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ABSTRACT 


Although historically treated as separate systems, there is considerable interaction 

between the immune system and brain. It has become increasingly clear that immune­

brain communication is important to both health and disease. An immunogenic challenge 

given during the first postnatal week in rodents impacts the developing central nervous 

system (CNS) leading to long-term behavioural and molecular alterations reflective of 

enhanced stress-reactivity. Anxiety and depression are stress-related pathologies with a 

proposed neurodevelopmental origin suggesting that perturbation to neonatal immune­

brain signalling may contribute to psychopathology. The current body of work examined 

the long-term impact of an early immune challenge on behavioural and molecular 

phenotypes associated with anxiety and depression. Mice were administered 

lipopolysaccharide (LPS) on postnatal days three and five. The emergence of anxiety­

related behaviour was characterized along the developmental trajectory of LPS-mice 

concurrent with changes to serotonergic neurocircuitry. Adult depressive-related 

behaviour was assessed in the forced swim test (FST) along with hippocampal 

neurogenesis as revealed by immunoreactivity for bromodeoxyuridine (BrdU) and 

doublecortin (DCX). The results demonstrated a sex-specific alteration in both the 

temporal emergence and phenotypic variant of anxiety-related behaviours displayed by 

LPS-mice. This was accompanied by changes to CNS serotonergic-related gene 

expression that coincided with a critical developmental time window essential to the 

establishment of emotionality. Adult LPS-mice exhibited hyperactivity during the FST 
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that was accompanied by increased doublecortin immunoreactivity in the dorsal and 

ventral hippocampus, reflecting enhanced immature neuronal differentiation. The current 

results demonstrate that an early immune challenge impacts the developing CNS leading 

to enhanced emotional-reactivity. Altered serotonergic neurocircuitry and adult 

hippocampal neurogenesis may underlie behavioural abnormalities. The current body of 

work demonstrates a preeminent role for early-life immune disturbance in 

psychopathology and advances understanding of how immune-brain signalling impacts 

the developing CNS and confers risk for later disease. 
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CHAPTER 1. INTRODUCTION 

1.1. Immune-brain communication and vulnerability to disease 

Immune-brain communication is both continual and bidirectional. This reciprocal 

communication is essential to healthy brain function and is especially important during 

the early postnatal period which represents a time of enhanced vulnerability for the 

developing central nervous system (CNS). Aberrant neuroimmune interactions have been 

implicated in a variety of neurological diseases (Patrick and Lindstrom, 1973; Solimena 

et al., 1990; Rogers et al., 1994; Darnell and Posner, 2003; McGeer and McGeer, 2003) 

including psychiatric disorders such as anxiety and depression (Anisman, 2009). The 

proposed developmental origin of these latter disorders (Ansorge et al., 2007; Leonardo 

and Hen, 2008) presents the intriguing possibility that altered neonatal immune-brain 

signalling can influence the developmental trajectory of the CNS and confer risk for later 

psychopathology. The current body of work is aimed at delineating the long-term 

consequences of an early-life immunogenic challenge on behavioural and molecular 

phenotypes associated with anxiety and depression. This is crucial in understanding the 

contribution of early immune disturbance to the pathogenesis of these disorders and has 

broad implications for understanding how early immune-brain signalling modifies 

susceptibility and vulnerability to disease. 
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1.2. Preclinical models of early-life adversity 

Early environmental stressors can have long-term consequences on the developing 

CNS. Clinical and preclinical evidence demonstrates that exposure to perinatal stress or 

trauma increases the risk for the later development of anxiety and depression (Heim and 

Nemeroff, 2001), suggesting a developmental ongm and programmmg of 

psychopathology (Ansorge et al., 2007; Leonardo and Hen, 2008). Examples of 

established preclinical rodent models of early adversity include postnatal maternal 

separation and maternal deprivation. Work in these animal models has examined the 

long-term consequences of early-life stress on the modulation of behavioural and 

molecular phenotypes associated with anxiety, depression (collectively termed 

emotionality), and stress-reactivity (Levine, 1957; Denenberg and Smith, 1963; Plotsky 

and Meaney, 1993; Shanks et al., 1995; Liu et al., 1997; Kikusui et al., 2004). Maternal 

separation experiments involve removal of the dam from the pups for three hours daily 

throughout much of the pre-weaning period. This results in behavioural deficits 

indicative of enhanced emotionality and stress-reactivity (Plotsky and Meaney, 1993; Lee 

et al., 2007; Lambas-Senas et al., 2009; Romeo et al., 2003; Parfitt et al., 2004) that are 

accompanied by altered CNS expression levels or function of glucocorticoid receptors 

