open-arm entries, F(3,35)=4.46, 

p<0.01. Subsequent pair-wise comparisons (LSD test) revealed that the muscimol bilateral 

infusion group made a significantly greater % open-arm entries relative to all of the three other 

groups (p<0.05), which did not differ from each other. The overall ANOVA for % open-arm 

time narrowly missed significance, F(3,35)=2.75, p<0.06. A priori comparisons revealed that 

bilateral infusions of muscimol into the lateral septum increased % open-arm time compared to 

bilateral infusions of saline into the lateral septum, F(1, 17)=8.2, p=0.01, whereas unilateral 

infusions of muscimol did not alter % open-arm time relative to unilateral infusions of saline, 

F(1,18)=0.13, p>0.72.  

 Although there were no overall treatment effects on either total SAP, F(3,35)=1.02, 

p>0.39 or % protected SAP, F(3,35)=1.93, p>0.14, visual inspection of the data suggested that 

the latter variable was reduced by bilateral infusions of muscimol. Post hoc analysis confirmed 

that rats given bilateral infusions of muscimol into the lateral septum displayed a significant 
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reduction in % protected SAP relative to the bilateral saline rats, F(1, 17)=5.83, p<0.05. 

Importantly, the effects of bilateral muscimol on open-arm activity and % protected SAP were 

not secondary to drug-induced hyperactivity, as there were no group differences in either the 

number of closed arm entries, F(3,35)=1.24, p>0.30 or the number of total entries, F(3,35)=0.48, 

p>0.69 (see Table 1). Four rats in the saline control groups (unilateral infusion, n=2; bilateral 

infusions, n=2) and 3 rats in the muscimol treatment groups (unilateral infusion, n=1; bilateral 

infusions, n=2) had at least one internal injector tip situated outside of the lateral septum. Given 

the small n's in each group, statistical analysis of the data from the animals with misplaced 

injector tip(s) was not feasible (data is shown in Table 2). However, visual inspection of the data 

indicates that, regardless of treatment type, animals with at least one off-target injector displayed 

levels of open-arm activity and SAP values that were consistent with those of the on-target 

saline-treated control rats (compare data in Table 2 with Fig. 2A and B and Table 1). 
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Figure 2. Histological results for Experiment 1. The circles indicate the location of the cannula tips for 

unilateral (top row) or bilateral (bottom row) infusions of saline (open circles) or muscimol (filled circles) 

into the lateral septum. Atlas plates are adapted from (Paxinos and Watson, 1998). 
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Figure 3. Mean (±SEM) % of open-arm entries (A) and % of open-arm time (B) displayed by 

rats following either unilateral infusions of saline (n=10) or muscimol (5 ng, n=10) or bilateral infusions 

of saline (n=9) or muscimol (5 ng/side, n=10) into the lateral septum. *p<0.05 relative to bilateral saline-

treated controls. 
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Table 1. Mean (±SEM) plus-maze activity and risk assessment behaviours in Experiment 1 

Note: Rats received either unilateral or bilateral infusions of either saline or muscimol (5ng/infusion) into 

the lateral septum. SAP = Stretched attend posture. *p < 0.05 relative to bilateral saline controls.  

 

Table 2. Mean ± SEM open-arm activity and risk assessment behaviors displayed by rats with at least one 

injector tip outside of the lateral septum (Experiment 1).  

Note: Rats were infused either unilaterally or bilaterally with either saline or muscimol (5 ng/infusion). 

SAP = Stretched attend posture. 

 

 

2.4.2 Experiment 2: bilateral infusions of muscimol into the ventral hippocampus increased 

open-arm activity   

 Twenty-two rats had both cannula injector tips situated in the ventral hippocampus (see 

Fig. 4), yielding the following n's for each group: bilateral saline (n=11), and bilateral muscimol 

(n=11). Similar to bilateral infusions of muscimol into the lateral septum (Experiment 1), 

bilateral infusions of muscimol into the ventral hippocampus increased both % open-arm entries, 

F(1, 20)=4.61, p<0.05, and % open-arm time, F(1, 20)=4.98, p<0.05 (see Fig. 5A and B). 

Bilateral infusions of muscimol also tended to reduce total SAP, F(1,20)=3.92, p=0.06. There 

were no treatment effects on % protected SAP, F(1,20)=0.90, p>0.36, and the number of closed 

arm entries, F(1,20)=0.94, p>0.34, and total entries, F(1,20)=0.08, p>0.78 (see Table 3). Five rats 

 

 

Behaviour 

Unilateral Infusions  Bilateral Infusions 

Saline 

(n = 10) 

Muscimol 

(n = 10) 

Saline 

(n = 9) 

Muscimol 

(n = 10) 

Closed arm entries 10.70 ± 0.86 9.50 ± 1.05  11.78 ± 1.09 9.30 ± 1.08 

Total arm entries 13.10 ± 1.09 11.50 ± 1.34  12.56 ± 1.14 13.20 ± 0.93 

Total SAP 10.30 ± 1.37 8.00 ± 1.22  10.78 ± 1.10 9.40 ± 1.09 

% Protected SAP 77.48 ± 6.60 83.69 ± 7.69  90.74 ± 4.70 67.72 ± 7.9* 

 

 

Behaviour 

Unilateral Infusions  Bilateral Infusions 

Saline 

(n = 2) 

Muscimol 

(n = 1) 

Saline 

(n = 2) 

Muscimol 

(n = 2) 

% Open Arm Entries 26.67 ± 6.67 11.11 ± 0.00  7.69 ± 7.69 7.78 ± 3.14 

% Open Arm Time 11.97 ± 5.48 0.27 ± 0.00  2.48 ± 2.48 4.15 ± 2.13 

Total SAP 14.00 ± 1.00 7.00 ± 0.00  10.50 ± 2.50 10.00 ± 1.00 

% Protected SAP 77.94 ± 12.32 100 ± 0.00  87.50 ± 12.52 95.45 ± 4.50 
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in the saline control group and 4 rats in the muscimol treatment group had at least one internal 

injector tip situated outside of the ventral hippocampus. Data from these animals were analyzed 

separately to determine the neuroanatomical specificity of the muscimol-induced increases in 

open-arm activity. There were no significant differences in either % open-arm entries, 

F(1,7)=0.03, p>0.86; or % open-arm time, F(1,7)=0.03 p>0.86 (see Fig. 5A and B), suggesting 

that bilateral deactivation of the ventral hippocampus was necessary for muscimol-induced 

anxiolysis. Similarly, rats with off-target injector(s) did not display group differences in total 

SAP, F(1,7)= 0.16, p>0.70 (Mean±SEM: saline, 13.40±2.46; muscimol, 12.00± 2.38) or % 

protected SAP, F(1,7)=0.77, p>0.40 (saline, 98.46±1.54; muscimol, 95.91±2.65). 
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Figure 4. Histological results for Experiment 2. Circles indicate the location of the cannula tips for 

bilateral infusions of saline (open circles) or muscimol (closed circles) into the ventral hippocampus. 

Atlas plates are adapted from Paxinos and Watson (1998). 
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Figure 5. Mean (±SEM) % of open-arm entries (A) and % of open-arm time (B) displayed by rats 

following bilateral infusions of saline or muscimol (500 ng/side) targeting the ventral hippocampus. 

Open-arm exploration levels of rats with both injectors correctly situated in the ventral hippocampus are 

depicted on the left-hand side of the graphs (saline, n=11; muscimol, n=11) and those of rats with at least 

one injector situated outside of the ventral hippocampus are depicted on the right-hand side of the graphs 

(saline, n=5; muscimol, n=4). *p<0.05 relative to saline-treated controls with correct placements. 
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Table 3. Mean (±SEM) plus-maze activity scores and risk assessment behaviours in Experiment 2 

Note: Rats received bilateral infusions of either saline or muscimol (500ng/side) into the ventral 

hippocampus. SAP = Stretched attend posture. 

 

 

2.4.3 Experiment 3: disconnecting ipsilateral information flow from the ventral 

hippocampus to the lateral septum increased open-arm activity 

 The internal injector tip placement sites for rats that received combined infusions into one 

side of the lateral septum and into the contralateral ventral hippocampus are shown in Fig. 6. 

Forty rats had cannulae that were situated correctly in both sites, yielding the following group 

numbers: saline LS−saline VHcontra (n=10), saline LS−muscimol VHcontra (n=10), muscimol 

LS−saline VHcontra (n=11), and muscimol LS−muscimol VHcontra (n=9). 

 As can be seen in Fig. 7A and B, co-infusing muscimol into one side of the lateral septum 

and into the contralateral ventral hippocampus increased rats' open-arm activity. This pattern was 

confirmed significant by ANOVA for both % open-arm entries, F(3,36)=7.06, p=0.001 and % 

open-arm time, F(3,36)=4.35, p=0.01. Pair-wise comparisons (LSD test) revealed that muscimol 

LS−muscimol VHcontra rats' displayed a significantly greater % open-arm entries (p<0.01) and % 

open-arm time (p<0.05) compared to all other groups, whereas these latter groups did not differ 

from each other. Risk assessment (SAP) and locomotor activity scores are provided in Table 4. 

There were no treatment effects on total SAP, F(3,36)=1.15, p>0.34, but there was a significant 

treatment effect on % protected SAP, F(3,36)=2.95, p<0.05. This reflected a significant 

reduction in % protected SAP displayed by rats in the muscimol LS− muscimol VHcontra group 

 

Behaviour 

Bilateral Saline 

(n = 11) 

Bilateral Muscimol 

(n = 11) 

Closed arm entries 10.82 ± 0.94 9.27 ± 1.29 

Total arm entries 12.09 ± 0.94 12.64 ± 1.64 

Total SAP 10.73 ± 1.50 6.91 ± 1.22 

% Protected SAP 95.27 ± 2.73 87.45 ± 8.13 
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relative to those in the saline LS−muscimol VHcontra (p=0.05) and muscimol LS−saline VHcontra 

(p<0.01) groups.% protected SAP displayed by rats in the saline LS−saline VHcontra group did 

not differ significantly from any of the other groups. Finally, although there were no group 

differences in the number of closed arm entries, F(3,36)=0.60, p>0.50, there were significant 

differences in the total arm entries, F(3,36)=3.23, p<0.05. This reflected the higher total arm 

entries made by rats in the muscimol LS−muscimol VHcontra group relative to both of the 

unilateral drug groups (i.e., saline LS−muscimol VHcontra and muscimol LS−saline VHcontra; both 

p's<0.05). Importantly, rats in the muscimol LS−muscimol VHcontra group did not differ in 

locomotor activity from saline LS−saline VHcontra controls, further suggesting that the treatment- 

induced increases in open-arm activity were not secondary to treatment-induced increases in 

locomotor activity. Four rats in the saline LS−saline VHcontra control group and 6 rats in the 

muscimol LS−muscimol VHcontra treatment group had at least one internal injector tip that was 

off-target. This data was analyzed separately to determine whether the anxiolytic effect displayed 

by the muscimol LS−muscimol VHcontra rats with correct placements was due to their receiving a 

slightly higher dose of muscimol (505 ng) relative to either of the two unilateral muscimol 

infusion control groups; i.e., muscimol LS−saline VHcontra (5 ng) and saline LS−muscimol 

VHcontra (500 ng). Analysis of this off-target data revealed no significant effects on either 

measure of open-arm activity, % open-arm entries, F(1,8)= 0.32, p>0.50 or the % open-arm time, 

F(1,8)=0.41, p>0.50 (Fig. 7A and B). This suggests that the muscimol LS−muscimol VHcontra 

induced anxiolysis observed in rats with correct placements was independent of dose and instead 

depended on concurrent, contralateral inactivation of the lateral septum and ventral 

hippocampus. Rats with off-target injector(s) did not display group differences in total SAP, 

F(1,8)=1.23, p>0.30 (Mean±SEM: saline LS−saline VHcontra, 11.00±1.63; muscimol 
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LS−muscimol VHcontra, 8.33±1.63). The off-target muscimol LS− muscimol VHcontra rats 

displayed uniform % protected SAP scores of 100%. The lack of variance in this group resulted 

in a gross violation of the assumption of homogeneity of variance. To correct for this, we used a 

single sample T-test to determine whether the % protected SAP scores displayed by the off-target 

saline LS−saline VHcontra rats (Mean±SEM: 73.94±12.11) differed from 100. The result was not 

significant, t(3)= 2.15, p>0.12. An additional 7 rats in the unilateral muscimol control groups (1 

muscimol LS−saline VHcontra and 6 saline LS−muscimol VHcontra rats) had at least 1 internal 

injector that was off target. The % open-arm entries (20.74±6.62), %open-arm time 

(13.03±4.27), total SAP (10.29± 1.08), and % protected SAP (83.99±5.29) displayed by these 

animals were consistent with those displayed by the on-target control groups (i.e., saline 

LS−saline VHcontra, saline LS−muscimol VHcontra and muscimol LS−saline VHcontra rats, see Fig. 

7A and B and Table 4). 
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Figure 6. Histological results for Experiment 3. Circles indicate the location of the cannula tips for 

unilateral infusions of saline (open circles) or muscimol (filled circles) infusions into one side of the 

lateral septum (top row) and the contralateral ventral hippocampus (bottom row). Atlas plates are adapted 

from (Paxinos and Watson, 1998). 
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Figure 7. Mean (±SEM) % open-arm entries (A) and % of open-arm time (B) displayed by rats following 

unilateral infusions of saline or muscimol (5 ng) targeting one side of the lateral septum (LS) and 

unilateral infusions of saline or muscimol (500 ng) targeting the contralateral ventral hippocampus 

(VHcontra). Open-arm exploration levels of rats with both injectors correctly situated in the LS and the 

VHcontra are depicted on the left-hand side of the graphs (saline LS−saline VHcontra, n=12; saline 

LS−muscimol VHcontra, n=10; muscimol LS−saline VHcontra, n=9; muscimol LS−muscimol VHcontra, 

n=9) and those of rats with at least one injector situated outside of the intended target are depicted on the 

right side of the graph (saline LS−saline VHcontra, n=4; muscimol LS−muscimol VHcontra, n=6). 

*p<0.05 relative to all other groups with correct placements. 
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Table 4. Mean (±SEM) plus-maze activity scores and risk assessment behaviours in Experiment 3. 

Note: Rats received infusions of either saline (Sal) or muscimol (Mus) into one side of the lateral septum  

(LS, 5ng) and into the contralateral ventral hippocampus (VHc, 500ng).  SAP = Stretched attend posture.   

* p < 0.05 compared to Sal LS – Mus VHc and to Mus LS – Sal VHc. 

 

 

 

2.4.4 Experiment 4: disconnecting contralateral information flow from the ventral 

hippocampus to the lateral septum did not alter open-arm activity  

 The internal injector tip placement sites for rats that received combined infusions into one 

side of the lateral septum and into the ipsilateral ventral hippocampus are shown in Fig. 8. 

Twenty-two rats had cannulae that were situated correctly in both sites, yielding the following 

group numbers: saline LS−saline VHipsi (n=10), muscimol LS−muscimol VHipsi (n=12). As can 

be seen in Fig. 9A and B, co-infusing muscimol into one side of the lateral septum and into the 

ipsilateral ventral hippocampus did not alter rats' open-arm activity, % open-arm entries, 

F(1,20)=0.18, p>0.65; and % open-arm time, F(1,20)=0.41, p>0.50. Similarly, we did not 

observe any treatment effects on total SAP F(1,20)=1.50, p>0.20; % protected SAP, 

F(1,20)=0.28, p>0.60; the number of closed arm entries, F(1,20)=0.87, p>0.35; or the total 

number of entries, F(1,20)=0.45, p>0.50 (see Table 5). Two rats in the saline LS−saline VHipsi 

control group and 1 rat in the muscimol LS−muscimol VHipsi treatment group had at least one 

internal injector tip that was off-target. The % open-arm entries, % open-arm time, total SAP, 

 

Behaviour 

Sal LS – 

Sal VHc 

(n = 10) 

Sal LS –  

Mus VHc 

(n = 10) 

Mus LS – 

Sal VHc 

(n = 11) 

Mus LS –  

Mus VHc 

(n = 9) 

Closed arm entries 11.60 ± 1.10 9.10 ± 1.71 9.64 ± 0.81 9.55 ± 2.02 

Total arm entries 14.90 ± 1.16 10.70 ± 1.84 11.27 ± 0.81 16.22 ± 2.06* 

Total SAP 10.20 ± 0.89 9.70 ± 1.39 11.91 ± 1.57 8.56 ± 3.47 

% Protected SAP 72.30 ± 8.09 82.13 ± 9.96 91.13 ± 4.72 59.15 ± 8.59* 
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and % protected SAP displayed by these animals were consistent with those displayed by the on-

target control group (i.e., compare data in Table 6 with Fig. 7A and B and Table 5).  

 

 

Figure 8. Histological results for Experiment 4. Circles indicate the location of the cannula tips for 

unilateral infusions of saline (open circles) or muscimol (filled circles) infusions into one side of the 

lateral septum (top row) and the ipsilateral ventral hippocampus (bottom row). Atlas plates are adapted 

from (Paxinos and Watson, 1998). 
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Figure 9. Mean (±SEM) % open-arm entries (A) and % of open-arm time (B) displayed by rats following 

unilateral infusions of either saline into one side of the lateral septum (LS) and the ipsilateral ventral 

hippocampus (VHipsi, n=10) or muscimol into one side of the LS (5 ng) and the VHipsi (500 ng, n=12). 
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Table 5. Mean (±SEM) plus-maze activity scores and risk assessment behaviours in Experiment 4 

Note: Rats received infusions of either saline (Sal) or muscimol (Mus) into one side  

of the lateral septum (LS, 5ng) and into the ipsilateral ventral hippocampus (VHipsi, 500ng).  

SAP = Stretched attend posture. 

 

 

 

Table 6. Mean (±SEM) plus-maze activity scores and risk assessment behaviours displayed by rats with 

at least one injector outside of either the lateral septum or ispilateral ventral hippocampus in Experiment 4 

Note: Rats received infusions of either saline (Sal) or muscimol (Mus) targeting one side of the lateral 

septum (LS, 5ng) and the ipsilateral ventral hippocampus (VHipsi, 500ng). SAP = Stretched attend posture. 

 

 

 

2.5 Discussion  

 Bilateral infusions of muscimol into either the lateral septum or the ventral hippocampus 

suppressed rats' anxiety-related behaviours in the elevated plus-maze test, as indexed by 

muscimol-induced increases in open-arm activity. Most importantly, combined infusions of 

muscimol into one side of the lateral septum and the contralateral ventral hippocampus increased 

rats' exploration of the open-arms whereas unilateral inactivation of either structure alone or of 

both structures together on the same side of the brain did not. In all cases, muscimol-induced 

increases in open-arm exploration appeared specific to anxiety reduction in that they were not 

 

Behaviour 

Sal LS – Sal VHipsi 

(n = 10) 

Mus LS – Mus VHipsi 

(n = 12) 

Closed arm entries 8.70 ± 1.09 10.00 ± 0.90 

Total arm entries 10.08 ± 1.38 12.00 ± 1.16 

Total SAP 14.70 ± 1.09 12.17 ± 1.65 

% Protected SAP 85.29 ± 6.63 89.82 ± 5.48 

 

Behaviour 

Sal LS – Sal VHipsi 

(n = 2) 

Mus LS – Mus VHipsi 

(n = 1) 

% Open arm entries 13.33 ± 13.33 0.00 ± 0.00 

% Open arm time 7.86 ± 7.86 0.00 ± 0.00 

Total SAP 12.5 ± 7.5 18.00 ± 0.00 

% Protected SAP 87.50 ± 12.5 100.00 ± 0.00 
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associated with parallel increases in either the number of closed arm entries or the total number 

of entries made in the maze. Thus, it appears that the ventral hippocampus and lateral septum 

regulate rats' normal open arm avoidance in the plus-maze test in a serial fashion, and further that 

this primarily involves ipsilateral projections from the ventral hippocampus to the lateral septum. 

 The anxiolytic-like effects we observed following bilateral infusions of muscimol into the 

lateral septum agree with a wealth of prior literature. Local enhancement of GABAA receptor 

activity, either directly (using muscimol) or indirectly (using the benzodiazepine agonist, 

midazolam or the neurosteroids, allopregnanolone and pregnanolone) selectively suppresses rats' 

defensive responses in a wide range of animal models of anxiety, including the plus-maze and 

shock-probe burying tests (Pesold and Treit, 1996; Degroot et al, 2001; Bitran et al., 1999), 

conflict tests (Drugan et al., 1986) and a predator (fox)-odor test (Endres and Fendt, 2008). We 

saw no evidence that unilateral infusion of muscimol into the lateral septum alters rats' 

behavioural profiles in the plus-maze test. This finding agrees with prior observations that 

lesions restricted to one side of the lateral septum are without effect in the plus-maze (Menard, 

unpublished observation), but conflicts with an earlier report that unilateral application of 

morphine into the lateral septum yielded anxiogenic effects in this test (Le Merrer et al., 2006). 

Our conflicting findings could reflect species differences (mice vs. rats), procedural differences 

between laboratories (Crabbe et al., 1999), or differential distribution and/or actions of µ opioid 

vs GABAA receptors in the lateral septum (McLennan and Miller, 1974; French and Siggins, 

1980; Mansour et al., 1995; Pirker et al., 2000).  

 Although novel, our finding that bilateral infusions of muscimol into the ventral 

hippocampus selectively increased rats' open-arm exploration in the plus-maze test is consistent 

with prior evidence implicating the ventral hippocampus in both acquired and innate anxiety-
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related behaviours. Infusions of muscimol into the ventral hippocampus suppressed conditioned 

freezing (Rudy and Matus-Amat, 2005; Bast et al., 2001; Maren and Holt, 2004) and either 

lesions or temporary inactivation of the ventral hippocampus, using tetrodotoxin or lidocaine, 

produced anxiolytic-like effects across a broad range of anxiety models. In particular, such 

treatments are known to increase open-arm activity in the plus-maze (Kjelstrup et al., 2002; 

Degroot and Treit, 2004), suppress the duration of burying in the shock-probe test (Degroot and 

Treit, 2005; McEown and Treit, 2009), increase social interactions between unfamiliar 

conspecifics (Bannerman et al., 2002), decrease the latency to approach and initiate food 

consumption in tests of hyponeophagia (Bannerman et al., 2002; 2003) and suppress both innate 

and conditioned defensive responses to cat odor stimuli (Pentkowski et al., 2006). As was the 

case with the lateral septum, we found that bilateral inactivation of the ventral hippocampus was 

a necessary requirement for anxiolysis.  

 The results from our disconnection experiments strongly suggest that the ventral 

hippocampus and the lateral septum regulate open-arm avoidance in a serial fashion. 

Furthermore, this regulation primarily involves ipsilateral connections from the ventral 

hippocampus to the lateral septum because only concurrent unilateral inactivation of the lateral 

septum and the contralateral ventral hippocampus increased rats' open-arm exploration. Although 

the ventral hippocampus is the primary source of hippocampal efferents to the lateral septum, a 

small dorsal portion of the lateral septum; i.e., the Lateral Septum caudal, receives input from 

area CA3 of both the dorsal and ventral hippocampus. This dorsal hippocampal to lateral septum 

circuit could contribute to at least some anxiety-related behaviours under at least some 

conditions (for reviews see: Engin and Treit, 2007; 2008). Consistent with this possibility, 

infusions of direct or indirect GABA agonists into the dorsal hippocampus selectively increased 
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rats' exploration of the open arms of the maze (e.g., Rezayat et al., 2005; Bitran et al., 1999; 

Menard and Treit, 2001), and intra-dorsal hippocampal midazolam-induced increases in open-

arm exploration were blocked by co-infusions of glutamate into the lateral septum (Menard and 

Treit, 2001). Thus, glutamatergic input to the lateral septum originating in either the dorsal 

(Menard and Treit, 2001), or the ventral hippocampus (current results) may be relevant for 

anxiety regulation in the plus-maze test.  

 We also measured stretched-attend postures, a behaviour that, while related to anxiety, is 

thought to reflect risk assessment aimed at gathering information in potentially threatening 

situations (Rodgers and Johnson, 1995; Blanchard et al., 1994). In general, the treatment-induced 

increases in open-arm activity we observed were accompanied by parallel decreases in SAP. 

Bilateral (but not unilateral) infusions of muscimol into the lateral septum decreased % protected 

SAP, and bilateral (but not unilateral) infusions of muscimol into the ventral hippocampus 

tended to decrease the total number of SAP. Furthermore, infusions of muscimol into one side of 

the lateral septum and the contralateral hippocampus significantly reduced % protected SAP 

relative to the two saline-muscimol control groups, and yielded reductions in % protected SAP 

relative to the saline LS−saline VHcontra group, but this did not reach significance. Combined, our 

findings are consistent with prior reports implicating the ventral hippocampus and the lateral 

septum in risk assessment-related behaviour. For example, bilateral infusions of the NMDA 

receptor antagonist (AP-5) into the ventral hippocampus increased % open-arm entries and % 

open-arm time, and this effect was concomitant with decreases in the frequency of protected 

SAP (measured from the central platform and closed arm of the maze) (Nascimento Hackl and 

Carobrez, 2007). In another study, bilateral infusions of a 5HT1A receptor antagonist (WAY-

100635) into the ventral hippocampus, which increased % open-arm entries and % open-arm 
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time, also decreased total SAP (protected+unprotected) (Nunes-de-Souza et al., 2002). Bilateral 

application of ovine-CRF into the ventral hippocampus evoked an opposite profile; decreases in 

the % open-arm time and increases in risk assessment (duration of SAP and flat-back postures, 

combined) (Pentkowski et al., 2009). Not surprisingly, excitotoxic lesions of the ventral 

hippocampus also have been show to decrease risk assessment behaviours (duration of SAP and 

flat-back postures, combined) in a cat odor test (Pentkowski et al, 2006). There are fewer reports 

regarding the involvement of the lateral septum in risk assessment behaviour. However, one 

study reported that bilateral infusions of the CRF1/CRF2 agonist urocortin decreased % open-

arm time and % open-arm entries and increased the number of SAP made from the closed arms 

into either the center or an open arm (Bakshi et al, 2007).  

 The current results leave unanswered questions into how hippocampo-septal activity 

ultimately influences the expression of defensive behaviour. It has been suggested that the lateral 

septum evaluates the affective relevance of incoming input from the hippocampus and conveys 

this information on to hypothalamic areas that control the expression of goal-directed behaviours 

important to survival (Sheehan et al., 2004). As noted above, area CA3 (of both the dorsal and 

ventral hippocampus) sends glutamatergic input to the Lateral Septum caudal, which, in turn, 

sends GABAergic input preferentially to the lateral hypothalamus (Risold and Swanson, 1997). 

This circuit seems a likely candidate for regulating defensive responses in exploration based 

tests, such as the elevated plus-maze. Consistent with this, the lateral hypothalamus is involved 

in the initiation and maintenance of exploratory locomotion (Sinnamon 1993; Lammers et al., 

1988; Parada et al., 1990; Puig de Parada  et al, 2000), possibly related to foraging (Parada et al., 

1990; Puig de Parada  et al, 2000) and the exploration of potentially threatening environments 

(Hakvoort-Schwerdtfeger and Menard, 2008). In support of the latter, infusions of muscimol into 
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the lateral hypothalamus selectively increased rats' open-arm avoidance in the plus-maze test 

without altering their levels of burying in the shock-probe test (Hakvoort-Schwerdtfeger and 

Menard, 2008).  

 It is important to note that circuits linking other regions of the ventral hippocampus, the 

lateral septum and the hypothalamus could contribute to a different class of defensive 

behaviours. In particular, area CA1 of the ventral hippocampus and the ventral subiculum 

innervate parts of the Lateral Septum rostral, which in turn are preferentially connected to the 

anterior hypothalamus (Risold and Swanson, 1997). The anterior hypothalamus is a key 

component of the proposed medial hypothalamic behavioural defense system, which also 

includes the dorsomedial part of the ventromedial hypothalamus and the dorsal premammillary 

nucleus (Canteras et al, 2001; 2002). Although the medial hypothalamic defense system has been 

extensively implicated in defensive responses it does not appear to contribute to rats' avoidance 

responses in the plus-maze test. Lesions of the dorsal premammillary nucleus, which suppressed 

rats' defensive responses to a predator or predator odor (Canteras et al., 1997; 2001; Blanchard et 

al., 2003; Markham et al., 2004; Blanchard et al, 2005), did not alter open-arm avoidance 

(Blanchard et al,. 2003). Similar to this, infusions of muscimol into the anterior hypothalamus, 

which suppressed the duration of time rats spent burying in the shock-probe test, virtually had no 

effects on open-arm avoidance in the plus-maze test (Hakvoort-Schwerdtfeger and Menard, 

2008). Thus, it may be that distinct hippocampal-lateral septal-hypothalamic circuits 

differentially contribute to distinct classes of defensive behaviour. Although further research is 

needed to substantiate this possibility, it is consistent with recent evidence that distinct 

hypothalamic-periaqueductal gray circuits are differentially recruited by different types of threat 

(i.e., a predator vs a dominant conspecific) (Motta et al., 2009).  
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 In summary, here we report for the first time that combined infusions of muscimol into 

one side of the lateral septum and into the contralateral ventral hippocampus reduce rats' anxiety-

related behaviours in the plus-maze. By contrast, neither unilateral muscimol-induced 

inactivation of either structure alone nor ipsilateral inactivation of both structures together altered 

these behaviours. These results provide support for Gray and McNaughton's theory that the 

septum and the hippocampus work in concert to regulate anxiety (Gray 1982; Gray and 

McNaughton, 2000). In particular, our results show that the ventral hippocampus and the lateral 

septum act in a serial fashion to regulate rats' avoidance responses in the plus-maze. Because not 

all defensive behaviours share the same neural circuitry (e.g., Hakvoort-Schwerdtfeger and 

Menard, 2008; Motta et al., 2009) future work is needed to determine the generality of the 

current findings. 
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Chapter 3. Infusions of neuropeptide Y into the lateral septum reduce anxiety-

related behaviours in the rat 

 

As published in “Infusions of neuropeptide Y into the lateral septum reduce anxiety-related 

behaviors in the rat” Trent �L, Menard JL. 2011. Pharmacology, Biochemistry  

and Behavior 99, 580–590. 

 

ote: Additional results and their corresponding graphs depicting the proportion of rats that 

buried, as well as the latency to bury in the shock-probe test (Fig 12B-C & 17B-C) have been 

added to the Appendix for consistency with the results of Chapter 4.  

 

3.1 Abstract 

 Neuropeptide Y (NPY) is one of the most abundant peptides in mammalian brain and 

NPY-like immunoreactivity is highly expressed in the lateral septum, an area extensively 

involved in anxiety regulation. NPY counteracts the neurochemical and behavioural responses to 

acute threat in animal models, and intracerebroventricular (i.c.v.) administration of NPY at low 

doses is anxiolytic. Less is known about the specific contributions of the lateral septum to NPY-

mediated anxiety regulation. In Experiment 1, the effects of infusions of NPY (1.5 µg) into the 

lateral septum were investigated in three animal models of anxiety: the elevated plus-maze, 

novelty-induced suppression of feeding, and shock-probe burying tests. Experiment 2 examined 

the role of the NPY Y1 receptor in these models by co-infusing the Y1 antagonist BIBO 3304 

(0.15 µg, 0.30 µg) with NPY into the lateral septum. In the elevated plus-maze, there were no 

changes in rats' open arm exploration, the index of anxiety reduction in this test. In the novelty-
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induced suppression of feeding test, rats infused with NPY showed decreases in the latency to 

consume a palatable snack in a novel (but not familiar) environment, suggesting a reduction in 

anxiety independent of increases in appetite. This anxiolysis was attenuated by co-infusion with 

BIBO 3304 (0.30 µg) in Experiment 2. Lastly, rats infused with NPY showed decreases in the 

duration of burying behaviour in the shock-probe burying test, also indicative of anxiety 

reduction. However, unlike in the feeding test, BIBO 3304 did not attenuate the NPY-induced 

anxiolysis in the shock-probe test. It is concluded that NPY produces anxiolytic-like actions in 

the lateral septum in two animal models of anxiety: the novelty-induced suppression of feeding, 

and shock probe burying tests, and that this anxiolysis is dependent on Y1 receptor activation in 

the feeding test. 

 

3.2 Introduction 

 Neuropeptide Y (NPY) is a 36-amino acid peptide that is distributed in mammalian brain 

in higher concentrations than any other peptide studied to date (Gray and Morley, 1986). NPY 

has many physiological and behavioural functions, including the regulation of stress and anxiety 

responses and may act endogenously through opposing the behavioural responses of anxiety 

under acutely stressful conditions (for review: Heilig, 2004). Interestingly, NPY-transgenic rats 

behave like wild type animals in the elevated plus-maze under normal conditions, but do not 

display the expected anxiogenic response observed in normal rats following acute restraint stress 

(Thorsell et al., 2000). On the other hand, intracerebroventricular (i.c.v.) administration of NPY 

decreases anxiety-like behaviours in many animal models, including the plus-maze, open field, 

and conflict tests (Britton et al., 2000; Heilig and Murison, 1987; Heilig et al., 1989). 

Expectedly, NPY-like-immunoreactivity (NPY-IR) is highly expressed in many structures that 
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also regulate these behaviours, including the amygdala, hippocampus, hypothalamus, and lateral 

septum (Allen et al., 1983; Chronwall et al., 1985; Heilig, 2004; Kask et al., 2002).  

 The lateral septum regulates anxiety as part of a circuit that includes multiple 

interconnections with the structures mentioned above (Risold and Swanson, 1997; Sheehan et al., 

2004). Both lesions and pharmacological perturbations of the lateral septum reduce anxiety-like 

behaviours; i.e., by increasing rats' open arm exploration in the elevated plus-maze and reducing 

defensive burying in the shock-probe burying test (e.g., Bondi et al., 2007; Menard and Treit, 

1996; Pesold and Treit, 1992, 1996; Trent and Menard, 2010). Given that the lateral septum has a 

high density of NPY binding sites (Allen et al., 1983; Larsen et al., 1993; Martel et al., 1986) it 

seems likely that NPY actions at that site may contribute to rats' behavioural responses in 

anxiety-related paradigms. Thus, infusions of NPY into the lateral septum decreased anxiety in 

the social interaction and plus-maze tests and antagonized the anxiogenic effects of 

corticotrophin releasing hormone (Kask et al., 2001; Molina- Hernandez et al., 2010). In the 

current study, we were interested in lateral septal NPY in a wider range of paradigms because 

not all defensive behaviours share the same neural circuitry (e.g., Pesold and Treit, 1994; Treit 

and Menard, 1997; Treit et al., 1993). In addition, although the lateral septum has been 

implicated in both open-arm avoidance and shock-probe burying these responses are nonetheless 

differentially regulated by distinct receptor types within that structure. For example, lateral septal 

infusions of either the 5-HT1A receptor agonist, 8-OH-DPAT or the NMDA receptor antagonist, 

AP-5 suppressed burying while leaving rats' normal levels of open-arm avoidance intact (Menard 

and Treit, 1998, 2000). By contrast, chronic infusions of the vasopression V1/V2 receptor 

antagonist, d(CH2)5-D-Tyr(Et)VAMP into the lateral septum increased open-arm avoidance 

while leaving the burying response intact (Everts and Koolhaas, 1999).  
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 The purpose of the current study was two-fold: to investigate the effects of infusions of 

NPY into the lateral septum across a range of anxiety-related behaviours (Experiment 1) and to 

examine the role of the Y1 receptor by pre-treating rats with the Y1 antagonist BIBO 3304 prior 

to the NPY infusions (Experiment 2). The development of specific NPY receptor antagonists has 

allowed for a detailed investigation into the role of each receptor subtype. The actions of NPY 

are mediated through at least four G-protein linked receptors: NPY Y1, Y2, Y4, and Y5 (Dumont 

et al., 1998; Eaton et al., 2007; Harro, 2006). The Y1 receptor has been the most associated with 

mediating the anxiolytic actions of NPY (for review: Kask et al., 2002) and is located mostly 

postsynaptically (King et al., 1999). The lateral septum has a high expression of Y1 receptors 

(Martel et al., 1986; Dumont et al., 1996, 1998), which may play a putative role in anxiety 

regulation at this site. In a prior study, co-infusion of the Y1 antagonist BIBO 3304 with NPY in 

the lateral septum attenuated lateral septal NPY-induced anxiety reduction in the social 

interaction test (Kask et al., 2001). Infusion of BIBO 3304 into the lateral septum did not alter 

anxiety on its own, implying that NPY-mediated anxiety regulation may be phasic at this site 

(Kask et al., 2001). Infusions of Y1 antagonists alone usually have no effect on anxiety, except 

when infused into the periaqueductal gray or dentate gyrus, where infusions have been found to 

either increase or decrease anxiety, respectively (Kask et al., 1998a,c; Smialowska et al., 2007). 

 We tested rats in three paradigms: the elevated plus-maze test, novelty-induced 

suppression of feeding test, and the shock-probe burying test. In the plus-maze test, a reduction 

in anxiety suppresses the normal tendency of rodents to avoid open areas, measured as an 

increase in the proportion of entries or time spent on the open arms of the maze (Carobrez and 

Bertoglio, 2005; Pellow et al., 1985). In the novelty-induced suppression of feeding test, anxiety 

reduction is indexed by a decrease in the latency to initiate consumption of a palatable snack in a 
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novel environment without changing latency to snack consumption in the home-cage (Merali et 

al., 2003). One advantage of this test is that it allows us to examine potential NPY-related 

changes in appetite. This is important, because NPY is known to increase appetite (e.g., Hanson 

and Dallman, 1995; Polidori et al., 2000) and exploration-based animal models of anxiety are 

sensitive to changes in appetitive motivation (Genn et al., 2003a,b; Inoue et al., 2004). For 

example, chronic food restriction has been shown to selectively increase rats' open-arm 

exploration in the plus-maze without altering their behavioural responses in the social interaction 

test (Genn et al., 2003b). Lastly, we also tested rats in the shock-probe burying test, in which 

anxiety reduction is indexed by a decrease in burying behaviour, that is, the natural tendency of 

rats to bury an electrified probe by using their forepaws to push bedding material towards and 

over the probe (Treit et al., 1981). Inclusion of this test allowed us to examine the effects of 

lateral septal NPY on rats' defensive responses to a noxious, localizable threat source. To the best 

of our knowledge, there have been no prior investigations into the potential anxiolytic effects of 

lateral septal NPY on either novelty-induced suppression of feeding or shock-probe burying. 

Given the established role of the lateral septum in anxiety regulation, we hypothesized that 

infusions of NPY into the lateral septum would reduce rats' anxiety-like behaviour in all three 

animal models: the elevated plus-maze, novelty-induced suppression of feeding and shock-probe 

burying tests (Experiment 1) and further that this NPY-induced anxiolysis could be attenuated by 

the Y1 receptor antagonist BIBO 3304 (Experiment 2). 
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3.3 Materials and methods 

3.3.1 Subjects  

 Subjects were naïve, male Long Evans rats from Charles River, Quebec weighing 300–

400 g at the time of surgery. Rats were given at least 1 week to acclimatize to the colony 

conditions before undergoing surgery. Prior to surgery, rats were double housed in polycarbonate 

cages, given ad libitum food and water, and maintained on a 12:12 light/dark cycle (lights on at 

0700 h). The temperature of the colony room was maintained at approximately 21 °C. Following 

surgery, rats were individually housed under the same conditions as before surgery. The 

treatment of all animals was in compliance with the guidelines of the Canadian Council on 

Animal Care, and was approved by Queen's University Animal Care Committee. 