(Meaney and Aitken, 1985), GABA receptors (Hsu et al., 2003), erotonin (Gardner et al., 

2009), and brain-derived neurotrophic factor (BDNF) (Lippmann et al., 2007). Maternal 

deprivation due to early weaning leads to increased aggressive and anxiety-related 

behaviours in adult rodents (Kikusui et al., 2004; Kanari et al., 2005). This behavioural 
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phenotype is accompanied by a molecular signature representative of enhanced 

emotionality, such as increased basal and stress-induced plasma corticosterone (CORT) 

and hippocampal pathology including decreased BDNF protein levels, reduced serotonin 

receptor rnRNA expression, and altered adult neurogenesis (Kikusui et al., 2006; 

Nakamura et al., 2008; Kikusui et al., 2009). 

Exogenous factors such as the timing and duration of early-life insult, and 

endogenous factors such as sex of the animal, can modify the long-term outcome of early 

adversity (Lehmann and Feldon, 2000; Millstein and Holmes, 2007). For instance, in 

contrast to the effects of prolonged maternal separation, shorter bouts (approximately 15 

min daily) result in a reduction of corticotrophin releasing hormone (CRH) rnRNA, 

adrenocorticotropic hormone (ACTH) and CORT in response to stress (Plotsky and 

Meaney, 1993; Parfitt et al., 2004) and attenuate anxiety-like behaviours in mice 

genetically modified to exhibit enhanced emotionality (Zanettini et al., 2009). Sexual 

dichotomy is present in maternally deprived rodents, with male and female rodents 

displaying differential adult behavioural and molecular phenotypes in response to 

identical early-life adversity (Wigger and Neumann, 1999; Romeo et al., 2003; Ono et al., 

2008; Kikusui et al., 2009). While the majority of these models were originally 

characterized in rats, accumulating studies have utilized mice which permits the 

exploration of potential genetic influences on early adversity and contribution to later 

pathology (Muller and Keck, 2002; Millstein and Holmes, 2007). Collectively, these 

studies demonstrate the importance of early environmental manipulation on 

neurodevelopment and its impact on stress-related behavioural and molecular phenotypes. 
3 
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1.3. The Early Immune Challenge Model 

1.3.1. Acute effects ofperipheral lipopolysaccharide administration 

Early immune challenge with the bacterial endotoxin lipopolysaccharide (LPS) 

has emerged as an additional rodent model to study the long-term impact of early-life 

stressors on CNS development. LPS is a component of the cell wall of gram-negative 

bacteria and is a major pathogen-associated molecular pattern recognized by the innate 

immune system through toll-like receptor (TLR) signalling. TLRs are components of the 

innate immune system that participate in pathogen recognition (Ozinsky et al. , 2000) . 

LPS interacts with TLR4 (Poltorak et al., 1998), found on circulating monocytes, tissue 

macrophages, and constitutively expressed in cells located on the circumventricular 

organs of the CNS (Laflamme and Rivest, 2001) and on brain endothelial cells. LPS­

TLR4-CD14 binding leads to transduction of a proinflammatory signal that activates 

genes encoding cytokines (JL-1~, Il-6, and TNF-a), chemokines, and enzymes such as 

COX-2 and iNOS. These soluble mediators can act centrally to orchestrate a 

physiological cascade of events that include induction of fever (Kozak et al. , 1994), a 

pattern of behavioural alterations collectively termed sickness behaviour (Hart, 1988), 

and robust activation of the hypothalamic-pituitary-adrenal (HP A) axis (Smith et al., 