 

3.3.2 Drugs  

 Human, rat NPY1–36 was obtained from Polypeptide Laboratories in San Diego, CA and 

BIBO 3304 trifluoroacetate was obtained from Tocris Bioscience in Strasbourg, France. Owing 

to poor solubility, NPY and BIBO 3304 were dissolved in sterile water rather than physiological 

saline. 

 

3.3.3 Surgery  

 Rats were anesthetized with isoflurane (1.5%–4.5%) in oxygen at a rate of 1.5–2 L/min. 

Buprenorphine (0.04 mg/kg s.c.) was administered preoperatively to reduce pain. The rats' heads 

were shaved and they were injected subdermallywith the analgesic Marcaine (2 mg/kg). Rats 

were then placed in a Kopf stereotaxic apparatus. The scalp was thoroughly sterilized and an 

incision was made to expose the skull. Stereotaxic procedures were used to drill burr holes 
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through the skull, bilaterally, over the right and left lateral septum and two 23-gage stainless-

steel guide cannula were implanted, according to flat skull coordinates from Paxinos and Watson 

(1998) (0.5 mm AP, ±1.2 mm ML, and 3.2mm DV to bregma at 7° angled medially). Guide 

cannulae secured by cementing 4 small jeweler's screws to the skull using dental acrylic. At the 

end of surgery a pin was inserted into each cannula to keep the tract clear of debris. Immediate 

post-operative care included: analgesic treatment using ketoprofen (5 mg/kg s.c.), rehydration 

with injection of lactated ringer solution (5 ml s.c.), and maintenance of body temperature by 

placing the rat under a heat lamp. After animals recovered from anesthesia they were transferred 

from the surgery room to a recovery room (separate from the home colony) where they remained 

for a minimum of 3 recovery days. On each recovery day rats were given a morning injection of 

buprenorphine (0.04 mg/kg s.c.) and afternoon injections of both buprenorphine (0.04 mg/kg 

s.c.) and ketoprofen (5 mg/kg s.c.). The recovery room temperature was set to approximately 25 

°C, which was slightly higher than the regular colony conditions. Once recovery was complete, 

the animals were returned to the regular colony where they were left undisturbed (except for 

regular maintenance) for at least 4–6 days prior to behavioural testing. 

 

3.3.4 Infusions 

 Following post surgical recovery, rats were randomly assigned to one of the following 

infusion conditions: Experiment 1: (a) physiological saline (0.9%) (b)NPY (1.5 µg/side, 

equivalent to 0.35 nmol); Experiment 2: (a) saline+saline, (b) saline+BIBO 3304 (0.15 µg/side or 

0.30 µg/side, equivalent to 0.20 and 0.39 nmol), (c) saline+NPY (1.5 µg/side), (d) BIBO 3304 

(0.15 µg/side or 0.30 µg/side)+NPY (1.5 µg/side). All rats received a volume of 0.5 µl/side at an 

infusion rate of 1 µl/min. Doses used were based on previous studies and modified when 
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necessary (Kask et al., 2001; Olivera-Lopez et al., 2008). Rats were habituated to the infusion 

procedures for 3 consecutive days prior to testing. This was done by holding them in a gentle, 

manual towel-wrap restraint and removing and replacing the cannula pins in the infusion room. 

On testing day, rats were gently hand-held, the pins were removed, and two 30-gage stainless-

steel internal cannulae were lowered to 2.0 mm below the tip of the guide cannulae. The internal 

cannulae were connected to a 10 ml constant rate Hamilton microsyringe with polyethylene 

tubing and the infusions were delivered using an infusion pump (KD Scientific, MA). The 

displacement of an air bubble inside the polyethylene tubing was monitored to confirm drug 

flow. In addition, prior to replacing the stylet, the top of the cannula guide was inspected for 

fluid efflux. At the end of the 30 s infusion, the microinjector was left in the brain for an 

additional 1 min to allow for diffusion away from the tips. In Experiment 1, behavioural testing 

began 15 min after the infusion. In Experiment 2, the second infusion was delivered 15 min after 

the first infusion, and behavioural testing began 15 min following the second infusion.  

 

3.3.5 Behavioural testing  

 Rats were allowed at least 1 week to recover from surgery before behavioural testing 

commenced. All infusions and testing occurred between 0900 and 1700 h and all behaviours 

were recorded on videotape for subsequent analysis. The behaviours for the elevated plus-maze 

and the shock-probe burying test were evaluated using Observer 7 software (Noldus Information 

Technology, MA) while blind to the treatment group. 
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3.3.5.1 Elevated plus-maze test 

 Elevated plus-maze testing occurred 1 week after surgery. The wooden plus-maze 

consisted of two open arms (50×10 cm) and two enclosed arms (50×10×50 cm) that form a plus 

shape, all with open roofs. The maze was elevated 50 cm from the floor and situated in the center 

of a quiet and dimly lit test room. Rats were placed individually in the center of the maze facing 

one of the closed arms and allowed 5 min of exploration. During the test, the rats' arm entries 

were observed and recorded by the experimenter sitting quietly in the corner of the room. After 

the test was completed the maze was cleaned with distilled water and wiped dry to prevent rats 

from following each other's scent. Behaviours measured for this test were: (a) number of open 

arm entries, (b) number of closed arm entries, (c) total number of arm entries (open+closed), (d) 

time spent in the open arms, (e) time spent in the closed arms, and (f) number of rears. An arm 

entry was indexed as the rat having all four of its paws on the arm. Open arm activity was 

quantified as the %open arm time (time on the open arms/time on open+closed arms) and % 

open arm entries (open entries/open+closed entries). We also measured the frequency of 

stretched attend postures (SAP; i.e., stretching forward and retracting to its original position). 

SAPs were differentiated according to where they occurred on the maze. If they occurred in the 

closed arms or the central area they were classified as “protected” while if they occurred in the 

open arms they were classified as “unprotected”. SAPs were quantified as total SAP 

(protected+unprotected) and % protected SAP (protected/total) and were used as indices of risk 

assessment (Rodgers and Johnson, 1995). The index for anxiety reduction in this test is an 

increase in the proportion of entries into the open arms and/or an increase in the proportion of 

time spent in the open arms (Pellow et al., 1985). The number of closed arm entries and the total 

number of entries were used as indices of general exploration/locomotor activity (Pellow et al., 
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1985; Rodgers and Johnson, 1995). We also measured the number of rears as an additional 

measure of general exploration (Lever et al., 2006). 

 

3.3.5.2 ovelty-induced suppression of feeding test 

 The novelty-induced suppression of feeding test occurred 1 week after elevated plus-

maze testing. Habituation for this test consisted of rats receiving half a piece of a graham cracker 

(Honey Maid Graham Crackers, Nabisco) in a small dish in the corner of their home cages for 4 

consecutive days (days 1–4). The latency to initiate consumption of the palatable snack was 

recorded each day by an observer standing quietly in the corner of the colony room. Following 

day 4, the rats were infused with their respective treatment and tested in the home cage test (day 

5), whereby rats were given the snack in their cage in the home colony room as usual. The 

following day at the same time rats were again infused with their respective treatment and tested 

in the novel cage test (day 6), whereby rats were given the snack in an unfamiliar environment: 

an opaque cage with an inverted lid in a novel room. In the novelty-induced suppression of 

feeding test, a decrease in anxiety is indexed by a decrease in the latency to begin consumption 

of the snack in the novel cage environment, in the absence of changes in the latency to begin 

consumption in the home cage environment (Merali et al., 2003). 

 

3.3.5.3 Shock-probe burying test  

 Shock-probe burying test occurred 1 week after the novelty-induced suppression of 

feeding test. The apparatus consisted of an electrified copper-wired stationary probe inserted 6 

cm through a hole into a transparent (40×30×40 cm) Plexiglas chamber that contained 5 cm of 

bedding material (wood chips) spread evenly on its floor. An electrified, wire-wrapped Plexiglas 
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probe (6×0.5×0.5 cm) could be inserted through a small hole centered 5 cm above the bedding 

material. An electrical current was distributed through two copper wires wrapped around the 

probe. Using a 2000 V shock source, the intensity of the shock was set at 2.5 mA. Rats were 

individually habituated to the test chamber without the shock-probe present for 15 min on each 

of 4 consecutive days prior to the testing day. On the test day, the shock probe was inserted 6 cm 

into the chamber and secured in place. At the start of the test, rats were individually placed in the 

chamber facing away from the electrified probe. The 15 min test began immediately after rats 

received their first contact-induce shock from the probe. At the end of testing, fecal boluses were 

removed and the bedding was replaced and smoothed to equal thickness. After being shocked, 

rats' innate defensive response normally consists of rapidly pushing bedding with their forepaws 

and shoveling bedding with their head toward the shock-probe (i.e. burying behaviour) (Treit et 

al., 1981). Duration of burying behaviour is used as an index of anxiety: a reduction in anxiety is 

measured as a reduction in the time spent burying. The following behaviours were measured for 

this test: (a) duration of burying; (b) duration of immobility (e.g. rest, sleep) and (c) number of 

rears and (d) number of probe-contact induced shocks received. Rats' physical reactivity to the 

shocks was measured on a four-point scale, according to Treit et al. (1981): small head or 

forepaw flinch (1), whole body flinch with or without movement away from the probe (2), whole 

body flinch/jump with movement away from probe (3), whole body flinch and jump with rapid 

movement away from probe (4). The mean shock reactivity score was calculated for each rat by 

dividing the total shock reactivity scores by the total number of shocks received. The duration of 

burying behaviour is used as the primary index of anxiety in this test. Reductions in burying that 

are not associated with changes in associative learning and memory (indexed by probe 

avoidance, i.e., the number of shocks received), pain sensitivity (indexed by mean shock-
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reactivity) and locomotor activity (indexed by rears and immobility) are indicative of anxiety 

reduction in this test (Treit et al., 1981). 

 

3.3.6 Histology 

 Following behavioural testing, rats were anesthetized with isoflurane in oxygen and 

sacrificed with an overdose of chlorohydrate (300 mg/kg, i.p.). Rats were perfused intracardially 

with 120 ml of 0.9% saline followed by 120 ml of 10% phosphate buffered formalin. The brains 

were then extracted and placed in small plastic containers filled with formalin. At least 48 h later 

the brains were frozen with a cryostat and coronal slices (40 µm thick) were made and mounted 

onto subbed glass slides. The location of the cannulae was examined and transcribed onto atlas 

sheets (Paxinos and Watson, 1998) while blind to corresponding behavioural data. 

 

3.3.7 Statistical analysis  

 Data are presented as mean±standard error of means (SEM). The results for the elevated 

plus-maze and shock-probe burying tests were analyzed using a one-way analysis of variance 

(ANOVA). In order to correct for heterogeneity of variance, the duration of burying scores were 

transformed (natural log) prior to the ANOVA. The results for the novelty-induced suppression 

of feeding test were analyzed using an ANOVA with repeated measures, with treatment as a 

between factor and day as a within factor. All data that reached significance (p<0.05) were 

further analyzed post hoc using LSD tests. 
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3.4 Results 

3.4.1 Experiment 1: infusions of PY into the lateral septum  

 The cannulae placement sites for infusion into the lateral septum are shown in Fig. 10. 

Rats with cannulae situated in the lateral septum yielded the following group numbers: saline 

(n=10), NPY (n=12), totaling 22 rats with correct cannula placements. 

Figure 10. Histological results for Experiment 1. Circles indicate the location of the cannula tips for 

bilateral infusions of saline (open circles) or NPY (1.5 µg) (filled circles) into the lateral septum. Atlas 

plates are adapted from Paxinos and Watson (1998). NPY = neuropeptide Y. 
 

 

3.4.1.1 Elevated plus-maze  

 As can be seen in Fig. 11, infusions of NPY into the lateral septum had no effect on rats' 

open arm exploration. An overall one-way ANOVA was performed for % open arm entries, 

F(1,20)=0.19, p>0.6, and for % open arm time, F(1,20)=0.02, p>0.8. Locomotor activity and risk 

assessment (SAP) behaviour are provided in Table 7. There was no NPY-induced change in 

locomotor activity, measured as the number of closed arm entries, F(1,20)=0.64, p>0.4, the 

number of total arm entries, F(1,20)=0.21, p>0.8, and number of rears F(1,20)=1.67, p>0.20. 

There was also no effect of NPY on risk-assessment behaviour, measured as total number of 

SAP, F (1,20)=1.78, p>0.1, or % protected SAP, F(1,20)=0.96, p>0.9. 
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Figure 11. Mean (±SEM) % of open-arm entries (open squares) and % of open-arm time (closed squares) 

displayed by rats following bilateral infusions of either saline (n=10) or NPY (1.5 µg, n=12) into the 

lateral septum. NPY = neuropeptide Y. 

 

 
Table 7. Mean (±SEM) plus-maze activity and risk assessment scores after infusions of saline or NPY 

into the lateral septum (Experiment 1) 

 

3.4.1.2 ovelty-induced suppression of feeding test 

Behaviour Saline 

 

(n = 10) 

NPY 

(1.5µg) 

(n = 12) 

Closed arm entries 10.10 ± 0.66 9.33 ± 0.68 

Total arm entries 13.60 ± 1.25 13.83 ± 1.25 

Total SAP 14.70 ± 1.33  12.08 ± 1.40 

% Protected SAP 77.04 ± 5.23 76.49 ± 8.88 

NPY, neuropeptide Y; SAP, stretch-attend postures. 
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 One animal from the NPY group lost its skull cap before the initiation of the novelty-

induced suppression of feeding test, yielding the following group numbers: saline (n=10) and 

NPY (n=11). Fig. 12A shows the latency to begin to consume the snack over the 4 habituation 

days (Hab Days 1–4), the home cage test (Day 5), and the novel cage test (Day 6). The figure 

shows the natural decline in latency across the first 2 habituation trials, after which the response 

latencies in the home-cage stabilized (across Days 3 and 4). A repeated measures ANOVA 

revealed a main effect of Day, F (5,95)=18.37; p<0.001 and Day×Treatment interaction, 

F(5,95)=6.60, p=0.001. Follow up analysis, using a one-way ANOVA, revealed that compared to 

saline-treated controls, rats infused with NPY (1.5 µg) into the lateral septum took significantly 

less time to initiate snack consumption in the novel cage test, F(1,19)=13.76, p=0.001 but not in 

the home cage test, F(1,19)=1.65, p>0.2. Similarly, there were no between group differences on 

any of the 4 habituation trials (Days 1–4, all ps>0.30). Further analysis, using difference scores 

(novel cage latency−home cage latency), similarly underscored that exposure to the novel cage 

increased latency to snack consumption in saline-treated but not NPY-treated rats, F(1,19)=9.15, 

p<0.01 (see Fig. 12B). 

 Although the findings above suggest that lateral septal NPY did not affect appetitive 

motivation, examination of Fig. 12A raised the possibility that the latency to feeding scores of 

NPY-treated rats (but not saline-treated controls) decreased from baseline measures, taken on 

habituation Day 4, following their first drug treatment in this test on Day 5 (i.e., the home cage 

test). Thus, we further analyzed data from Day 4 and the Home-Cage test alone. A repeated 

measures ANOVA revealed no main effect of Day, F=1.64; p>0.20 or Day×Treatment 

interaction, F(1,19)= 2.74, p=0.12. Further a posterior analysis revealed that the experimental 

rats were significantly faster to initiate snack consumption following their first infusion of NPY 
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on Day 5 (home-cage test) than they were on the last habituation trial on Day 4, F(1,10)=9.85, 

p=0.01. Similar results were not observed in saline treated controls, F(1,9)=0.04, p>0.80. 
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Figure 12. Mean (±SEM) latency to begin to consume the snack across the 4 habituation

(1–4) and the home and novel cage tests (A) by rats following bilateral

NPY (1.5 µg, n=11) into the lateral septum. The

latency−home cage latency) are also
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Mean (±SEM) latency to begin to consume the snack across the 4 habituation

4) and the home and novel cage tests (A) by rats following bilateral infusions of either saline (n=10) or 

NPY (1.5 µg, n=11) into the lateral septum. The mean (±SEM) difference scores (novel cage 

−home cage latency) are also displayed (B). (*p<0.05, relative to saline infusions).

Saline                       NPY
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*

 

Mean (±SEM) latency to begin to consume the snack across the 4 habituation trials (Hab days 

infusions of either saline (n=10) or 

SEM) difference scores (novel cage 

.05, relative to saline infusions). 
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3.4.1.3 Shock-probe burying test 

 One animal from the NPY group lost its skull cap prior to the initiation of the shock-

probe testing and a second animal from that group did not receive a satisfactory infusion (one of 

its cannulae guides was plugged). This yielded the following group numbers: saline (n=10) and 

NPY (n=9).  

 As shown in Fig. 13, rats that received NPY infusions into the lateral septum spent less 

time burying the electrified probe than did saline-treated controls. This pattern was confirmed 

significant by ANOVA: duration of burying (log seconds) F(1,17)=34.77, p<0.001. Table 8 

shows the activity and reactivity scores for this test. Importantly, NPY-induced reductions in 

burying were not associated with treatment-induced changes in general activity level, indexed as 

duration of immobility, F(1,17)=2.27, p>0.1 or number of rears, F(1,17)=0.17, p>0.6; mean 

shock reactivity, F(1,17)=3.49, p>0.07; or the number of shocks received, F(1,17)=0.25, p>0.6. 
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Figure 13. Mean (±SEM) duration of burying (log seconds) in the shock-probe burying test after bilateral 

infusions of either saline (n=10) or NPY (1.5 µg, n=9) into the lateral septum. (*p<0.001, relative to 

saline infusions). 
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Table 8. Mean (±SEM) activity and reactivity scores in the shock-probe burying test after infusions of  

NPY13-36 into the lateral septum (Experiment 1) 

 

 

3.4.2 Experiment 2: infusions of PY and the Y1 antagonist BIBO 3304 into the lateral 

septum 

 The cannulae placement sites for infusion into the lateral septum for Experiment 2 are 

shown in Fig. 14. Rats with cannulae situated in the lateral septum yielded the following group 

numbers: (a) saline+saline (n=10), (b) saline+NPY (1.5 µg, n=8), (c) saline+BIBO 3304 (0.15 

µg, n=9), (d) BIBO 3304+NPY (0.15 µg+1.5 µg, n=10) (e) saline+BIBO 3304 (0.30 µg, n=11) 

(f) BIBO 3304+NPY (0.30 µg+1.5 µg, n=11), totaling 59 rats that had correct cannula 

placements.   

 

 

 

Behaviour Control  

(aCSF) 

(n = 11) 

NPY13-36 

(0.75µg) 

(n = 11) 

Immobility  0.29 ± 0.29 1.81 ± 1.20 

Number of rears 46.55 ± 6.23 54.27 ± 4.12 

Number of shocks  4.45 ± 0.54   3.09 ± 0.42* 

Shock reactivity 2.15 ± 0.08 1.98 ± 0.17 

aCSF, artificial cerebral spinal fluid;  NPY13-36, neuropeptide Y Y2 receptor agonist; *p = 0.06. 
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Figure 14. Histological results for Experiment 2. Circles indicate the location of the cannula tips for rats 

bilaterally infused with either saline (open circles), NPY (1.5 µg) (filled circles) (A), Y1 (0.15 µg) (open 

circles) or Y1 (0.30 µg) (filled circles) (B), andY1/NPY (0.15 µg/1.5 µg) (open circles) or Y1/NPY (0.30 

µg/1.5 µg) (filled circles) (C) into the lateral septum. NPY=neuropeptide Y, Y1=Y1 receptor antagonist 

BIBO 3304. Atlas plates are adapted from Paxinos and Watson (1998). 
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3.4.2.1 Elevated plus-maze test 

 As can be seen in Fig. 15, there were no group differences on rats' open arm activity, 

similar to Experiment 1. A one-way ANOVA confirmed that NPY infusions into the lateral 

septum did not affect the percentage of open arm entries, F(5,53)=1.60, p>0.1, or the percentage 

of open arm time, F(5,53)=0.80, p>0.5. Locomotor activity and risk assessment (SAP) behaviour 

are provided in Table 9. There were no group differences in locomotor activity, measured by 

either the number of closed arm entries, F(5,53)=0.17, p>0.9, the number of total arm entries, 

F(5,53)=1.61, p>0.1, or the number of rears, F(5,53)=1.13, p>0.35. There was also no effect of 

NPY on risk-assessment behaviour, indicated by total number of SAP, F(5,53)= 1.07, p>0.3, or 

% protected SAP, F(5,53)=0.47, p>0.7.  
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Figure 15. Mean (±SEM) % of open-arm entries (open squares) and % of open-arm time (closed squares) 

displayed by rats following bilateral infusions of either saline (n=10), NPY (1.5 µg, n=8), Y1 (0.15 µg, 

n=9), Y1/NPY (0.15 µg/1.5 µg, n=10), Y1 (0.30 µg; n=11), or Y1/NPY (0.30 µg/1.5 µg, n=11) into the 

lateral septum. NPY=neuropeptide Y, Y1=Y1 receptor antagonist BIBO 3304. 
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3.4.2.2 ovelty-induced suppression of feeding test  

 As can be seen in Fig. 16A, the pattern of the novelty-induced suppression of feeding test 

is similar to the pattern observed in Experiment 1 (Fig. 12A) in that there was a general decline 

in latency over the habituation period in all groups. A repeated measures ANOVA found a main 

effect of Day, F(5,265)=38.13; p<0.0001 and Day×Treatment interaction, F(25,265)=1.88 

p<0.01.  

 Follow up analysis, using a one-way ANOVA, revealed that between group differences in 

the latency to initiate snack consumption were present for the novel cage test (Day 6), 

F(5,53)=3.48, p=0.009, but not for the home cage test (Day 5), F(5,53)=0.49, p>0.79. Similarly, 

there were no between group differences in latency to snack consumption for any of the 

habituation trials (Days 1–4, all ps>0.40). Pair-wise comparisons (LSD test) on the novel cage 

test data confirmed that compared to saline treated controls, rats infused with NPY (1.5 µg) 

displayed significant reductions in the latency to begin consumption of the snack in the novel 

cage, p<0.001. The higher dose of BIBO 3304 (0.30 µg) significantly attenuated the effect of 

NPY on feeding latency in the novel environment, p>0.07 compared with saline and p<0.04 

compared with NPY alone, whereas the lower dose of BIBO 3304 (0.15 µg) did not, p<0.02 

compared with saline and p>0.2 compared with NPY alone. Unexpectedly, when BIBO 3304 

was infused alone at the higher dose (0.30 µg) rats displayed a reduced latency to initiate snack 

consumption in the novel cage test, p<0.02 compared with saline. 

 The difference scores for this test (novel cage latency−home cage latency) are displayed 

in Fig. 16B. An overall one-way ANOVA revealed that the difference scores varied between 

groups, F(5,53)=4.01, p=0.003. Pair-wise comparisons (LSD test) revealed that, similar to 

Experiment 1, rats infused with NPY had reduced difference scores compared to saline, p<0.001. 
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BIBO 3304 (0.30 µg) at the higher dose significantly attenuated the effect of NPY-induced 

reduction in difference score, p>0.1 compared to saline and p=0.007 compared with NPY, 

whereas the lower dose of BIBO 3304 (0.15 µg) did not, p=0.008 compared with saline and 

p>0.7 compared with NPY. As above, rats infused with BIBO 3304 alone at the higher dose 

(0.30 µg) had significantly lower difference scores compared to saline, p<0.02. To further 

examine for potential treatment effects on appetitive motivation we analyzed data from Day 4 

and the Home-Cage test using a repeated measures ANOVA. With this truncated analysis, there 

was a main effect of Day, F(1,53)=26.64; p=0.00 and no Day×Treatment interaction, 

F(5,53)=1.10, p=0.37. The absence of an interaction effect suggests that the decline in latency 

scores displayed by rats across Day 4 to Day 5 reflected ongoing habituation rather that 

treatment effects on appetitive motivation. 
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Figure 16. Mean (±SEM) latency to begin to consume the snack across the 4 habituation trials (Hab days 

1–4) and the home and novel cage tests (A) for rats bilaterally infused with either saline (n=10), NPY (1.5 

µg, n=8), Y1 (0.15 µg, n=9), Y1/NPY (0.15 µg/1.5 µg, n=10), Y1 (0.15 µg, n=11), or Y1/NPY (0.30 

µg/1.5 µg, n=11) into the lateral septum. The mean (±SEM) difference scores (novel cage latency−home 

cage latency) are also displayed (B). NPY = neuropeptide Y, Y1 = Y1 receptor antagonist BIBO 3304. 

(*p<0.05 relative to saline infusions, #p<0.05 relative to NPY infusions when given alone). 
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3.4.2.3 Shock-probe burying test 

 The shock-probe data from Experiment 2 is depicted in Fig. 17. Similar to Experiment 1, 

a one-way ANOVA indicated that the duration of burying (log seconds) F(5,52)=4.94, p=0.001 

varied between groups. Follow-up pair-wise comparisons (LSD test) confirmed that, similar to 

Experiment 1, rats infused with NPY (1.5 µg) into the lateral septum spent less time burying the 

shock-probe than did saline treated controls, p<0.001. Neither dose of BIBO 3304 attenuated the 

effect of NPY infusions on burying behaviour; i.e., burying scores of rats that received combined 

infusions of either BIBO 3304 (0.15 µg)+NPY (1.5 µg) or BIBO 3304 (0.3 µg)+NPY (1.5 µg) 

did not differ from those of rats treated with NPY alone, both ps>0.4, but did differ from saline-

treated controls, both ps<0.003. Although the low dose of BIBO 3304 when given alone did not 

affect burying behaviour, p=0.10, the high dose of BIBO 3304 produced significant reductions in 

burying relative to controls, p=0.001. 

 Table 10 shows the activity and reactivity scores for the shock-probe burying test. 

Importantly, there were no group differences in mean shock-reactivity F(5,52)=0.20, p>0.9, or 

the number of shocks received F(5,52)=0.84, 

p>0.5. There was however, a significant overall difference in activity level as measured by 

duration of immobility, F(5,52)=3.46, p=0.009 and number of rears, F(5,52)=2.38,p=0.05. 

Pairwise comparisons (LSD) revealed that, as in Experiment1, NPY-treated rats did not differ 

from saline-treated rats on either the duration of time spent immobile (p>0.65) or the number of 

rears (p>0.25). However, BIBO 3304 (0.15 µg)+NPY (1.5 µg) infused rats spent more time 

immobile compared to all other groups, p<0.02. In addition, BIBO (0.15 µg) treated rats made 

fewer rears relative to saline-treated controls, p=0.05, and both BIBO (0.15 µg) and BIBO (0.15 

µg)+NPY (1.5 µg) treated rats made fewer rears than NPY-treated rats, both ps<0.05. 
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Figure 17. Mean (±SEM) duration of burying (log seconds) in the shock-probe burying test for rats 

bilaterally infused with either saline (n=9), NPY (1.5 µg, n=8), Y1 (0.15 µg, n=9), Y1/NPY (0.15 µg/1.5 

µg, n=10), Y1 (0.30 µg; n=11), or Y1/NPY (0.30 µg/1.5 µg, n=11) into the lateral septum. NPY = 

neuropeptide Y, Y1 = Y1 receptor antagonist BIBO 3304. (*p<0.005 relative to saline infusions, #p<0.05 

relative to NPY infusions when given alone). 
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3.5 Discussion  

 Infusions of NPY into the lateral septum produced anxiolytic-like effects in the novelty-

induced suppression of feeding and shock-probe burying tests, but failed to alter rats' open arm 

avoidance in the elevated plus-maze test. Thus, lateral septal NPY decreased rats' latency to 

initiate consumption of a palatable snack in a novel environment, without changing their latency 

to snack consumption in the home cage, and selectively reduced the duration of time spent 

burying an electrified shock-probe, without affecting general locomotor activity. Pre-infusions of 

the Y1 antagonist BIBO 3304 (0.30 µg) attenuated the anxiolytic-like effects of NPY in the 

novelty-induced suppression of feeding test but did not alter the effects of NPY on burying. 

Together, our findings support the view that activation of NPY receptors in the lateral septum 

reduced anxiety-related responses, but this effect seems to be test specific.  

 Although NPY (i.c.v.) is known to enhance appetite (Flood and Morley, 1991; Hanson 

and Dallman, 1995; Polidori et al., 2000), we saw no consistent evidence of this, following NPY 

infusions into the lateral septum. We note that in Experiment 1, NPY-treated rats (but not saline-

treated controls) approached the palatable snack significantly faster during the home-cage test on 

Day 5, relative to their last habituation trial on Day 4, thus raising the possibility that lateral 

septal NPY increased appetitive motivation. However, in Experiment2, both NPY- and saline-

treated rats displayed significant reductions in latency to snack consumption from Day 4 to Day 

5, suggesting that habituation to snack delivery was ongoing at the time of the homecage test. 

Even more importantly, in both experiments, there were no between group differences in latency 

to snack consumption in the home cage test itself. These null findings are unlikely to reflect a 

floor effect because the latency scores during the home-cage test were sufficient for examining 

drug-related changes in either direction (i.e., control baseline latencies were over 1 min in both 
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experiments). Thus, it seems likely that the lateral septum does not mediate the appetite-inducing 

effects of NPY. In a similar vein, others have found that NPY failed to increase feeding when it 

was infused into the amygdala (Heilig et al., 1993), but led to robust, reliable increases in feeding 

when it was infused into the hypothalamus (Kask et al.,1998c; Van Dijk and Strubbe, 2003). 

 A further consideration is whether treatment-induced differences in motivation to explore 

underlie the group differences we observed in feeding latency in the novel cage. This concern is 

based on prior work showing that infusions of NPY (i.c.v.) reduced rats' exploration of a novel 

open-field, as indexed by treatment-induced decreases in both horizontal (total crosses) and 

vertical (number of rears) activities (Heilig and Murison, 1987). However, NPY did not impair 

indices of exploration/locomotor activity in the current study, as indexed by either the number of 

closed arm and total arm entries or the number of rears in the plus maze test and the number of 

rears and time spent immobile in the burying test. Thus, our overall findings suggest that the 

observed NPY-induced decreases in latency to feeding in the novel environment were not 

secondary to changes in general exploration, but rather reflected a specific reduction in the 

neophagia typically observed when rats are offered food in a novel environment.  

 It is important to note that in the current study, the home-cage (Day5) and novel 

environment (Day 6) trials of the novelty-induced suppression of feeding test were separated by 

only 24 h. Thus, it might be that our findings in the novel environment were influenced by carry 

over effects of NPY. Although our data do not directly address this issue, prior reports suggest 

that the effects of NPY are not long lasting (Hanson and Dallman, 1995; Heilig and Murison, 

1987). For example, Heilig and Murison (1987) treated rats with NPY (1 nmol i.c.v.) every 24 h 

for 3 days and, after each treatment, measured their locomotor activity in an open field test. 

Relative to saline-treated controls, NPY-treated rats displayed a parallel downward shift in their 
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locomotor activity curve across the 3 test days, suggesting that NPY did not impair normal 

habituation processes and further that the magnitude of NPY effects on locomotor activity did 

not change across the repeated daily injections. Thus, although we cannot conclusively rule out 

whether drug carry-over effects contributed to the NPY-induced reductions in rats' latency to 

feeding in the novel environment this possibility seems unlikely.  

 Although the effect of NPY on defensive burying behaviour is a novel finding, the 

observed reduction in burying produced by lateral septal NPY is consistent with prior evidence 

that pharmacological perturbations of the lateral septum suppress the burying response (e.g., 

Degroot et al., 2001; Menard and Treit, 1996). NPY has anti-nociceptive properties (Kuphal et 

al., 2008), which could affect both burying behaviour and probe avoidance. However, we saw no 

evidence that NPY-induced reductions in burying were secondary to changes in pain sensitivity 

in that there were no between group differences in mean shock reactivity. Furthermore, all rats 

avoided the probe to a similar degree, as indexed by the number of probe contact-induced 

shocks. This latter finding further suggests that both groups were able to learn the association 

between the probe and the shock, ruling out learning and memory deficits as a possible 

confound. Finally, because NPY has sedative actions at high doses (Heilig and Murison, 1987; 

Sorensen et al., 2004) it is important to account for potential treatment-induced changes in 

general exploration/locomotor activity. In the current study, lateral septal NPY did not alter 

general activity levels suggesting that the NPY-induced reductions in burying were not 

secondary to treatment-related sedation. Taken together, it appears that NPY produced a 

selective reduction in defensive behaviour in the shock-probe test.  

 We did not specifically address the issue of neuroanatomical specificity for NPY effects 

in the current study. One concern is whether the reductions in anxiety-related behaviours that we 
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observed following lateral septal NPY were in fact mediated by diffusion of the drug to the 

medial septum. We think this is unlikely. Most (if not all) of our injector tips were situated at 

least 1 mm away from the medial septum, and because we used a relatively small infusion 

volume (0.5 µl) we think that drug diffusion to that site was likely minimal (Martin, 1991). More 

importantly, others have described a relative absence/paucity of NPY receptors in the medial 

septum (Kask et al., 2001; Martel et al., 1986). Consistent with those findings, infusions of NPY 

into the medial septum failed to alter rats' anxiety related responses in the plus-maze, social 

interaction and conflict tests, whereas anxiolytic-like effects were observed in those tests when 

equivalent doses of NPY were infused into the lateral septum(Kask et al., 2001; Olivera-Lopez et 

al., 2008). Similarly, we think it unlikely that our results reflect diffusion of NPY from the lateral 

septum to the lateral ventricles. The effective dose of lateral septal NPY (1.5 µg, 0.35 nmol) in 

the current study is comparable to doses of NPY (0.2–0.5 nmol, i.c.v.) that failed to alter rats' 

behavioural responses in the elevated plus-maze, open field and Geller–Seifter conflict tests 

when administered into the lateral ventricles (Britton et al., 1997; Heilig and Murison, 1987; 

Heilig et al., 1989). By contrast, higher doses of NPY (0.9–1.0 nmol, i.c.v.) in the lateral 

ventricles led to anxiolytic-like effects in the plus-maze and conflict tests, as well as effects on 

exploration in the open-field test (Britton et al., 1997; Heilig and Murison, 1987, Heilig et al., 

1989).  

 Initially, we were surprised that infusions of NPY into the lateral septum did not alter 

open arm exploration in the elevated plus-maze test, given the involvement of both the lateral 

septum and NPY in modulating open arm exploration (Heilig et al., 1989; Menard and Treit, 

1996; Trent and Menard, 2010). However, when we repeated this work, in Experiment 2, we 

once again obtained null effects. In contrast, other investigators, using the same dose as in the 
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current study, observed selective increases in open arm exploration following intra-lateral septal 

NPY (1.5 µg/side for a total dose of 3.0 µg; Molina-Hernandez et al., 2010). These conflicting 

results might reflect methodological differences between the two studies. Others have shown a 

U-shaped dose response curve in rats' plus-maze behaviour following NPY (i.c.v.), with low 

doses (7 pmol) decreasing open arm exploration; moderate doses (70 pmol) having no effects, 

and high doses (0.7 nmol) increasing open arm exploration (Nakajima et al., 1998). Interestingly, 

the anxiogenic-like effects of the low dose of NPY (7 pmol) were observed with an infusion-test-

interval (ITI) of 10 min but not 30 min, raising the possibility that some effects of NPY are fast 

acting and show a steep degradation line. It might be that a similar account could explain why 

Molina-Hernandez et al. (2010) observed effects in the plus-maze (using a 3 min ITI) whereas 

we did not (using a 15 min ITI). It also might be that a higher dose NPY than the one used here 

is needed for effects in the plus-maze. However, this seems unlikely given the reliable reductions 

in anxiety-related behaviour we observed in the novelty induced suppression of feeding test and 

shock-probe burying test.  

 An additional possibility is that the elevated plus-maze might be relatively less sensitive 

to the anxiolytic actions of NPY than other models. Consistent with this possibility, evidence 

implicating NPY in open arm avoidance is mixed. Although NPY, administered i.c.v., affected 

open arm exploration (Britton et al., 2000; Heilig et al., 1989), the direction of this change 

appears to be both dose and time dependent (Nakajima et al., 1998). Infusions of NPY (10 pmol) 

into the basolateral amygdala failed to increase rats' open arm exploration, but were effective at 

increasing social interactions between unfamiliar conspecifics (Sajdyk et al., 2008). Lateral 

septal NPY increased open arm exploration in both female (Molina-Hernandez et al., 2006; 

Olivera-Lopez et al., 2008) and male (Molina-Hernandez et al., 2010) rats. For females, the 
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effective dose varied according to whether the rats were in metestrus–diestrus (2.0 µg/side) or 

late proestrus (1.0 µg/side; Molina-Hernandez et al., 2006). The latter finding is consistent with 

evidence that NPY and estradiol have synergistic effects on anxiety (Olivera-Lopez et al., 2008). 

Other studies, using NPY-transgenic rats that over express NPY, suggest that prior stress may be 

necessary for NPY-mediated effects in the plus-maze test (Thorsell et al., 2000). In that study, 

NPY-transgenic rats displayed normal levels of open arm avoidance but failed to display the 

expected increases in open arm avoidance that typically follow acute restraint stress (Thorsell et 

al., 2000). Further studies should examine whether prior exposure to stress similarly influences 

the effects of lateral septal NPY on open arm activity.  

 Our findings indicate that the Y1 receptor subtype mediates the anxiolytic-effects of 

lateral septal NPY in the novelty-induced suppression of feeding test, but not in the shock-probe 

burying test. In particular, infusions of BIBO 3304 completely attenuated NPY-induced 

decreases in rats' latency to initiate snack consumption in a novel environment but did not alter 

NPY-induced reductions in shock-probe burying. The Y1 receptor in the lateral septum also 

regulates anxiety-like behaviours in the social interaction test, in that infusions of BIBO 3304 at 

this site attenuated NPY-induced increases in social interaction (Kask et al., 2001). Similarly, 

infusions of NPY into the basolateral amygdala increased rats' social interactions, and this effect 

was reversed by co-infusions of BIBO 3304 (Sajdyk et al., 1999). In another study, the increases 

in open arm exploration produced by infusions of a metabotropic glutamatergic receptor 

(mGluR) group II agonist into the dorsal hippocampus were attenuated by co-infusions BIBO 

3304 (Smialowska et al., 2007). Thus, activation of mGluR present on NPY-expressing 

interneurons may increase the local release of NPY leading to subsequent anxiolysis 

(Smialowska et al., 2007). The PAG also seems to be involved in Y1-mediated anxiety 
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regulation, as infusions of the Y1 antagonist BIBP3226 into this region were anxiogenic in both 

the plus-maze and social interaction tests (Kask et al., 1998a,b). Additionally, mice lacking the 

NPY Y1 receptor gene failed to display NPY-induced (i.c.v.) increases in open arm exploration 

in the plus-maze test (Karlsson et al., 2008). Taken together, although it appears that the NPY Y1 

receptor contributes to anxiety regulation, its involvement in specific tests might vary according 

to brain region. Further studies are needed to either refute or confirm this possibility. 