1994; Whiteside et al., 1999; Vakharia and Hinson, 2005) which leads to increased 

plasma ACTH and CORT (Givalois et al., 1994). 
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The neonatal physiological response to an immunogenic challenge is similar to 

that experienced in adult rodents. A single injection with sub-septic doses of LPS during 

the first postnatal week leads to a transient increase in peripheral pro-inflammatory 

cytokines (Walker et al., 2009b) and activation of the HPA-axis as revealed by increased 

c-fos and CRH mRNA expression in the hypothalamic PVN (Dent et al., 1999), reduced 

median eminence CRH levels (Shanks and Meaney, 1994), and increased plasma ACTH 

and CORT (Shanks and Meaney, 1994; Walker et al., 2004b). This indicates that early 

endotoxin challenge can alter centrally mediated processes in a manner that is similar to 

the innate immune response in adults. Work aimed at understanding the impact of early 

immune challenge on CNS development is outlined below. 

1.3.2. Long-term impact ofperipheral lipopolysaccharide administration 

Rodents exposed to an early immune challenge with LPS display an array of long­

term behavioural and physiological alterations. These include cognitive abnormalities 

(Bilbo et al., 2005; Bilbo et al., 2006), altered neuroimmune functioning (Boisse et al., 

2004; Spencer et al., 2006b), modified risk for disease (Shanks et al., 2000; Hodgson et 

al., 2001; Breivik et al., 2002; Spencer et al., 2007; Galic et al., 2008; Ellestad et al., 

2009), and enhanced stress-reactivity and altered emotionality in adulthood (Shanks et al., 

1995; Granger et al., 1996; Shanks et al., 2000; Breivik et al., 2002; Walker et al., 2004a; 

Bilbo et al., 2007; Walker et al., 2008; Walker et al., 2009a). Similar to other early-life 

adversity models, the long-term consequences of LPS challenge are highly dependant on 
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factors such as the timing of exposure during ontogeny (Spencer et al., 2005; Spencer et 

al., 2006a; Harre et al., 2008) and sex which can differentially impact disease 

susceptibility (Shanks et al., 1995; Tenk et al., 2007; Tenk et al., 2008; Walker et al., 

2009a). Specifically, LPS challenge on postnatal day (P)3 and 5 (relatively comparable 

to third trimester human pregnancy) leads to a unique profile of sex-specific long-term 

behavioural and molecular alterations that converge on modification of stress-reactivity 

and emotionality; an effect not observed with later exposure or exposures of shorter 

duration (see Table 1). At the molecular level this is revealed by increased basal CRH 

mRNA expression in the PVN and increased basal or stress-induced plasma CORT in P3, 

PS challenged rodents (Shanks et al., 1995; Shanks et al., 2000). Decreased levels of 

glucocorticoid receptor density in the hypothalamus, hippocampus, and frontal cortex 

indicate a reduced capacity for negative feedback control of the stress-axis (Shanks et al., 

1995). This is accompanied by enhanced emotional-reactivity and increased anxiety­

related behaviours in adulthood (Breivik et al., 2002; Walker et al., 2004a; Walker et al., 

2008; Walker et al., 2009a). Importantly, an endotoxin exposure of shorter duration 

during the first postnatal week (single injection on P4 or P7) or a later exposure on Pl4 

does not increase stress-reactivity or emotionality (see Table 1). In fact, one study 

reported a blunted CORT response to a stressor experienced in adulthood in P4 

challenged rodents (Bilbo et al., 2007). This indicates that the timing of exposure during 

early development is critical in establishing the long-term consequences of an early 

immune challenge. 
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Table 1. Adult stress-related behavioural and molecular Ehenot}'Ees in the earl}' immune challenge model 

Model Rat Strain LPS (i.p.) Sex Adult Phenotype Reference 

-.) 