 The finding that BIBO 3304 failed to attenuate NPY-induced decreases in defensive 

burying suggests that some of the anxiolytic-like effects of NPY could be mediated by other 

NPY receptors, such as the Y5 receptor. Consistent with this, the Y1 and Y5 receptors have been 

implicated in the anxiolytic-like effects of NPY (i.c.v.) in the plus maze and open field tests 

(Sorensen et al., 2004). Although moderate densities of the Y5 binding site are present in the 

lateral septum (Dumont et al., 2004; Morin and Gehlert, 2006), their involvement in the effects 

of lateral septal NPY has yet to be investigated. Future work should similarly investigate the 

potential involvement of the Y2 receptor, which is highly expressed in the lateral septum 

(Dumont et al., 2000a), in NPY-induced anxiolysis at that site. Unlike Y1, Y4 and Y5 receptors, 

which are predominately expressed post-synaptically, the Y2 receptor is a pre-synaptic auto 

receptor that inhibits the release of NPY (reviewed in Harro, 2006; Kask et al., 2002). In keeping 

with the hypothesis that endogenous NPY is anxiolytic, i.c.v. infusions of the Y2 agonist, 

NPY13–36 were anxiogenic in the elevated plus-maze (Nakajima et al., 1998), whereas i.c.v. 

infusions of the Y2 antagonist, BIIE 0246 were anxiolytic in the elevated plus-maze test (Bacchi 

et al., 2006). This said, when BIIE 0246 was infused into the lateral septum it failed to alter rats' 

social behaviour in a social interaction test across a range of doses (Kask et al., 2001). Other 

evidence suggests a possible role of the Y4 receptor in NPY-mediated anxiolysis, as knock-out 
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mice displayed anxiolysis in open field and plus-maze tests (Painsipp et al., 2008), although Y4 

has, to date, not been detected in the lateral septum (Dumont et al., 1998).  

 We found that infusions of BIBO 3304 alone, at the higher dose (0.30 µg), paradoxically 

decreased neophagia in the novelty-induced suppression of feeding test and decreased burying in 

the shock-probe test. It is not clear why high doses of the Y1 antagonist alone would mimic the 

effects of NPY. Furthermore, in the novelty-induced suppression of feeding test, although lateral 

septal infusions of either NPY or BIBO 3304 alone both reduced neophagia, when they were co-

infused together the antagonist completely attenuated the anxiolytic-like actions of NPY. Given 

the high selectivity and affinity that BIBO 3304 shows for the Y1 receptor (Dumont et al., 

2000a; Wieland et al., 1998), it seems unlikely that these paradoxical results reflect the activity 

of BIBO 3304 at receptors other than Y1. Interestingly, others have shown that infusions of 

either NPY or BIBO 3304 alone into the dentate gyrus increased open-arm activity in the 

elevated plus maze (Smialowska et al., 2007). In the same study, pre-infusions of the Y2 receptor 

antagonist, BIIE 0246 into the dentate gyrus attenuated the anxiolytic-like effects of NPY at that 

site on open-arm activity. Given this pattern of results, those authors suggested that reductions in 

the ratio of Y1 to Y2 activation in the dentate gyrus might be anxiolytic. More studies are needed 

to determine whether a similar mechanism could account for the anxiolytic-like effects of lateral 

septal BIBO 3304.  

 It was initially suggested that the anxiolytic-like actions of septal NPY are mediated 

through interactions with cholinergic projections from the medial septum to the hippocampus 

(Zaborszky and Duque, 2000). However, this no longer seems likely in light of more recent 

evidence that the medial septum is devoid of NPY receptors (Dumont et al., 2000b; Kask et al., 

2001). Thus, infusions of NPY into the medial septum failed to reduce anxiety-like behaviours in 
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either the social interaction test or the elevated plus-maze (Kask et al., 2001; Olivera- Lopez et 

al., 2008). Alternatively, the lateral septum sends GABAergic input to the hippocampus (Risold 

and Swanson, 1997), possibly to hippocampal interneurons that co-express GABA and NPY 

(Hendry et al., 1984; Pascual et al., 1999). In return, the lateral septum receives massive 

glutamatergic input from hippocampal pyramidal cells (Risold and Swanson, 1997). NPY-

induced inhibition of lateral septal GABAergic input to the hippocampus could disinhibit 

hippocampal interneurons, ultimately reducing the release of glutamate in the lateral septum. 

Although speculative, this could account for the anxiolytic-like effects of NPY we observed in 

the current study. In partial support, infusions of the NMDA receptor antagonist AP5 into the 

lateral septum have been shown to suppress defensive burying in the shock-probe test (Menard 

and Treit, 2000).  

 To summarize, our findings confirm and extend previous reports that lateral septal NPY 

regulates anxiety-related behaviours across a range of animal models of anxiety (Kask et al., 

2001; Molina-Hernandez et al., 2010; Olivera-Lopez et al., 2008). Further, our finding that NPY 

Y1 receptor antagonism attenuated the anxiolytic-like effects of NPY in the novelty-induced 

suppression of feeding test adds support to the contention that the Y1 receptor contributes to 

anxiety regulation (Kask et al., 2001). However, we saw no evidence that the Y1 receptor 

contributes to the anxiolytic actions of lateral septal NPY on defensive burying. This raises the 

possibility that other NPY receptors, such as the Y2 and/or Y5 receptors might contribute to the 

anxiolytic effects of NPY. Future studies are needed to confirm or refute these possibilities. 

 

 



98 

 

Chapter 4. Lateral Septal Infusions of the europeptide Y Y2 receptor agonist, 

PY13-36 differentially affect different defensive behaviours in the rat 

 

Manuscript is under review “Lateral septal infusions of the �europeptide Y Y2 receptor agonist, 

�PY13-36 differentially affect different defensive behaviors in the rat” Trent �L, Menard JL. 

2012. Physiology & Behavior 

 

4.1 Abstract 

 The lateral septum has been extensively implicated in regulating anxiety-related 

defensive behaviours in the rat.  Neuropeptide Y (NPY) contributes to anxiety, likely through 

activity at the NPY Y1 and/or Y2 receptor binding sites.  Although the lateral septum contains 

the highest density of Y2 receptors in brain, the involvement of this receptor in anxiety 

regulation is not clear. Thus, the purpose of the current study was to characterize the role of the 

lateral septal Y2 receptors in rats’ defensive responses to threat and/or potentially threatening 

environments. We investigated this by infusing the NPY Y2 agonist NPY13-36 into the lateral 

septum and testing rats across a battery of animal models of anxiety (Experiment 1). To verify 

the role of Y2 in mediating the observed effects, rats were pre-infused with the potent and highly 

selective Y2 antagonist BIIE 0246 prior to infusion with NPY13-36 (Experiment 2). Infusions of 

NPY13-36 into the lateral septum increased rats’ open-arm exploration in the elevated plus-maze 

test and decreased the proportion of rats’ that buried as well as their latency to initiate burying in 

the shock-probe burying test.  By contrast, NPY13-36 did not affect either anxiety- or appetite-

related responses in the novelty-induced suppression of feeding test (Experiment 1). Pre-

treatment with the Y2 antagonist BIIE 0246 prevented the anxiolytic-like actions of NPY13-36 in 
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the plus-maze but not in the shock-probe test (Experiment 2). Thus, it appears that the anxiolytic-

like actions of lateral septal NPY13-36 are mediated by the Y2 receptor in a test-specific manner. 

 

4.2 Introduction 

 Neuropeptide Y (NPY) is one of the most abundant and widely distributed peptides in 

mammalian brain (Adrian et al., 1983; Allen et al., 1983; Gray and Morley, 1986). NPY has a 

diverse profile of functions including the regulation of blood pressure (Zukowska-Grojec and 

Wahlestedt, 1993), food intake (Kalra et al., 1988), cognition (Redrobe et al., 1999), learning and 

memory (Redrobe et al., 2004; Thorsell et al., 2000), and anxiety (Heilig and Murison, 1987; 

Sajdyk et al., 2004; Bacchi et al., 2006; Karlsson et al., 2008). Administration of NPY inhibits 

whole-cell calcium and barium currents (Chen and van den Pol, 1996a; Sosulina et al., 2008; 

McQuiston et al., 1996) and modulates the release of both glutamate and GABA (Chen and van 

den Pol, 1996a; b). GABA and NPY are co-expressed in many brain regions involved in anxiety 

regulation (Hendry et al., 1984; Francois-Bellan et al., 1990; McDonald and Pearson, 1989; 

Jinno and Kosaka, 2003; Kawaguchi and Kondo, 2002; Khaira et al., 2011) and similar to GABA 

agonists, NPY reduces anxiety in many animal models (Treit et al., 1985, Zarrindast et al., 2001; 

Britton et al., 2000; Heilig and Murison, 1987; Heilig et al., 1989). 

 NPY has been shown to counteract both the neurochemical and behavioural responses 

to threat in animals (for reviews see: Eaton et al., 2007; Heilig, 2004). NPY knockout mice have 

increased anxiety in the acoustic startle and plus-maze tests (Bannon et al., 2000). On the other 

hand, NPY-transgenic animals with an over-expression of NPY are resistant to the effects of 

acute restraint stress in the elevated plus-maze and punished drinking test (Thorsell et al., 200; 

Carvajal et al., 2004). Similarly, exogenous administration of NPY (i.c.v.) is also anxiolytic in 
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many models of anxiety including the social interaction, open field, plus-maze, and Vogel’s 

conflict tests (File, 1980; Heilig et al., 1987; Heilig et al., 1989). Moreover, site-specific 

injections of NPY into the locus coeruleus, periaqueductal gray, amygdala, hippocampus, or 

lateral septum also decrease rats’ anxiety-like behaviour (Heilig et al., 1993; Sajdyk et al., 1999; 

Kask et al., 2001a; Smialowska et al., 2007).   

 NPY acts through at least four G-protein linked receptors in the rat: NPY Y1, Y2, Y4, 

and Y5 (for review: Kask et al., 2002; Heilig, 2004). Of these, the Y1 and Y2 receptors have 

received the most attention with regard to anxiety regulation (Kask et al., 2002). Y1 receptors are 

primarily expressed post-synaptically (for review see: Harro 2006).   By contrast, Y2 receptors 

are primarily expressed pre-synaptically, either as autoreceptors that inhibit the release of NPY 

or as heteroreceptors that can inhibit the release of glutamate (Bleakman et al., 1992; Greber et 

al., 1994; Silva et al., 2001; 2003) and/or increase the release of GABA  (Bacci et al., 2002; Silva 

et al., 2005; but see Chen and van den Pol, 1996) Particularly high concentrations of Y1 and Y2 

binding sites are found in structures that regulate the expression of anxiety-related behaviours, 

including the periaqueductal gray, locus coeruleus, hippocampus, amygdala, hypothalamus, and 

lateral septum (Allen et al., 1983; Larsen et al., 1993; Martel et al., 1986). Administration of 

NPY directly into these structures decreases rats’ anxiety-related behaviour via activation of the 

Y1 receptor (Kask et al., 1998a, 2001; Heilig et al., 1993; Sajdyk et al., 1999; Ishida et al., 2007; 

Smialowska et al., 2007; Trent and Menard, 2011). However, in the lateral septum, Y1-mediated 

anxiety regulation appears to be test-specific, with infusions of the Y1 antagonist BIBO 3304 

blocking the anxiolytic effects of NPY in the novelty-induced suppression of feeding and social 

interaction tests, but not the shock-probe burying test (Kask et al., 2001a; Trent and Menard, 

2011). This raises the possibility that although the Y1 receptor mediates anxiety-related 
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responses in some tests, other NPY receptors might make either a complementary or unique 

contribution to lateral septal regulation of anxiety. 

 One possible contender is the Y2 receptor binding site. The role of the Y2 receptor in 

anxiety is not well-defined and appears to differ across species, regions, and tests. Whereas Y2 

knockout mice displayed reduced anxiety in many tests (Redrobe, 2006; Tschenett et al., 2003) 

and Y2 agonist NPY13-36 -treated mice displayed increased anxiety in the plus-maze test 

(Nakajima et al., 1998), i.c.v. infusions of the Y2 agonists NPY13-36 and C2-NPY, across a range 

of doses, have failed to alter rats’ anxiety-related behaviours in various models of anxiety 

(Broqua et al., 1995; Britton et al., 1997; Sorensen et al., 2007; Heilig et al., 1989). On the other 

hand, site-specific infusions of Y2 agonists into the amygdala, locus coeruleus, and dentate gyrus 

altered rats’ anxiety-like responses, with effects differing depending on the region investigated 

and/or the test employed. Infusions of the Y2 agonist NPY3–36 into the amygdala increased 

anxiety at low doses but decreased anxiety at high doses in the social interaction test (Sajdyk et 

al., 2002). Infusions of NPY13-36 into the locus coeruleus decreased anxiety in the plus-maze test 

(Kask et al., 1998). Further, infusions of the Y2 antagonist BIIE 0246 into the dentate gyrus 

blocked the anxiolytic-like effects of NPY at that site in the plus-maze test (Smialowska et al., 

2007).  

 The lateral septum contains one of the highest densities of Y2 receptors in rat brain, and 

the density of Y2 receptors at that site are markedly greater than that of the Y1 and Y5 receptors 

subtypes (Dumont, 2000).  Notably, the lateral septum has been extensively implicated in anxiety 

regulation. Lesions and/or pharmacological inhibition of the lateral septum decrease rats’ 

defensive behaviours in various animal models of anxiety, including the elevated plus-maze, 

shock-probe burying, social interaction and conflict tests (Drugan et al., 1986; Menard and Treit, 
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1996; Pesold and Treit, 1992, 1996; Trent & Menard, 2010; Molina et al., 2003). Notably, as 

indicated above, the lateral septum is sensitive to the anxiolytic actions of NPY (Kask et al., 

2001a; Molina-Hernandes et al., 2010; Trent and Menard, 2011); however there is a surprising 

lack of information regarding the specific involvement of lateral septal Y2 receptors in anxiety 

regulation.  

 Thus, the purpose of the current study was to examine the potential contributions of the 

Y2 receptor to lateral septal regulation of anxiety. We investigated this by infusing the Y2 

agonist NPY13-36 into the lateral septum and testing rats across a battery of animal models of 

anxiety (Experiment 1). We then verified the role of Y2 in mediating the observed effects by pre-

infusing rats with the potent and highly selective Y2 antagonist BIIE 0246 (Doods et al., 1999) 

prior to infusion with NPY13-36 (Experiment 2). Rats were tested in three paradigms: the elevated 

plus-maze, novelty-induced suppression of feeding, and shock-probe burying tests. To the best of 

our knowledge, there are no prior investigations into the role of the lateral septal Y2 receptor in 

the regulation of anxiety-related responding in any of these tests. Given the high density of Y2 

receptors in the lateral septum, we hypothesized that NPY13-36  at that site would reduce rats 

anxiety-related behaviours, at least in some tests, and further that these effects would be blocked 

by pre-infusions of BIIE 0246. 

 

4.3 Materials and Method 

4.3.1 Subjects 

 Subjects were 74 naïve, male Long Evans rats from Charles River, Quebec weighing 

300-400g at the time of surgery. Rats were given at least 1 week to acclimatize to the colony 

conditions before undergoing surgery. Prior to surgery, rats were double housed in polycarbonate 
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cages, given food and water, ad libitum, and maintained on a 12:12 light/dark cycle (lights on at 

0700 h). The temperature of the colony room was maintained at approximately 21° Celsius. 

Following postsurgical recovery, rats were individually housed under the same conditions as 

before surgery. The treatment of all animals was in compliance with the National Institute of 

Health Guide for Care and Use of Laboratory Animals, and the Canadian Council on Animal 

Care, and was approved by the Queen’s University Animal Care Committee. 

 

4.3.2 Drugs 

 The selective NPY Y2 agonist NPY13-36 (porcine) and the potent, selective and 

competitive non-peptide Y2 antagonist BIIE 0246 were obtained from Tocris Bioscience in 

Ellisville, Missouri. All drugs were dissolved in artificial cerebral spinal fluid (aCSF), which also 

served as vehicle. 

 

4.3.3 Surgery 

 Rats were anaesthetized with isoflurane in oxygen (0.5 - 4.5%) and administered the 

analgesic Metacam (2mg/kg, s.c.) to reduce pain during surgery. The rats’ heads were shaved 

and injected subdermally with the analgesic Marcaine (2mg/kg). Rats were then placed in a Kopf 

stereotaxic apparatus. Body temperature was maintained by placing a heating pad under the 

surgical bed. The scalp was thoroughly sterilized and an incision was made to expose the skull. 

Stereotaxic procedures were used to drill burr holes through the skull, bilaterally, over the right 

and left lateral septum and two 23-gauge stainless-steel guide cannula were implanted, according 

to flat skull coordinates from Paxinos and Watson (1998) (0.5 mm AP, ± 1.2 mm ML, and 3.2 

mm DV to bregma at 7° angled medially). Guide cannula were secured by cementing 4 small 
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jeweller’s screws to the skull using dental acrylic. At the end of surgery a pin was inserted into 

each cannula to keep the tract clear of debris. Immediate post-operative care included: analgesic 

treatment using Tramadol (20mg/kg s.c.), rehydration with lactated ringer solution (5ml s.c.), and 

maintenance of body temperature by placing the rat in their clean cage under a heat lamp. After 

animals recovered from anaesthesia they were transferred from the surgery room to the recovery 

room (separate from the home colony) where they remained for a minimum of 3 recovery days. 

On each recovery day rats were given daily injections of both Tramadol (20mg/kg s.c.) and 

Metacam (1mg/kg s.c.). The recovery room temperature was set to approximately 25° Celsius, 

which was slightly higher than the regular colony conditions. Once recovery was complete, the 

animals were returned to the regular colony until infusions and behavioural testing commenced.  

 

4.3.4 Infusions 

 Rats were randomly assigned to one of the following infusion conditions: Experiment 1: 

(a) aCSF (b) NPY13-36 (0.75µg); Experiment 2: (a) aCSF+ aCSF, (b) aCSF + NPY13-36 (0.75µg), 

(c) BIIE 0246 (1µg) + aCSF, (d) BIIE 0246 (1µg) + NPY13-36 (0.75µg). All rats received a 

volume of 0.25µl/side into the lateral septum, for a total infusion volume of 0.5µl. Doses were 

based on pilot work and the prior literature (Bacchi et al, 2006; Heilig et al., 1989; Kask et al, 

1998). Rats were habituated to the infusion procedures for 3 consecutive days prior to 

commencement of behavioural testing. This was done by wrapping the rats in a towel, holding 

them in a gentle, hand restraint and removing and replacing their cannula pins in the infusion 

room. On each testing day, rats were gently hand-held, the pins were removed, and two 30-gauge 

stainless-steel internal cannulae were lowered to 2.0 mm below the tip of the guide cannulae. 

The internal cannulae were connected to a 10-ml constant rate Hamilton microsyringe with 
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polyethylene tubing and the infusions were delivered using an infusion pump (KD Scientific, 

MA) at a rate of 1µl/min with a total infusion volume of 0.25µl/side.  At the end of the infusion, 

the microinjector was left in the brain for an additional 1 min to allow for diffusion away from 

the tips. In Experiment 1, behavioural testing began 15 min after the infusion. In Experiment 2, 

the second infusion was delivered 15 min after the first infusion, and behavioural testing began 

15 min following the second infusion.  

 

4.3.5 Behavioural testing 

 Behavioural testing commenced 1 week after surgery. All testing occurred between 

0900 and 1700 h and all behaviours were recorded on videotape for subsequent analysis. The 

behaviours were evaluated using Observer 7 software (Noldus Information Technology, MA) 

while blind to the treatment group.   

 

4.3.5.1 Elevated plus-maze test 

 Elevated plus-maze testing occurred 1 week after surgery. The wooden plus-maze 

consisted of two open arms (50 x 10cm) and two enclosed arms (50 x 10 x 50cm) that form a 

plus shape, all with open roofs. The maze was elevated 50cm from the floor and situated in the 

center of a quiet and dimly lit test room. Rats were placed individually in the center of the maze 

facing a closed arm and allowed 5 min of exploration. During the test, the rats’ arm entries were 

observed and recorded by the experimenter sitting quietly in the corner of the room. After the 

test was complete the maze was cleaned with distilled water and wiped dry to prevent rats from 

following each other’s scent. Behaviours measured for this test were: (a) number of open arm 

entries, (b) number of closed arm entries, (c) total number of arm entries (open + closed), (d) 
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time spent in the open arms, (e) time spent in the closed arms and, (f) number of rears. An arm 

entry was indexed as the rat having all four of its paws on the arm. Open-arm activity was 

quantified as the % open-arm time (time on the open arms/time on open + closed arms) and % 

open-arm entries (open entries / open + closed entries). We also measured the frequency of 

stretched attend postures (SAP; i.e., stretching forward and retracting to its original position). 