P3,P5 

P4 

P7 

Pl4 

Long Evans 

Sprague-Dawley 

Lewis 

Fischer 344 

Long Evans 

Wis tar 

Sprague-Dawley 

Sprague-Dawley 

Sprague-Dawley 

Sprague-Dawley 

Sprague-Dawley 

0.05mg/kg 
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0.05mg/kg 
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live E. 
Coli 

live E. 
Coli 

O.lmg/kg 
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Male 

Male 

Male 

Female 
*Male 

Male 

Male 

Male 

Male 

Male 

Increased plasma ACTH and CORT response to restraint stress; increased 
CRH mRNA in PVN*; increased CRH* and A VP content in ME; decreased 
GR density in hypothalamus, hippocampus, and frontal cortex 

Increased basal and noise-stress induced plasma CORT; prolonged 
hyperactivity in response to noise-stress 

Increased anxiety-like behaviour in EPM, open field, and social interaction 
tests 

Increased anxiety-like behaviour in EPM 

Exaggerated acoustic startle response following restraint stress; Increased 
stress-induced plasma CORT 

Exaggerated acoustic startle response; increased basal anxiety-like behaviour 
in hide box/open field, EPM*; stress-induced behavioural inhibition 
(hypoactivity)*; increased stress-induced CORT 

No difference in basal or stress-induced plasma CORT response; no 
difference in activity levels in open field 

Blunted CORT response to tail shock; antidepressant response in SPT; no 
difference in basolateral amygdala 5-HT protein 

No difference in anxiety-like behaviour in EPM 

No anxiety-like behaviour in EPM and open-field (exploratory and locomotor 
indices included); no depressive-like behaviour in FST; reduced novel object 
exploration 

No difference in anxiety-like behaviour in EPM 

Shanks et al., 
1995 

Shanks et al., 
2000 

Breivik et al. , 
2002 

Walker et al., 
2004 

Walker et al., 
2008 

Walker et al., 
2009 

Bilbo et al., 
2006 

Bilbo et al., 
2007 

Spencer et al. , 
2006 

Spencer et al. , 
2005 

Spencer et al., 
2006 
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5-HT: serotonin; ACTH: adrenocorticotropic hormone; A VP: arginine vasopressin; CRH: corticotrophin releasing hormone; CORT: corticosterone; 
EPM: elevated plus maze; FST: forced swim test; GR: glucocorticoid receptor; i.p. intraperitoneal; LPS: lipopolysaccharide; ME: median eminence; 
P: QQStnatal day; PVN: paraventricular nucleus; SPT: sucrose preference test 
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1.3.3. Early immune challenge: modelling an etiological factor in affective disorders 

The convergence of P3 , PS LPS challenge on adult stress-related phenotypes 

suggests that this particular model offers a unique translational approach to understanding 

stress-related pathologies. Notably, similarities in the profile of physiological and 

behavioural alterations between P3, PS LPS-challenged rodents and mood disorder 

patients (see Table 2) establish this model as a viable tool by which to examine the role of 

the early immune environment in the etiology of stress-related disorders such as anxiety 

and depression. This is especially relevant given the evidence linking anxiety and 

depression to immune system disturbance (Anisman, 2009). Patients with anxiety and/or 

major depression disorder (MDD) exhibit increased peripheral blood inflammatory 

biomarkers consistent with a pro-inflammatory phenotype, suggesting a link between 

immune system activation and mood abnormalities (for review see: Goldstein et al., 2009; 

Miller et al., 2009). This includes a general imbalance in the T-helper type (Th)l/Th2 

cytokine profile in MDD (Kim et al., 2007; Sutcigil et al., 2007) with specific increases in 

peripheral TNF-a, IL-6, and IL-1~ levels reported in MDD (Maes et al., 199S; Mikova et 

al., 2001; Alesci et al. , 200S) and anxiety (Maes et al., 1999; Gill et al., 2008; Hoge et al., 

2009). The increased prevalence of comorbid illnesses with a prominent immune basis, 

such as asthma (Katon et al. , 2007), inflammatory bowel disorders (Kurina et al. , 2001), 

diabetes (Engum, 2007), and cardiovascular illness (Kawachi et al., 1994; Ford et al., 

1998), in patients with anxiety and depression points to underlying immune system 

abnormalities or a shared pathogenic basis. Indeed, early immune challenge in rodents 
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Table 2. Early immune challenge as a model for affective disorders 