SAPs were differentiated according to where they occurred on the maze. If they occurred in the 

closed arms or the central area they were classified as “protected” and if they occurred in the 

open arms they were classified as “unprotected”. SAPs were quantified as the % protected SAP 

(protected/protected + unprotected), and used as an index of risk assessment (Rodgers and 

Johnson, 1995). The index for anxiety reduction in this test is an increase in the proportion of 

time spent in the open arms and an increase in the proportion of entries into the open arms 

(Pellow et al., 1985). The number of closed arm entries and the total number of entries were used 

as indices of general locomotor activity (Pellow et al., 1985; Rodgers and Johnson, 1995). We 

also measured the number of rears as an additional measure of general exploration (Lever et al., 

2006). 

 

4.3.5.2 ovelty-induced suppression of feeding test  

 The novelty-induced suppression of feeding test occurred 1 week after elevated plus-

maze testing.  Habituation for this test consisted of rats receiving half a piece (3.5g) of a graham 

cracker (Honey Maid Graham Crumbs, Nabisco) in a small dish in the corner of their home 

cages each day for 4 consecutive days (Hab Days 1-4). The latency to initiate consumption of the 

palatable snack was recorded each day by an observer standing quietly in the corner of the 

colony room.  On day 5, rats were infused with their respective treatment and tested in the home 
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cage test, whereby rats were given the snack in their cage in the home colony room as usual. The 

following day (day 6), rats were again infused with their respective treatment and tested in the 

novel cage test, whereby rats were given the snack in an unfamiliar environment: an opaque cage 

with an inverted lid in a novel room. In the novelty-induced suppression of feeding test, a 

decrease in anxiety is indexed as a decrease in the latency to begin consumption of the snack in 

the novel cage, without changing the latency to begin consumption in the home cage (Merali et 

al., 2003).  

  

4.3.5.3 Shock-probe burying test 

 The shock-probe burying test occurred 1 week after the novelty-induced suppression of 

feeding test. The apparatus consisted of a transparent (40 x 30 x 40 cm) Plexiglas chamber that 

contained 5 cm of bedding material (wood chips) spread evenly on its floor. An electrified, wire-

wrapped Plexiglas probe (6 x 0.5 x 0.5 cm) was inserted through a small hole centered 5 cm 

above the bedding material. An electrical current was distributed through two copper wires 

wrapped around the probe. Using a 2000 V shock source, the intensity of the shock was set at 2.5 

mA.  Rats were individually habituated to the test chamber without the electrified probe present 

for 15 min on each of the 4 consecutive days prior to the testing day. On the testing day, the 

electrified probe was inserted into the chamber and secured in place. At the start of the test, rats 

were individually placed in the chamber facing away from the electrified probe. The 15 min test 

began immediately after rats received their first contact-induced shock from the probe. At the 

end of testing, the bedding was replaced and smoothed to equal thickness. The following 

behaviours were measured for this test: (a) duration of burying, (b) latency to initiate burying, (c) 

duration of immobility (i.e., standing still or lying on the chamber floor with no movement), (d) 



108 

 

number of rears, and (e) number of shocks received. Rats’ physical reactivity to the shocks was 

measured on a four-point scale, according to Treit and colleagues (1981): small head or forepaw 

flinch (1), whole body flinch with or without movement away from the probe (2), whole body 

flinch with movement (walking) away from probe (3), whole body flinch and/or jump with rapid 

movement (running) away from probe (4). The mean shock reactivity score was calculated for 

each rat by dividing the total shock reactivity scores by the total number of shocks received. The 

duration of burying behaviour is used as the primary index of anxiety in this test, and the latency 

to initiate burying of the probe is a secondary index of anxiety (De Boer and Koolhaas, 2003). 

Reductions in burying that are not associated with changes in pain sensitivity (indexed by mean 

shock-reactivity) and locomotor activity (indexed by rears and immobility) are indicative of 

anxiety reduction in this test (Treit et al., 1981).  

 

4.3.6 Histology 

 On the days following shock-probe testing, rats were anaesthetized with isoflurane in 

oxygen and sacrificed with an overdose of chlorohydrate (300 mg/kg, i.p.). Rats were perfused 

intracardially with 120ml of 0.9% saline followed by 120ml of 10% phosphate buffered 

formalin. The brains were then extracted and placed in small plastic containers filled with 

formalin. At least 48 hours later the brains were frozen with a cryostat and coronal slices (40µm 

thick) were made and mounted onto subbed glass slides. The location of the cannulae was 

examined and transcribed onto atlas sheets (Paxinos and Watson, 1998) while blind to 

corresponding behavioural data.  
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4.3.7 Statistical Analysis 

 Data are presented as mean ± standard error of means (SEM). The data for the plus-

maze test were analyzed using one-way analysis of variance (ANOVA), and the data for the 

shock-probe test were analysed using one-way analysis of covariance (ANCOVA), with the 

number of shocks as the covariate.  For the novelty-induced suppression of feeding test, the raw 

data were analyzed using a mixed repeated measures ANOVA, with treatment as the between 

subjects factor and day as the within subjects factor, and the latency difference scores (novel 

cage – home cage test) were analysed using a one-way ANOVA.  All data that reached 

significance (p < 0.05) were further analyzed post hoc using least significant difference (LSD) 

tests. 

  

4.4 Results 

4.4.1 Experiment 1:  Infusions of PY13-36 into the lateral septum 

 The cannulae placement sites for bilateral infusions into the lateral septum are shown in 

Fig. 18. Rats with cannulae situated in the lateral septum yielded the following group numbers: 

aCSF (n = 11), NPY13-36 (n = 14), totaling 25 rats with correct cannula placements. Three rats 

had incorrect cannulae placements situated outside one or both sides of the lateral septum and 

were not included in the data analysis. 
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Figure 18. Histological results for Experiment 1. Circles indicate the location of the cannula tips for 

bilateral infusions of aCSF control (open circles) or NPY13-36 (0.75µg) (filled circles) into the lateral 

septum. Atlas plates are adapted from (Paxinos & Watson, 1998). aCSF, artificial cerebral spinal fluid; 

NPY13-36, NPY Y2 agonist. 
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4.4.1.1 Elevated plus-maze 

 As can be seen in Fig. 19, infusions of NPY13-36 (0.75µg) into the lateral septum 

increased rats’ open-arm exploration. A one-way ANOVA confirmed that intra-lateral septal 

NPY13-36 induced significant increases in % open arm entries, F(1,23) = 8.85, p < 0.005; but not 

% open arm time, F(1,23) =1.91, p = 0.18.  

 Locomotor activity and risk assessment behaviour are provided in Table 11. There was 

no NPY13-36 -induced change in locomotor activity or general exploration, measured as the 

number of closed arm entries, F(1,23) = 0.32, p > 0.57, the number of total arm entries, F(1,23) 

= 1.98, p > 0.17, or the number of rears, F(1,23) = 0.15, p > 0.70.  Although intra-lateral septal 

NPY13-36 reduced the % protected SAPs, this effect narrowly missed significance, F(1,23) = 4.0, 

p = 0.06. 
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Fig. 19. Mean (±SEM) % of open-arm entries (light bars) and % of open-arm time (dark bars) displayed 

by rats following either bilateral infusions of saline (n=11) or NPY13-36 (0.75µg, n=14) into the lateral 

septum. (*p < 0.005 relative to aCSF controls). 
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  Table 11. Mean (±SEM) plus-maze activity and risk assessment scores after infusions of                     

 NPY13-36 into the lateral septum (Experiment 1)  

 

 

4.4.1.2 ovelty-induced suppression of feeding test  

 Two rats lost their skull caps prior to the novelty-induced suppression of feeding test, 

therefore the number of animals used in this test was: aCSF, n = 11; NPY13-36, n = 12.  

 Fig. 20A shows the latency to initiate snack consumption across the 4 habituation days 

(Hab Days 1-4), the home cage test (Day 5), and the novel cage test (Day 6). A repeated 

measures ANOVA revealed a main effect of Day, F(5,105) = 3.98, p = 0.002,  reflecting  the 

expected decline in latencies across habituation days followed by an increase in the latency to 

snack consumption in  the novel cage compared to the home cage  test. There was no Day X 

Treatment interaction, F(5,105) = 1.21, p > 0.36.  Further analysis, using difference scores (novel 

cage latency - home cage latency), similarly confirmed that the latency to snack consumption in 

the novel cage did not differ between NPY13-36 treated rats and aCSF-treated controls, F(1,21) = 

0.06, p > 0.80 (see Fig. 20B). 

Behaviour Control 

(aCSF) 

(n = 11) 

NPY13-36 

(0.75µg) 

(n = 14) 

Closed arm entries 15.18 ± 1.77 14.00 ± 1.23 

Total arm entries 18.06 ± 1.46 21.57 ± 1.87 

Number of rears 21.09 ± 2.19 22.21 ± 1.94 

% Protected SAPs 72.62 ± 8.70 51.52 ± 5.56* 

aCSF, artificial cerebral spinal fluid;  NPY13-36, neuropeptide Y Y2 receptor agonist ; SAPs, 

stretch-attend postures; *p = 0.06. 
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Fig. 20. Mean (±SEM) latency to begin to consume the snack across the 4 habituation trials (Hab Days 1-

4) and the home and novel cage tests (A), by rats following either bilateral infusions of saline (n=11) or 

NPY (0.75µg, n=12) into the lateral septum. The Mean (±SEM) difference scores (novel cage latency – 

home cage latency) are also displayed (B).  
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4.4.1.3 Shock-probe burying test 

 One rat lost its skull cap prior to the shock-probe burying test, therefore, the number of 

animals used in this test was: aCSF, n = 11; NPY13-36, n = 11.  The number of shocks received  

narrowly missed significance, F(1,20) = 3.96, p = 0.06, with NPY13-36-treated rats receiving 

fewer shocks than controls. Thus, we thought it prudent to analyze the burying data (total 

duration of burying and latency to initiate burying) using ANCOVA, with the number of shocks 

used as a covariate.  

 Although rats that received NPY13-36  infusions into the lateral septum spent less time 

burying the probe than did aCSF-treated control rats, this difference was not significant, F(1,20) 

= 0.93, p > 0.34 (see Fig. 21A). However, control levels of burying were unusually low (25sec) 

raising the possibility of a floor effect.  Thus, we further analysed the data using a χ
2  

test and 

found that a significantly smaller proportion of NPY13-36,-treated rats engaged in shock-probe 

burying relative to controls, χ
2
 = 6.6, p < 0.05 (see Fig. 21B).  Consistent with this, NPY13-36 

(0.75µg) increased the latency to initiate burying), F(1,20) = 15.66, p = 0.001 (see Fig. 22C).  

 Table 12 shows the activity and reactivity scores for the shock-probe test. There were 

no group differences with respect to general activity and exploratory behaviour (i.e. duration of 

immobility, F(1,20) = 1.52, p > 0.23, number of rears, F(1,20) = 1.07, p > 0.31.) or mean shock-

reactivity scores, F(1,20) = 0.83,  p > 0.37.  
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Fig. 21. Mean (±SEM) duration of burying (seconds) (A), the proportion of rats that buried the shock-

probe (B), and mean (±SEM) latency to bury (C) in the shock-probe burying test after infusions of aCSF 

(n=11) or NPY13-36 (0.75µg, n=11) into the lateral septum. (* p = 0.001 relative to aCSF controls). 
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  Table 12. Mean (±SEM) activity and reactivity scores in the shock-probe burying test after infusions of  

  NPY13-36 into the lateral septum (Experiment 1) 

 

 

 

 

 

 

 

 

4.4.2 Experiment 2: Infusions of the Y2 antagonist BIIE 0246 and PY13-36 into the lateral 

septum  

 The cannulae placement sites for infusions into the lateral septum for Experiment 2 are 

shown in Fig. 22. Rats with cannulae situated in the lateral septum yielded the following group 

numbers: (a) aCSF+ aCSF (n = 8), (b) aCSF + NPY13-36 (0.75µg) (n = 9), (c) BIIE 0246 (1µg) + 

aCSF (n = 10), (d) BIIE 0246 (1µg) + NPY13-36 (0.75µg) (n = 10), totaling 37 rats that had 

correct cannula placements. Two rats had cannulae placements situated outside one or both sides 

of the lateral septum and were not included in the analysis. 

Behaviour Control  

(aCSF) 

(n = 11) 

NPY13-36 

(0.75µg) 

(n = 11) 

Immobility  0.29 ± 0.29 1.81 ± 1.20 

Number of rears 46.55 ± 6.23 54.27 ± 4.12 

Number of shocks  4.45 ± 0.54   3.09 ± 0.42* 

Shock reactivity 2.15 ± 0.08 1.98 ± 0.17 

aCSF, artificial cerebral spinal fluid;  NPY13-36, neuropeptide Y Y2 receptor agonist; *p = 0.06. 
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Fig. 22. Histological results for Experiment 2. Circles indicate the location of the cannula tips for rats 

infused with aCSF+aCSF (open circles) or aCSF+NPY13-36 (0.75µg) (filled circles) (A), BIIE 0246 

(1µg)+aCSF (open circles) or BIIE 0246 (1µg)+NPY13-36 (0.75µg) (filled circles) (B), into the lateral 

septum. NPY13-36, NPY Y2 agonist; BIIE 0246, NPY Y2 receptor antagonist. Atlas plates are adapted 

from (Paxinos & Watson, 1998). 
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4.4.2.1 Elevated plus-maze  

 The plus-maze data are depicted in Fig 23.   ANOVA revealed significant treatment 

effects on % open-arm entries, F(3,33) = 3.45, p < 0.05 and % open-arm time, F(3,33) = 3.01, p 

< 0.05. Subsequent pairwise comparisons (LSD), confirmed that intra-lateral septal infusions of 

NPY13-36 (0.75µg) alone increased both % open arm entries (p < 0.01) and % open arm time (p < 

0.01), compared to aCSF control infusions, thus replicating our findings from Experiment 1. 

Infusions of the Y2 antagonist, BIIE 0246 (1µg) alone also increased % open arm time (p < 

0.05), but not % open arm entries (p > 0.05), compared to aCSF infusions. BIIE 0246 + NPY13-36  

treated rats displayed reduced % open-arm entries compared to NPY13-36  alone (p < 0.05) and did 

not differ from controls (p > 0.30).  Although BIIE 0246 + NPY13-36 -treated rats displayed 

reductions in % open-arm time relative to rats treated with NPY13-36  alone (see Fig 24) this 

difference was not significant (p < 0.12).  However, the combined group no longer differed from 

aCSF-treated controls (p > 0.15). Thus, despite having modest, anxiolytic-like actions on its 

own, pre-infusions of BIIE 0246 completely blocked the anxiolytic-like actions of NPY13-36  on 

the % open-arm entries and partially blocked the anxiolytic-like of NPY13-36  on the % of open-

arm time. 

 Locomotor activity and risk assessment behaviour are provided in Table 13.  There were 

no group differences in general activity and exploration, as measured by the number of closed 

arm entries, F(3,33) = 2.06, p > 0.12, number of total arm entries, F(3,33) = 0.93, p > 0.43, and 

number of rears, F(3,33) = 1.45, p > 0.24. There was no overall effect of treatment on the % 

protected SAPs, F(3,33) = 1.68, p > 0.19.  However, a prior pairwise comparisons (LSD) 

revealed, like in Experiment 1, rats that received NPY13-36 displayed decreases in % protected 
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SAPs (p < 0.04) compared to aCSF-treated controls.  By contrast, rats that received BIIE 0246 + 

NPY13-36 did not differ from any of the other groups (all ps > 0.15).    
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Fig. 23. Mean (±SEM) % of open-arm entries (light bars) and % of open-arm time (dark bars) displayed 

by rats following infusions of aCSF+aCSF (n=8), aCSF+NPY13-36 (0.75µg, n=9), BIIE 0246 (1µg)+aCSF 

(n=11), BIIE 0246 (1µg)+NPY13-36 (0.75µg, n=10), into the lateral septum. aCSF, artificial cerebral spinal 

fluid; NPY13-36, NPY Y2 agonist; BIIE 0246, NPY Y2 antagonist. (*p < 0.05 relative to aCSF+aCSF-

infused controls, #p < 0.05 relative to NPY13-36-treated rats). 
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  Table 13. Mean (±SEM) plus-maze activity and risk assessment scores after infusions into the               

  lateral septum (Experiment 2) 

  aCSF, artificial cerebral spinal fluid; NPY13-36, neuropeptide Y Y2 receptor agonist; BIIE 0246,   

  neuropeptide Y Y2 receptor antagonist; SAPs, stretch-attend postures; * p < 0.05 compared to aCSF +  

  aCSF treated controls. 

 

 

 

4.4.2.2 ovelty-induced suppression of feeding test 

 One rat had a blocked cannula and could not receive the infusion, making the number of 

animals used in this test: (a) aCSF+ aCSF (n = 8), (b) aCSF + NPY13-36 (0.75µg) (n = 9), (c) BIIE 

0246 (1µg) + aCSF (n = 10), (d) BIIE 0246 (1µg) + NPY13-36 (0.75µg) (n = 9). Data from the 

novelty-induced suppression of feeding test are depicted in Fig. 24A.  A repeated measures 

ANOVA found a main effect of Day, F(5,160) = 16.59, p < 0.0001,  reflecting the expected 

decreased latencies to snack consumption in the early habituation period and subsequent 

increased latencies I the novel cage test compared to the home-cage test.  As in experiment 1, 

there was no effect of treatment as indicated by the absence of a Day X Treatment interaction, 

F(15,160) = 0.42, p > 0.96.  Similarly, there was no evidence for treatment effects when the 

difference scores were used as the unit of analysis, F(3,32) = 0.36, p > 0.78 (see Fig. 24B). 

Behaviour Control 

(aCSF) 

(n = 8) 

NPY13-36 

(0.75µg) 

(n = 9) 

BIIE 0246  

(1µg) 

(n = 10) 

BIIE 0246 + 

NPY13-36 (1µg + 

0.75µg) 

(n = 10) 

Closed arm entries 12.25 ± 0.75 10.22 ± 0.57 13.00 ± 0.91 13.90 ± 1.63 

Total arm entries 15.00 ± 1.34 16.89 ± 1.22 18.60 ± 1.38 18.30 ± 2.26 

Number of rears 24.75 ± 2.08 24.22 ± 1.39 23.90 ± 1.22 27.50 ± 0.99 

% Protected SAPs 78.96 ± 8.28 54.36 ± 7.19* 64.51 ± 7.30 63.09 ± 7.27 



123 

 

 

Fig. 24. Mean (±SEM) latency to begin to consume the snack across the 4 habituation trials (Hab Days 1-

4) and the home and novel cage tests (A), for rats infused with aCSF+aCSF (n=8), aCSF+NPY13-36 

(0.75µg, n=9), BIIE 0246 (1µg)+aCSF (n=10), BIIE 0246 (1µg)+NPY13-36 (0.75µg, n=9), into the lateral 

septum. The Mean (±SEM) difference scores (novel cage latency – home cage latency) are also displayed 

(B). aCSF, artificial cerebral spinal fluid; NPY13-36, NPY Y2 agonist; BIIE 0246, NPY Y2 antagonist. 
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4.4.2.3 Shock-probe burying test 

 One rat did not receive a shock in the shock-probe burying test and two rats lost their 

caps prior to testing, making the number of animals used in this test: (a) aCSF+ aCSF (n = 8), (b) 

aCSF + NPY13-36 (0.75µg) (n = 9), (c) BIIE 0246 (1µg) + aCSF (n = 8), (d) BIIE0 246 (1µg) + 

NPY13-36 (0.75µg) (n = 8).  The number of shocks received narrowly missed significance, 

F(3,29) = 2.60, p = 0.07, and subsequent pair-wise comparisons revealed that all drug treatment 

groups received significantly fewer contact-induced shocks than aCSF-treated controls (all ps ≤ 

0.05; see Table 14). Thus, as in Experiment 1, we analysed the burying data (durations and 

latencies) with ANCOVA, using number of shocks as the covariate.   

 The duration of time spent burying the electrified probe was not significant, F(3,29) = 

0.59, p > 0.63 (see Figure 25A).  However, the proportion of rats treated with NPY13-36 that 

displayed burying tended to be lower than that of aCSF-treated controls, χ
2
 = 2.8, p = 0.09 (see 

Figure 25B), thus mirroring the pattern seen in Experiment 1. The proportion of rats treated with 

BIIE 0246 alone did not differ from that of controls (p > 0.59, but was significantly greater than 

that of the two NPY13-36 treatment groups (alone or combined; χ
2
 = 4.0, p < 0.05, for both 

comparisons). Finally, although a smaller proportion of BIIE 0246 + NPY13-36 treated rats buried 

relative to controls, this difference was not significant, χ
2
 = 2.29, p = 0.12.  

 There was a significant treatment effect on the latency to initiate burying, F(3,29) = 

3.06, p < 0.05 (see Figure 25C).  Rats treated with NPY13-36 alone took longer to initiate shock-

probe burying compared to aCSF treated control rats, but this difference narrowly missed 

significance with a one-tailed test (LSD p < 0.06). However, BIIE 0246 + NPY13-36 significantly 

increased burying latencies, relative to controls at the one-tail level of significance (p = 0.05).  
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Furthermore, NPY13-36 alone or combined with BIIE 0246 increased the latency to initiate shock-

probe burying compared to rats treated with BIIE 0246 alone (both ps < 0.05).  

 Table 14 shows the activity and reactivity scores for the burying test. There were no 

group differences in duration of immobility, F(3,29) = 0.75, p > 0.53; number of rears, F(3,29) = 

0.94, p > 0.43 or mean shock-reactivity F(3,29) = 1.30, p > 0.29.  
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Fig 25. Mean (±SEM) duration of burying (seconds) (A), the proportion of rats that buried the shock-

probe (B), and mean (±SEM) latency to initiate burying (C) in the shock-probe burying test for rats 

infused with aCSF+aCSF (n=8), aCSF+NPY13-36 (0.75µg, n=9), BIIE 0246 (1µg)+aCSF (n=8), BIIE 0246 

(1µg)+NPY13-36 (0.75µg, n=8) into the lateral septum. aCSF, artificial cerebral spinal fluid; NPY13-36, NPY 

Y2 agonist; BIIE 0246, NPY Y2 antagonist. (*p < 0.05 relative to BIIE 0246+aCSF-treated rats, #p = 

0.09 relative to aCSF+aCSF-treated rats). 
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  Table 14. Mean (±SEM) activity and reactivity scores for the shock-probe burying test after infusions  

  into the lateral septum (Experiment 2) 

  aCSF, artificial cerebral spinal fluid; NPY13-36, neuropeptide Y Y2 receptor agonist; BIIE 0246,   

  neuropeptide Y Y2 receptor antagonist; *p = 0.05, **p < 0.05 compared to aCSF + aCSF controls. 

 

 

4.5 Discussion 

 This is the first study to directly address the contributions of NPY Y2 receptors to 

lateral septal regulation of rats’ anxiety-related responses in the elevated plus-maze, novelty-

induced suppression of feeding and shock-probe burying tests.  In both experiments, intra-lateral 

septal infusions of the Y2 agonist, NPY13-36  increased rats’ open-arm exploration in the plus-

maze, decreased the proportion of  rats that engaged in shock-probe burying and increased the 

time it took for them to initiate burying.  By contrast, NPY13-36-treated rats displayed normal 

levels of neophagia in the novelty-induced suppression of feeding test.  Pre-treatment with the 

Y2 antagonist BIIE 0246 (1.0µg) blocked the anxiolytic-like effects of intra-lateral septal NPY13-

36 in the plus-maze but not the shock-probe burying test. Thus, it appears that Y2 receptors in the 

lateral septum contribute to the expression of anxiety-like behaviour in a test specific manner. 

 A number of findings suggest that the effects of lateral septal infusions of NPY13-36  on 

open-arm exploration and burying behaviour were specific to anxiety reduction.  First, there was 

no evidence that NPY13-36 altered measures of general locomotor activity, as indicated by the 

Behaviour Control 

(aCSF) 

(n = 8) 

NPY13-36 

(0.75µg) 

(n = 9) 

BIIE 0246 

(1µg) 

(n = 8) 

BIIE 0246 + 

NPY13-36 (1µg + 

0.75µg) 

(n = 8) 

Immobility (sec) 0.27 ± 0.18 10.09 ± 10.03 2.76 ± 1.86 0.15 ± 0.15 

Number of rears 45.00 ± 5.69 51.44 ± 5.52 48.50 ± 6.58 37.75 ± 6.68 

Number of shocks 3.62 ± 0.68 2.22 ± 0.15** 2.22 ± 0.32** 2.38 ± 0.42* 

Shock reactivity 2.09 ± 0.21 2.31 ± 0.19 2.56 ± 0.16 2.49 ± 0.18 
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absence of treatment effects on the number of closed arm entries, total arm entries, and rears in 

the plus-maze test and the duration of immobility and number of rears in the shock-probe test. 

This is in line with prior reports that i.c.v. infusions of either NPY13-36 or the Y2 agonist, C2-

NPY did not alter locomotor activity (Sorensen et al., 2007; Broqua et al., 1995). Second, with 

regard to the shock-probe test, intra-lateral septal NPY13-36 did not alter mean shock-reactivity 

scores, suggesting that the effects of NPY13-36 on burying behaviour were not secondary to 

treatment-related analgesia. Consistent with this, i.c.v. infusions of NPY13-36 did not alter pain 

reactivity in various animal models of nociception (Broqua et al., 1996; Pich et al., 1993). 

Finally, in the current study, NPY13-36 reduced the number of probe-contact induced shocks.  

Although not significant, there was a solid trend in both experiments raising the concern that the 

effects of NPY13-36   on burying were simply due to the lower number of shocks received by 

NPY13-36 –treated rats. This seems unlikely because group differences in the latency to initiate 

burying were evident even when the number of shocks was covaried out of the analysis.  

 The number of probe contact-induced shocks is often used as a secondary index of 

anxiety; i.e., shock-probe avoidance, in the burying test (Treit et al., 1993; Lehmann et al., 2005; 

De Boer and Koolhaas, 2003). Anxiolytic agents, such as diazepam, decrease shock-probe 

avoidance, as do lesions or pharmacological perturbations of the hippocampus and amygdala, 

both of which have been heavily implicated in anxiety regulation (Treit et al., 1993; Treit and 

Menard, 1997).  By contrast, lesions and/or perturbations of the lateral septum typically have no 

affect on probe avoidance (e.g., Menard and Treit, 1996; Pesold and Treit, 1996; Treit and 

Menard, 1997; Trent and Menard, 2010, but see Menard and Treit, 2000). Thus, we were 

surprised by the robust, albeit modest, reductions in the number of contact-induced probe shocks 

received by NPY13-36 – treated rats. It seems unlikely that this reflects anxiogenic-like increases 
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in probe-avoidance, given the reliable anxiolytic-like increases in open-arm exploration and, to a 

somewhat lesser extent, decreases in burying-related behaviours observed following infusions of 

NPY13-36 into the lateral septum. An alternative possibility is that the number of probe-shocks 

received reflects probe exploration (De Boer and Koolhaas, 2003) which, in some contexts, 

might function as a form of risk assessment aimed at gathering information about ambiguous 

threats (Blanchard et al., 1994; Rodgers and Johnson, 1995). By extension, treatment-induced 

decreases in the number of shocks received could reflect reductions in risk assessment.  

Although speculative, this explanation accords with the reduced levels of risk assessment, i.e., 

decreases in the % protected SAP, we observed in NPY13-36  – treated rats during the plus-maze 

test, as well as with prior work implicating the lateral septum in the regulation of risk assessment 

behaviours (Bakshi et al., 2007; Trent and Menard, 2010).   

 Although, we did not specifically address the neuroanatomical specificity of our 

findings, we think it is unlikely that the observed effects were due to drug diffusion to either the 

medial septum or lateral ventricles. The majority of our injector tips were situated at least 0.5 

mm away from either the medial septum or the lateral ventricles and we used a relatively small 

infusion volume (0.25µl/side) with an estimated spread of 0.25-0.5 mm (Martin, 1991). In 

addition, prior evidence suggests there are few to no NPY receptors in the medial septum (Kask 

et al., 2001; Martel et al., 1986). Thus, infusions of NPY into the medial septum failed to alter 

rats' anxiety-related responses in the plus-maze, social interaction, and conflict tests, whereas 

anxiolytic-like effects were observed in those same tests when equivalent doses of NPY were 

infused into the lateral septum (Kask et al., 2001; Olivera-Lopez et al., 2008). It is also unlikely 

that the currently observed anxiolytic-like effects were due to diffusion to the lateral ventricles, 

in that i.c.v. infusions of NPY13-36, across a range of doses, typically fail to alter rats' behavioural 
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responses in a variety of animal models of anxiety, including the plus-maze, punished 

responding, conflict, and fear potentiated startle tests (Heilig et al, 1989; Britton et al., 1997; 

Broqua et al., 1995). Thus, it seems likely that the results of the current study were specific to 

actions of the drug in the lateral septum.   

 We saw no evidence for Y2 receptor involvement in the novelty-induced suppression of 

feeding paradigm, in that NPY13-36 and BIIE 0246 (either alone or combined) failed to alter 

latency to snack consumption in either the home cage or novel environment tests. In a prior 

study, we observed selective reductions in the latency to initiate snack consumption in the novel 

(but not home) cage following application of NPY into the lateral septum, and further that this 

effect was blocked by pre-infusions of  the Y1 receptor antagonist, BIBO 3304 (Trent and 

Menard, 2011). NPY13-36 displays a relatively low affinity for the NPY Y1 receptor (Gerald et 

al., 1996), which could account for why the full peptide NPY has effects in this test, whereas the 

peptide fragment, NPY13-36, does not.   

 In contrast to what was found with the novelty-induced suppression of feeding task, it 

was amply evident that Y2 receptors contribute to rats’ open-arm avoidance in the elevated plus-

maze. Lateral septal infusions of the Y2 agonist, NPY13-36 increased open-arm exploration and 

decreased risk assessment behaviours, and these anxiolytic-like effects were selectively blocked 

by pre-treatment with BIIE 0246. We also found that BIIE 0246, when given alone, increased the 

percentage of time that rats spent on the open arm of the plus-maze. Although this somewhat 

paradoxical finding is consistent with prior reports  that BIIE 0246 i.c.v. produced anxiolytic-like 

effects in the plus-maze and social interaction tests (Bacchi et al., 2006; Morales-Medina, 2012) 

it begs the question as to why the agonist (NPY13-36) and antagonist (BIIE 0246) had similar, 

rather than opposing effects.   Interestingly, King and colleagues (2000) showed that bathing 
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hypothalamic slices with BIIE 0246 alone had no effects on the basal release of NPY but 

dramatically potentiated stimulation-induced increases in NPY release. If application of BIIE 

0246 into the lateral septum similarly potentiates stress-induced release of endogenous NPY at 

that site, then this might be sufficient to evoke anxiolytic-like effects in the plus-maze. Although 

speculative, this possibility agrees with recent evidence that exposing rats to a fear-inducing 

environment increases NPY release in the basolateral amygdala (Urban et al., 2012).  Future 

studies should examine whether exposure to threat and/or potentially threatening environments 

similarly increases NPY release in the lateral septum.   

 The explanation above, however, leaves unanswered why site-specific application of the 

Y2 agonist did not lead to opposing, i.e., anxiogenic-like effects and further why BIIE 0246 

despite having anxiolytic-like effects on its own, was effective at blocking the anxiolytic-like 

actions of NPY13-36 in the plus-maze test.  Evidence suggests that Y2 receptors are expressed not 

only on pre-synaptic nerve terminals (King et al, 1999, 2000) but on post-synaptic cell bodies as 

well (Chen and van den Pol, 1996, Finta et al., 1992). Thus, one possibility is that the anxiolytic-

like effects we observed following lateral septal infusions of BIIE 0246 were mediated pre-

synaptically (as discussed above) whereas those observed following infusions of NPY13-36 were 

mediated post-synaptically. Thus, any NPY13-36 – induced reductions in NPY release mediated at 

pre-synaptic Y2 autoreceptors (King et al., 2000) could be offset by NPY13-36 – induced 

activation of post-synaptic Y2 receptors. By contrast, pre-treatment with BIIE 0246 would 

effectively block the actions of NPY13-36 at both pre- and post-synaptic Y2 receptor binding sites.   

 A complimentary possibility is that application of NPY13-36 into the lateral septum 

decreased the local release of glutamate, via activation of pre-synaptic Y2 heteroreceptors 

expressed on glutamatergic terminals. In line with this possibility, there is consistent evidence 
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for Y2 heteroreceptor-mediated reductions in glutamate release in the hippocampus (Greber et 

al., 1994; Silva et al., 2001, 2003a, 2005). Similar reductions in glutamate release in the lateral 

septum following local infusions NPY13-36 might yield anxiolytic-like effects.  In support, the 

lateral septum receives massive glutamatergic projections from the hippocampus (Risold & 

Swanson, 1997), and these projections have been implicated in rats’ open-arm avoidance in the 

elevated plus-maze (e.g., Menard and Treit, 2001; Degroot and Treit, 2004, Trent and Menard, 

2010).      

 We saw no evidence that the effects of lateral septal NPY13-36 on burying behaviour in 

the shock-probe test were mediated at the Y2 receptor. In a prior study, we showed that infusions 

of the full NPY peptide into the lateral septum markedly decreased the duration of time rats spent 

burying the shock-probe, and further that this effect was not blocked by pre-treatment with the 

Y1 antagonist, BIBO 3304 (Trent and Menard, 2011). Thus, it remains to be determined which 

NPY receptor subtype mediates the anxiolytic-like effects of either NPY or NPY13-36 on shock-

probe burying. Interestingly, although Y2 preferring, NPY13-36 is a relatively potent agonist at the 

Y5 receptor (Gerald et al., 1996).  In addition, the lateral septum contains low to moderate levels 

of Y5 receptors (Dumont et al., 1996; 2000; Morin et al., 2006). Our findings suggest that future 

work looking at the role of Y5 receptors in NPY-related anxiolysis in the burying test is 

warranted. 

To summarize, infusions of the Y2 receptor antagonist, BIIE 0246 blocked the 

anxiolytic-like effects of NPY13-36 in the elevated plus-maze but not shock-probe burying test.  

Furthermore, NPY13-36 and BIIE 0246, whether infused alone or together, failed to affect rats 

defensive responding in the novelty-induced suppression of feeding test. We previously showed 

that infusions of the Y1 receptor agonist, BIBO 3304 blocked the anxiolytic-like effects of NPY 
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in the novelty-induced suppression of feeding paradigm but not the shock-probe burying test 

(Trent and Menard, 2011). Combined our current and prior findings suggest that lateral septal 

NPY Y1 and Y2 receptors have specific functions in regulating the expression of specific 

anxiety-related defensive behaviours. Future work should investigate the contributions of lateral 

septal Y5 receptors to anxiety regulation. It would be particularly interesting to determine 

whether the anxiolytic-like actions of NPY (Trent and Menard, 2011) and NPY13-36 (current 

findings) in the shock-probe burying test are mediated at the Y5 receptor.  
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Chapter 5. General Discussion 

 

5.1 Summary of main findings 

 The lateral septum regulates rats’ anxiety-related defensive behaviours, with inhibition of 

this structure decreasing anxiety in ethologically-based animal models (Pesold and Treit, 1992, 

1996; Menard and Treit, 1996; Trent and Menard, 2010). The hippocampus sends substantial 

glutamatergic projections to the lateral septum, with more ventral areas of the hippocampus 

innervating larger portions of the lateral septum (Risold and Swanson, 1997). Gray’s theory 

(1982) states that the septum and hippocampus (referred to as the septohippocampal system) may 

work together in the regulation of anxiety. Thus, information flow between the ventral 

hippocampus and lateral septum may be required for the regulation of anxiety-like behaviours, 

and investigating this possibility was the first aim of my thesis.  

 Through the use of a pharmacological disconnection technique, I determined that 

communication between the ventral hippocampus and lateral septum is necessary for anxiety 

regulation in the elevated-plus maze test. Combined infusions of the direct GABAA agonist, 

muscimol into one side of the lateral septum and the contralateral side of the ventral 

hippocampus increased rats' open-arm exploration of the plus-maze. On the contrary, unilateral 

inactivation of either structure alone; or both structures together on the ipsilateral side of the 

brain did not alter open-arm activity. The increase in open-arm activity from contralateral 

infusions of muscimol was accompanied by parallel decreases in risk assessment behaviours, 

indexed as the % protected stretch-attend postures (SAPs). Importantly, increases in open-arm 

exploration were not associated with increases in general activity levels, confirming the 

specificity of this manipulation to anxiety. Thus, the ventral hippocampus and lateral septum 

work in tandem to regulate rats' normal open-arm avoidance in the plus-maze test. Although 
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these results speak to the neural circuitry of the lateral septal regulation of anxiety, they do not 

address the involvement of chemical messengers that influence lateral septal regulation of 

anxiety. 

 Thus, the second aim of my thesis was to determine the involvement of the peptide 

neuropeptide Y (NPY) and its Y1 (see Chapter 3) and Y2 receptor subtypes (see Chapter 4) in 

lateral septal regulation of anxiety. Given that the lateral septum has a high expression of NPY 

binding sites; it seemed likely that NPY would contribute to anxiety regulation at this site.  Rats 

were tested in three animal models of anxiety: the elevated plus-maze, novelty-induced 

suppression of feeding, and shock-probe burying tests. In the first NPY study, infusions of NPY 

into the lateral septum produced anxiolytic-like effects in the novelty-induced suppression of 

feeding and shock-probe burying tests, but failed to alter rats' anxiety in the elevated plus-maze 

test. The anxiolytic-like effects of NPY were blocked by pre-infusions of the Y1 antagonist 

BIBO 3304 in the novelty-induced suppression of feeding, but not the shock-probe burying test. 

Importantly, changes in measures of anxiety were not due to changes in appetite in the novelty-

induced suppression of feeding test, or changes in general activity levels or shock-probe 

reactivity in the shock-probe burying test.  

 In the second NPY study, infusions of the Y2 preferring agonist NPY13-36 into the lateral 

septum decreased rats’ anxiety-related behaviour in the plus-maze test, had mild anxiolytic 

effects in the shock-probe burying test, and had no effect in the novelty-induced suppression of 

feeding test. Further, pre-treatment with the Y2 antagonist BIIE 0246 blocked NPY13-36-induced 

anxiolysis in the plus-maze test, but not the shock-probe test. Importantly, measures of anxiety 

reduction were not influenced by changes in activity levels or changes in shock-probe sensitivity.  
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 Taken together, the current findings support the view that lateral septal NPY and its Y1 

and Y2 receptors regulate anxiety-related responses in a test-specific manner. The Y1 receptor 

appears to mediate the natural tendency for rats to decrease food consumption in a novel 

environment in the novelty-induced suppression of feeding test. On the contrary, the Y2 receptor 

appears to mediate rats’ natural tendency to avoid open spaces and/or their tendency to remain 

close to vertical surfaces (i.e. thigmotaxis) to avoid potential threat in the elevated plus-maze 

test. However, neither Y1 nor Y2 receptors mediated the anxiolytic effects of NPY infusions on 

defensive burying.  

 A detailed discussion of the main findings of this thesis is represented in the preceding 

chapters. However, for the general discussion, I will focus on the findings of this thesis as a 

whole and provide future directions for this research area.  