Mood Disorder Patients References P3, PS Immune Challenge Model References 

Primary anxiety disorder or Simon et al., Increased adult anxiety-related behaviours Breivik et al., 2002; 
high comorbidity of anxiety 2009 Walker et al., 2004, 

2009b 'i::i 
::; 

Altered HP A function Plotsky et al ., 
1998 

Increased behavioural and physiological stress response 
(CORT, ACTH); decreased GR binding in 

Shanks et al., 
2000; Nilsson 

1995, 
et al., 

b 
>-3 
::; 

hypothalamus, hippocampus, frontal cortex; blunted 2002; Walker et al., (!) 
VJ....... 

response to dexamethasone suppression 2008 VJ 

~ ...... . 
\0 Increased prevalence of 

substance abuse 
Bolten et al., 
2009 

Increased behavioural sensitization to drugs of reward Tenk et al., 2007 
(') 

g--(!) 

~ Altered circadian rhythms Germain and 
Kupfer, 2008 

Altered behavioural and endocrine diurnal rhythmicity Shanks et al., 2000; 
Breivik et al., 2002 

VJ ....... 
0... 
0 

....... 
Altered peripheral immune Raison et al., Impaired natural killer-cell activity, increased plasma Hodgson et al., 2001; ~ 
markers 2006 IL-6, decreased plasma IFN-gamma; altered Breivik et al., 2002; (') 

~ imrnunoglobulin production; altered predisposition to 
adult inflammatory disease 

Shanks et al., 2000; 
Walker et al., 2009a 

I=>' 
VJ 
(D....., 

~ 
(!) 

Increased incidence of 
metabolic disturbances 

Mcintyre et al., 
2009 

Altered insulin sensitivity, glucose homeostasis, 
neuroendocrine activity, and adipose deposition 

Nilsson et al., 2002; 
Knox et al., 2009; Li 
et al., 2007; Walker et 

0.......... 
(') 

e:.. 
VJ 
(')....... 

al.,2006 (!) 
:::::i 
(') 
(!) 
VJ 
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leads to long-term immune abnormalities that may drive or contribute to disease etiology 

(Breivik et al., 2002; Galic et al., 2008; Hodgson et al., 2002). Therefore, a careful 

exploration of anxiety and depressive-related behaviours and associated pathophysiology 

in early LPS challenged rodents is essential in further elucidating the role of early 

immune perturbation in the etiology of stress-related psychopathology. Outlined below is 

a discussion of the behavioural tools available for the preclinical assessment of anxiety 

and depressive-related behaviours. 

1.4. Preclinical assessment of anxiety and depression 

A repertoire of ethologically relevant and valid behavioural tools are available that 

model and test aspects of rodent emotionality. Validity is based on resemblance to 

human psychiatric disease in terms of symptoms, behavioural signs, underlying biological 

mechanisms, and sensitivity to mood modifying treatments (McKinney and Bunney, 

1969). While no one test can fully recapitulate the complex heterogeneity of human 

anxiety or depression, these tests do capture discrete clinical features or endophenotypes 

(Gottesman and Gould, 2003; see Tables 3, 4). In the aggregate, these tests become 

powerful tools by which to profile a range of anxiety and depressive-related behaviours 

and represent an important step in the identification of underlying neuropathology. 
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Table 3. Preclinical tests of anxiety-like behaviour 

Clinical symptom* Preclinical measure Anxiety Test 

Avoidance of anxiety­
inducing areas 

Anxiety induced during social 
engagements 

Anxiety-inducing obsessions 
and anxiety-reducing 
compulsions 

Heightened startle response 

Separation anxiety 

Increased arousal and 
avoidance to stimuli 
associated with previous 
trauma 

Avoidance of exposed 
brightly lit areas 

Decreased social 
interaction with 
unfamiliar conspecific 

Open field, light-dark, 
elevated plus maze, 

novelty suppressed 
feeding test 

Social interaction test 

Increased marble-burying Marble-burying test; 
and excessive grooming 

Increased acoustic startle 
response 

Increased pup ultrasonic 
vocalizations upon 
separation from Mom 

Increased freezing 
response to fear 
conditioned cue or 
context 

groorrung 

Acoustic startle 

Ultrasonic 
vocalization 

Pavlovian fear 
conditioning 

* based on symptoms provided in the Diagnostic and Statistical Manual-IV for diagnosis 
of anxiety disorder; N.B. not an inclusive list. 

Table modified from: Cryan and Holmes (2005) Nat. Rev. Drug Discovery, 4 , 775-790. 
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Table 4. Preclinical tests of depressive-like behaviours 

Clinical symptom* Preclinical measure Test/Model 

Psychomotor 

impairment 

Loss of interest in 

pleasurable activities 

Changes in appetite or 

weight 

Difficulty performing 

everyday tasks (e.g. 

personal hygiene) 

Altered sleep pattern, 

circadian rhythms 

Immobility (inability to 

sustain effort) 

Reduced intake of 

positive reward 

Decreased body mass in 

response to chronic 

stress 

Poor coat condition 

Altered diurnal/nocturnal 

activity patterns 

Forced swim test, tail 

suspension test, learned 

helplessness 

Sucrose preference test 

Restraint stress, chronic 

mild stress 

Chronic mild stress 

Home cage activity; 

wheel running 

* based on symptoms provided in the Diagnostic and Statistical Manual-IV for diagnosis 
of anxiety disorder; N.B. Not an inclusive list. 

Table modified from: Cryan and Holmes (2005) Nat. Rev. Drug Discovery, 4, 775-790. 
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1.4.1. Anxiety-like behaviour: Exploratory approach-avoidance paradigm 

Exploratory tests of anxiety are based on ethological tasks that exploit the natural 

behaviour of a rodent (Cryan and Holmes, 2005). The innate tendency for rodents to 

approach and explore novel environments and the opposing natural aversion to exposed 

brightly lit areas form the conceptual basis of these tests. Anxiety is assessed by 

measuring the degree to which an animal engages in the respective approach versus 

avoidance behaviours. The exploratory based tests are currently the most widely used 

tests for assaying anxiety-like behaviour (Holmes, 2001). 

The open field (Hall, 1936), light-dark test (Crawley and Goodwin, 1980), and 

elevated plus maze (EPM; (Handley and Mithani, 1984)) are examples of well established 

and widely used exploratory based tests of anxiety (see Figure 1). Anxiety is measured in 

these tests by avoidance of aversive zones that are represented by the centre of the open 

field, illuminated area of the light-dark box, and open arms of the EPM. Indeed, anxiety 

modifying interventions alter the extent to which a rodent explores these aversive zones. 

Increased exploration, measured in units of time and/or distance travelled, of the centre of 

the open field, light arena of the light-dark box, and open arms of the EPM in response to 

treatment with anxiolytic compounds (e.g. benzodiazepines) is interpreted as reduced 

anxiety-like behaviour (Crawley and Goodwin, 1980; Crawley, 1981; Handley and 

Mithani, 1984; Pellow et al., 1985; Belzung et al., 1987; Lister, 1987; Prut and Belzung, 

2003). The corresponding decrease in exploration of these aversive zones in response to 
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Exploratory based tests of anxiety 

A 

c 

\ 

\ 

Modified from: Cryan & Holmes (2005) Nat. Rev ., 4. 775-790. 

Figure 1. Examples of exploratory based tests for assessment of rodent anxiety­
related behaviour. These tests are considered ethologically relevant as they 
exploit the innate approach-avoidance behaviour that rodents display when 
confronted with novel environments such as the open field (A), elevated plus 
maze (B), and light/dark box (C). Anxiety is assessed by measuring avoidance of 
the aversive centre of the open field, open arms of the elevated plus maze, and 
light compartment of the light/dark box. 