 

5.1.1 Lateral septal input and output structures important for anxiety regulation 

 The structures involved in anxiety regulation form a complex system of parallel 

pathways; each specialized for initiating appropriate responses to different perceived threats 

(Degroot and Treit, 2001; Menard and Treit, 2001; Hakvoort-Schwerdtfeger and Menard, 2008).  

Although the mechanism of septohippocampal regulation of anxiety is currently unknown, it is 

important to address how it might ultimately control anxiety-related behaviours.  According to 

Sheehan et al. (2004), the lateral septum evaluates the affective relevance of incoming cognitive 

input from the hippocampus and conveys this information on to hypothalamic areas that control 

the expression of innate defensive behaviours important to survival. Based on the current thesis, 

there is reason to believe that the massive glutamatergic projections from the hippocampus to the 

lateral septum play a prominent role in anxiety regulation, as pharmacologically disconnecting 
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communication between these two structures disables rats’ normal avoidance of the open arms of 

the plus-maze test. Two major hypothalamic targets of the lateral septum; i.e., the anterior and 

lateral hypothalamus, have been shown to differentially regulate in rats’ defensive responses in 

the plus-maze and shock-probe burying tests. Specifically, infusions of muscimol into the lateral 

hypothalamus altered open-arm avoidance but not burying behaviour whereas infusions of 

muscimol into the anterior hypothalamus altered burying but not open-arm avoidance.  These 

findings, although suggestive, do not confirm whether lateral and/or anterior hypothalamic 

contributions to defensive behaviour depend on input from the lateral septum.  Thus, it would be 

interesting to perform disconnection studies (as in Chapter 2) to determine the importance of 

lateral septum input to hypothalamic sites to behavioural defense regulation.  

  

5.1.2 The contribution of PY in lateral septal regulation of anxiety 

 As mentioned throughout this thesis, the NPY system is heavily implicated in anxiety 

regulation, with particularly high levels of NPY binding sites found in the lateral septum. The 

septohippocampal nucleus, amygdala, and arcuate nucleus all send NPY projections to the lateral 

septum, although these connections are not well understood (Allen et al., 1984; Risold and 

Swanson, 1997; for review Kask et al., 2002).  

 In vitro studies using hypothalamic and hippocampal slices may shed light on what may 

be occurring in the lateral septum. NPY is predominantly inhibitory, with its administration 

decreasing glutamate release and/or increasing GABA release in both hypothalamic and 

hippocampal slices (McQuiston et al., 1996; Bijak and Smialowska, 1995; for review: Silva et 

al., 2005). As mentioned previously, pre-treatment with NPY Y1 and Y2 receptor antagonists 

blocked the anxiolytic effect of infusions of glutamate agonists into the hippocampus in the plus-
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maze test (Smialowska et al., 2007). Therefore, the anxiolytic-like effects of infusions of NPY 

into the lateral septum may act via decreasing the release of glutamate from ventral hippocampal 

projection neurons. This decrease in glutamate would consequently decrease activity in the 

lateral septum, resulting in an inhibition of anxiety-related behaviours. This possibility is 

supported by previous work, in which anxiolytic-like increases in open arm exploration 

following infusions of midazolam into the hippocampus were blocked by co-infusions of L-

glutamate into the septum (Menard and Treit, 2001).  

 

5.1.3 The test-specificity of lateral septal PY 

 In the current thesis, lateral septal NPY and its Y1 and Y2 receptors displayed differential 

effects in three different animal models of anxiety. Infusions of the Y2 agonist NPY13-36 into the 

lateral septum reduced rats’ anxiety in the plus-maze test, and this anxiolysis was blocked by Y2 

antagonism with BIIE 0246. On the other hand, neither infusions of the full NPY peptide nor Y1 

antagonism with BIBO 3304 altered anxiety in the plus-maze. These results suggest that open-

arm activity is primarily dependent on the lateral septal Y2, but not Y1, receptor. It is interesting 

that infusions of NPY into the lateral septum did not alter open arm exploration, considering 

other studies have found decreases in open-arm exploration with lateral septal infusions of NPY 

(Molina-Hernandez et al., 2006, 2010). This contradictory finding is discussed at length in 

Chapter 3. However, because open arm exploration is mediated by the Y2 receptor in the current 

thesis, it seems that NPY13-36 was sensitive enough to alter open-arm activity through its 

preferential binding at this site in the lateral septum. Interestingly, others have suggested that 

reductions in the ratio of Y1 to Y2 receptor activation might yield anxiolytic-like effects 

(Smialowska et al., 2007). To the extent that this is the case, this could account for why we saw 
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anxiolytic-like effects in the plus-maze following infusions of the Y2 preferring peptide fragment 

NPY13-36, but not following infusions of the full peptide. One important caveat, however, is that 

the impact of Y1:Y2 activation ratio on behavioural defense regulation appears to be test specific 

in that the full peptide had clear anxiolytic-like effects in both the novelty-induced suppression 

of feeding test and the shock-probe burying test. Given the pattern of results seen in the plus-

maze test, reductions in the ratio of Y1 to Y2 receptor activation in the lateral septum might by 

why anxiolytic-like increases in open-arm exploration were observed following infusions of the 

Y2 agonist NPY13-36, but not following infusions of NPY into the lateral septum. 

  In the novelty-induced suppression of feeding test, hyponeophagia was decreased 

following infusions of the full NPY peptide, and this anxiolysis was blocked by Y1 antagonism 

with BIBO 3304. On the contrary, NPY13-36-induced decreases in anxiety in the novelty-induced 

suppression of feeding test was not mediated by the Y2 receptor, as neither infusions of the Y2 

agonist NPY13-36, nor infusions of the Y2 antagonist BIIE 0246 altered measures of 

hyponeophagia in this test. Thus, the Y1 receptor appears to mediate the NPY-induced 

reductions in hyponeophagia appears to be in the novelty-induced suppression of feeding test.  

 In the shock-probe burying test, both infusions of the full NPY peptide and infusions of 

the Y2 agonist NPY13-36 into the lateral septum decreased burying behaviour, but with differing 

outcomes. Whereas infusions of NPY decreased the duration of burying, the proportion of rats 

that buried, but not the latency to initiate burying (see Appendix for added graph); infusions of 

NPY13-36 did not alter the duration of burying, but decreased the proportion of rats that buried, 

and increased the latency to initiate burying. As discussed in Chapter 4, baseline levels of 

burying differed between the two NPY studies. The control rats which were compared to NPY13-

36-treated rats displayed very low baselines (~25-40sec; Chapter 4) compared to the control rats 
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which were compared with NPY-treated rats (~135-145sec; Chapter 3). Thus, even though 

NPY13-36-infused rats did display reduced burying compared to controls; this difference was not 

significant, perhaps due to a floor effect.  

 Interestingly, neither Y1 nor Y2 antagonism blocked the NPY or NPY13-36 – induced 

anxiolysis in the shock-probe burying test, respectively. Thus, it appears that anxiolysis in the 

shock-probe test resulting from either NPY or NPY13-36 infusions into the lateral septum, is due 

to mediation at a different receptor subtype, perhaps the Y5 receptor. In support of this, both 

NPY and NPY13-36 have affinity for the Y5 receptor, with NPY having a higher affinity than 

NPY13-36 (Dumont et al., 2000a). Thus, from this perspective, it might be that, compared to 

lateral septal NPY13-36 infusions, the seemingly greater effects of lateral septal NPY on burying 

behaviour might reflect the relatively higher affinity of NPY for the Y5 receptor.  However, 

future studies, in which the effects of lateral septal infusions of either NPY or NPY13-36 are 

compared to a single, aCSF-treated control group are needed to confirm this possibility.  

 This is not the first study to observe differential effects in animal models of anxiety 

following pharmacological manipulations. For example, infusions of the NMDA receptor 

antagonist AP-5 into the septum decreased defensive burying in the shock-probe test, but did not 

alter open arm exploration in the plus-maze test. On the other hand, infusions of the non-NMDA 

receptor antagonist CNQX into the septum both decreased defensive burying and increased open 

arm exploration (Menard and Treit, 2000). Differential effects have also been observed following 

lateral septal infusions of the 5-HT1A receptor agonist 8-OH-DPAT; i.e., this treatment 

suppressed the amount of time rats spent burying in the shock-probe test but did not alter their 

open-arm activity in the plus-maze test (Menard and Treit, 1998). Dissociations have also been 

found following infusions of NPY into the amygdala. For example, infusions of NPY into the 
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basolateral amygdala failed to increase rats' open-arm exploration in the plus-maze test, but were 

effective at increasing social interaction in the social interaction test (Sajdyk et al., 2008). Thus, 

different pharmacological effects across different animal models underline the importance of 

employing multiple tests to account for the variety of anxiety-like behaviours that are mediated 

by different neural mechanisms. 

  

5.2 Future Directions  

 The mechanism of anxiety regulation is complex and its neuroanatomical and 

neuropharmacological correlates continue to be elucidated. The current thesis determined that 

communication between the lateral septum and ventral hippocampus is essential for anxiety 

regulation in the plus-maze test, and that lateral septal NPY and its Y1 and Y2 receptors 

contribute to rats’ anxiety-related responses in a test-specific manner. Future studies 

investigating the role of the lateral septal Y5 receptor in anxiety regulation, as well as the role of 

hippocampal NPY and its receptor subtypes in anxiety regulation would be beneficial. Further, 

the role of lateral septal NPY in food deprivation-induced increases in open-arm exploration in 

the plus-maze test is also of interest. 

 

5.2.1 The lateral septal Y5 receptor 

 As mentioned above, neither Y1 nor Y2 receptor antagonism blocked the anxiolytic-like 

effects of NPY or NPY13-36 in the shock-probe burying test, respectively. Hence, future work 

would benefit from investigating the role of the lateral septal Y5 receptor in anxiety regulation in 

the shock-probe test. Although Y5 receptors are less abundant than both Y1 and Y2 receptors, 

they are found in low to moderate concentrations in multiple regions involved in anxiety 
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regulation, including the hypothalamus, amygdala, hippocampus and lateral septum (Dumont et 

al., 1998; Dumont et al., 2004; Morin and Gehlert, 2006). Thus, it seems likely that the Y5 

receptor would influence anxiety-related defensive behaviours, and the evidence supports this 

contention. For example, infusions of the Y5 agonist [cPP]hPP (i.c.v.) decreased anxiety-related 

behaviours in both the plus-maze and open field tests (Sorensen et al., 2004). Although, infusions 

of the Y5 antagonist CGP71683A (i.c.v.) did not alter anxiety-related behaviours in either the 

social interaction, plus-maze or open field tests (Kask et al., 2001b), oral administration of the 

Y5 antagonist Lu AA33810, which has a higher selectivity for Y5 than CGP71683A, decreased 

anxiety in the social interaction test (Walker et al., 2009).  

 Despite the expression of Y5 receptors in the aforementioned structures, only the 

amygdala has been investigated as a site of Y5-mediate anxiety regulation. Pre-treatment with 

the Y5 receptor antagonist Novartis 1 blocked the anxiolytic effects of the Y2-preferring agonist 

NPY3–36 in the social interaction test, while the Y1 antagonist BIBO 3304 had no effect (Sajdyk 

et al., 2002). Thus, the Y5 receptor may also be involved in anxiety regulation in the lateral 

septum, and future work should investigate this possibility.  

 

5.2.2 PY in the hippocampal regulation of anxiety  

 Other regions within the septohippocampal system are also involved in NPY-mediated 

anxiety regulation, such as the medial septum and dorsal hippocampus. While there are no NPY 

binding sites in the medial septum, the medial septum-diagonal band of Broca complex sends 

GABAergic efferents to hippocampal interneurons which co-express NPY and GABA (Freund 

1992; Pascual et al., 1999). Interestingly, removing this input from the medial septum to the 

hippocampus decreases NPY-immunoreactivity and leads to the subsequent death of these same 
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interneurons over time (Milner et al., 1994). Moreover, early stressors and maternal separation 

also decrease NPY immunoreactivity in the dorsal hippocampus (Jiminez-Vasquez et al., 2001). 

On the contrary, rats with an overexpression of NPY in the hippocampus do not display the 

normal anxiogenic-like effect of restraint stress in the elevated plus maze and did not display the 

normal fear suppression of behaviour in the punished drinking test (Thorsell et al., 2000). 

 There is a moderate to high expression of Y1, Y2, and Y5 receptors in the hippocampus 

(Dumont et al., 1996, 1998; Morin and Gehlert, 2006). Despite this, only one study has examined 

the effects of hippocampal NPY infusions on anxiety, and using only the plus-maze test 

(Smialowska et al., 2007).  The anxiolytic effect of infusing metabotropic glutamatergic receptor 

(mGluR) group II and III agonists into the dorsal hippocampus were blocked by co-infusions of 

either a Y1 or a Y2 receptor antagonists, respectively (Smialowska et al., 2007).  The idea here is 

that activation of mGluR present on NPY-expressing interneurons increases the local release of 

NPY and leads to subsequent anxiolysis. Thus, NPY also reduces anxiety in the hippocampus, 

and further investigation into which NPY receptors mediate the anxiolytic actions of NPY in the 

hippocampus should be explored. To date there has been no investigation into the role of the Y5 

receptor at this site. Additionally, the contribution of NPY to the hippocampal regulation of 

anxiety across a broader range of animal models should also be explored, including in the 

novelty-induced suppression of feeding and shock-probe burying tests.  

 

5.2.3 Lateral septal PY and food restriction 

 NPY is an orexinogenic peptide, and administration of NPY substantially enhances 

feeding in rats (Polidori et al., 2000; Van Dijk and Strubbe, 2003). Although we observed no 

alterations in appetite with NPY infusions into the lateral septum under normal conditions, it 
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may be that the lateral septum is involved under food deprivation conditions. For example, 

chronic food restriction increases NPY-IR in both hypothalamic (PVN) (Schwartz et al., 1998) 

and lateral septal neurons (Kovacs et al., 2007). Interestingly, in addition to increasing NPY 

expression in the lateral septum, food restriction also increases rats’ open arm exploration in the 

plus-maze test (Buyse et al., 2001; Genn et al., 2003b). Thus, lateral septal NPY may be involved 

in balancing the drive to explore in search of food with the tendency to avoid open, novel 

environments.  

 In the current thesis, infusions of NPY into the lateral septum decreased the latency to 

feeding in the novel (stressful) environment, but not the home (non stressful) environment, and 

this anxiolysis was mediated by the Y1 receptor. In previous studies, pre-treatment with the Y1 

receptor antagonist BIBO 3304 blocked the normal increase in feeding induced by overnight 

food deprivation (Wieland et al., 1998). Thus, future studies could determine the involvement of 

lateral septal NPY under food deprivation conditions. For example, it would be interesting to 

determine whether food restriction-induced increases in open-arm exploration are blocked by 

infusions of Y1, Y2, and/or Y5 receptor antagonists into the lateral septum. 

  

5.3 Conclusions 

 In summary, this thesis is the first to definitively show that the ventral hippocampus and 

lateral septum work in concert to regulate anxiety-related responding in the plus-maze test. 

Further, this thesis was also the first to show that infusions of NPY into the lateral septum 

decreased hyponeophagia in the novelty-induced suppression of feeding test and defensive 

burying in the shock-probe burying tests. Furthermore, lateral septal NPY-induced reductions in 

hyponeophagia in the novelty-induced suppression of feeding test were shown to be mediated by 
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the Y1 receptor. This thesis also determined that infusions of the NPY Y2 preferring agonist 

NPY13-36 into the lateral septum increased open-arm exploration in the elevated plus maze test, 

and this effect was blocked by Y2 receptor antagonism with BIIE 0246. While the role of NPY 

in anxiety regulation is still not completely understood, research regarding this peptide is 

promising for the development of novel pharmaceuticals for the treatment of many psychiatric 

disorders, including anorexia, schizophrenia, depression, and anxiety (for review, see: Eaton, 

2007). Although pharmaceutical research is still in the pre-clinical stages, brain penetrate Y2 

receptor antagonists have been developed (Brothers et al., 2010), but have yet to be tested in 

humans. Studies from the current thesis contribute to our understanding of the neurobiology of 

anxiety-like behaviours in ethologically-based animal models under adaptive conditions, which 

can help direct the discovery of novel treatments for anxiety disorders in humans.  
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Appendix 

 
 

Additional Results for Chapter 3 

Experiment 1: Shock-probe burying test 

 A significantly smaller proportion of NPY-treated rats engaged in shock-probe burying 

relative to controls, χ
2
 = 9.7, p < 0.005 (see Fig. 13B).  Consistent with this, NPY (0.75µg) 

increased the latency to initiate burying, F(1,17) = 22.93, p < 0.0001 (see Fig. 13C). 

 

 

 

 
Figure 13B. The proportion of rats that buried in the shock-probe burying test after bilateral infusions of 

either saline (n=10) or NPY (1.5 µg, n=9) into the lateral septum. *p<0.005. 
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Figure 13C. Mean latency (±SEM) to initiate burying in rats bilaterally infused with saline or NPY 

(1.5µg). NPY = neuropeptide Y. *p <0.0001.  

 

 

Additional Results for Chapter 3 

 Experiment 2: Shock-probe burying test 

 The proportion of rats treated with NPY that displayed burying tended to be lower than 

that of aCSF-treated controls, χ
2
 = 8.0, p < 0.005 (see Fig. 17B), thus mirroring the pattern seen 

in Experiment 1 (see Fig. 13B). The proportion of rats that buried following treatment with 

BIBO 3304 alone at the lower dose did not differ from controls (χ
2 

= 3.6, p > 0.05), but fewer 

rats treated with BIBO 3304 alone at the higher dose buried than controls (χ
2 

= 7.9, p < 0.01). 

Importantly, pre-treatment with BIBO at either dose prior to infusions of NPY (BIBO+NPY) did 

not block the NPY-induced decrease in the proportion of rats that buried (χ
2 

= 4.6, p < 0.05; χ
2 

= 

5.5, p < 0.05). 
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 There was no significant overall treatment effect on the latency to initiate burying, 

F(3,29) = 3.06, p = 0.37 (see Figure 17C). However, a priori pair-wise comparisons (LSD) were 

performed so as to compare with the results from Chapter 4. Although rats treated with NPY 

alone, and rats treated with BIBO 3304 (0.30µg) + NPY showed increased latency compared to 

controls, this did not quite reach significance, p = 0.1. However, rats treated with BIBO 3304 

(0.15µg) + NPY did show significant increased latency to initiate burying, as did rats infused 

with BIBO 3304 (0.30µg) alone at the higher dose (both ps = 0.05). Rats treated with BIBO 3304 

(0.15µg) alone at the lower dose did not display changes in the latency to bury (p > 0.1). 

 

 

 
Figure 17B. Proportion of rats that buried following bilateral infusions with either saline (n=10), NPY 

(1.5 µg, n=8), Y1 (0.15 µg, n=9), Y1/NPY (0.15 µg/1.5 µg, n=10), Y1 (0.15 µg, n=11), or Y1/NPY (0.30 

µg/1.5 µg, n=11) into the lateral septum. NPY = neuropeptide Y, Y1 = Y1 receptor antagonist BIBO 

3304. *p=0.05 relative to saline-infused controls. 
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Figure 17C. Mean (SEM) latency to initiate burying in 

NPY (1.5 µg, n=8), Y1 (0.15 µg, n=9), Y1/NPY (0.15 µg/1.5 µg, n=10), Y1 (0.15 µg, n=11), or Y1/NPY 

(0.30 µg/1.5 µg, n=11) into the lateral septum. 
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atency to initiate burying in rats bilaterally infused with either saline (n=10), 

NPY (1.5 µg, n=8), Y1 (0.15 µg, n=9), Y1/NPY (0.15 µg/1.5 µg, n=10), Y1 (0.15 µg, n=11), or Y1/NPY 

(0.30 µg/1.5 µg, n=11) into the lateral septum. *p=0.05, #p=0.1. 
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