14 




Ph.D. Thesis - Michelle M. Sidor, McMaster - Medical Sciences 

anxiogenic compounds is interpreted as increased anxiety-like behaviour. Behaviours 

such as directed exploration (e.g. rearing) and general locomotion can be assayed in 

addition to the aforementioned standard measures of anxiety-like behaviour (Crawley et 

al., 1984; Lister, 1987; Rodgers and Johnson, 1995). In fact, dissociating locomotion 

from emotionality during exploratory based tests of anxiety is important in ruling out any 

potential confounding effects of altered mobility on the capacity of a rodent to explore 

and move about the testing environment (Weiss et al., 1998). There has been some 

debate and concern as to which measures across different tests constitute a single 

particular behaviour. To this end, statistical methods such as factor analysis have been 

helpful in identifying measures that are related (factor together) across tests (Ramos et al., 

1997; Milner and Crabbe, 2008; Brigman et al., 2009), albeit results have not always been 

consistent (Ramos et al., 1998; Holmes et al., 2003). This inconsistency, in part, has 

contributed to the growing consensus that anxiety is multidimensional with each test 

representing partially overlapping constructs (Cryan and Holmes, 2005) and thereby 

measuring different facets of anxiety-like behaviour (Belzung and Le Pape, 1994; Ramos 

and Mormede, 1998; van Gaalen and Steckler, 2000; Turri et al., 2001; Holmes et al., 

2003). This latter point argues for the use of a battery of tests to capture and measure the 

full repertoire of anxiety-related behaviours (van Gaalen and Steckler, 2000). The 

reproducible modification of anxiety-like behaviour across a battery of tests would, 

therefore, provide a strong argument for an anxiety-like phenotype. 
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1.4.2. Depressive-like behaviour: Behavioural despair paradigm 

Stress is considered a major predisposing factor to MDD as it often precipitates 

and proceeds illness onset and that of subsequent mood episodes in vulnerable individuals 

(Kendler et al., 1995; Kendler et al., 1999). Accordingly, animal tests to assess 

depressive-related behaviours involve exposure to stressful situations. A variety of 

different tests have been developed, each measuring a different facet of depressive 

symptomatology (see Table 4). For instance, both the tail suspension test and forced 

swim test (FST) involve the induction and measurement of behavioural despair; whereas 

the sucrose preference test measures anhedonia, a loss of interest in pleasurable activities. 

The most widely used of these tests is the FST, originally developed by Porsolt and 

colleagues (Porsolt et al., 1977a; Porsolt et al., 1977b). Rodents exposed to an 

inescapable cylinder filled with tepid water will initially engage in active escape 

behaviours such as swimming and climbing. As the test progresses, mice will naturally 

adopt a passive coping strategy characterized by floating or immobility. This pattern of 

behaviour forms the conceptual basis of the FST with measures such as duration of 

immobility and latency to float as indicators of depressive behaviour (Porsolt et al., 

1977a; Porsolt et al., 1977b; Castagne et al., 2009). These behaviours are sensitive to a 

range of pharmacological and non-pharmacological antidepressant treatments (REM sleep 

deprivation, electroconvulsive shock therapy, environmental enrichment, and voluntary 

exercise; (Porsolt et al., 1978; Bjomebekk et al., 2005)) that increase active escape­
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directed behaviours, which is interpreted as an antidepressant-like response. Conversely, 

factors known to play an etiological role in inducing or increasing susceptibility to 

clinical depression, such as early-life stress (Papaioannou et al., 2002; Lee et al., 2007), 

chronic stress (Solberg et al., 1999; Tannenbaum et al., 2002; Dunn and Swiergiel, 2008; 

Kompagne et al., 2008; Veena et al., 2009), or a genetic vulnerability to stress-related 

pathology (El Yacoubi et al., 2003; Cryan and Mombereau, 2004; Bjornebekk et al., 

2005) increase immobility in the FST as evidence of increased depressive-like behaviour. 

Finally, individual differences in immobility within rodent strains can be mapped to 

particular quantitative trait loci implicated in MDD (Yoshikawa et al., 2002). Together 

this demonstrates the suitability of the FST as a tool for assessing depressive-related 

phenotypes in rodents. 

1.4.3. The automated advantage 

A variety of automated systems have been developed and validated for obtaining 

behavioural measures during tests of anxiety and depressive-related behaviours (Young 

and Johnson, 1991; Hedou et al., 2001; Noldus et al., 2001; Torres and Escarabajal, 2002; 

Kurtuncu et al., 2005). These systems rely on video tracking or use a series of apparatus 

embedded photobeams that translate rodent movement into objective spatiotemporal 

measures. The advent of automated testing has addressed several inherent limitations 

such as rapidity of obtaining data and inter-rater subjective biases. Indeed even slight 

differences in observer definitions of a given behaviour can drastically alter the measured 

outcomes contributing to both intra- and inter-laboratory inconsistency. Therefore, 
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individual laboratories should validate automated equipment to ascertain reliability of the 

system against observer-derived measurements. In this regard, the forced swim test 

apparatus used in the present study was previously validated (Kurtuncu et al., 2005) while 

the elevated plus maze was validated in our laboratory (validation paper is provided in 

appendix) . 

1.5. Cellular basis of anxiety- and depressive-related behaviours 

The long-term behavioural and molecular consequences of early immune 

challenge are highly dependant on when endotoxin exposure occurs in relation to the 

distinct developmental time course of differing brain systems and processes. Immune 

challenge during these critical periods has the potential to 'program' or alter the 

developmental trajectory of systems relevant to emotionality. Previous work in the early 

immune challenge literature has focused mainly on LPS programming of the neonatal 

stress-axis (Shanks et al., 1995; Shanks et al., 2000) or cytokine-HPA axis imbalance 

(Bilbo and Schwarz, 2009) in relation to adult behavioural dysfunction. Although the 

exact neural substrates that underlie anxiety and depression have yet to be fully 

elucidated, two theories have emerged which have received little attention in the early 

immune challenge literature: altered serotonergic signalling during postnatal development 

and altered hippocampal neurogenesis. An investigation as to the contribution of these 

factors to altered emotionality in LPS-rodents can yield insight into underlying 
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neuropathology with the ultimate goal of advancing our understanding of disease 

pathophysiology. 

1.5.1. Serotonin in the pathogenesis ofaffective disorders 

Serotonin or 5-hydroxytryptamine (5-HT) is a major modulatory neurotransmitter 

of the CNS. There is a long-standing association between 5-HT and affective disorders 

(Woolley, 1963) with a substantial body of clinical literature to support a role for aberrant 

5-HT function in anxiety and depression. Key findings in mood disorder patients include 

reduced cerebrospinal fluid levels of the serotonin metabolite, 5-HlAA (Asberg et al., 

1976), increased depressive symptoms in response to rapid depletion of tryptophan, the 

amino acid precursor for 5-HT synthesis (Delgado et al ., 1990; Smith et al., 1997), and 

lower CNS binding of the 5-HT transporter and 5-HT receptors (Parsey et al., 2006; 

Boldrini et al., 2008). Genetic studies have revealed that an allelic polymorphism in the 

5-HT transporter gene that acts to decrease transporter activity, density, and gene 

transcription (Lesch et al., 1996), interacts with early life adversity to modify risk for the 

later development of depression (Caspi et al., 2003). This evidence, together with the 

efficacy of serotonin reuptake inhibitors (SRis) and partial serotonin agonists/antagonists 

for the treatment of anxiety and/or depression (Davidson et al., 1999; Baldwin and Lopes, 

2009; Goodwin et al., 2009) highlight the preeminent role for serotonin in the 

pathogenesis of mood disorders. 
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1.5.2. Serotonergic neurocircuitry ofemotionality 

A large proportion of 5-HT neurons can be found in discrete clusters residing in 

the dorsal raphe (DR) nucleus of the brainstem. A subset of these neurons found within 

the mid-rostrocaudal and caudal aspect of the DR send efferent projections to key 

corticolimbic structures implicated in regulating stress and anxiety (Lowry, 2002). These 

regions include the amygdala, hippocampus, hypothalamus and frontal cortex. Together 

with the DR they form the mesolimbocortical serotonergic system - a neurocircuit 

implicated in regulating emotionality (Lowry et al., 2005). Aberrant 5-HT signalling 

within this circuit is proposed to mediate altered anxiety-related behaviour (Lowry, 

2002). There are currently fourteen identified 5-HT receptor sub-types that transduce 5­

HT signalling (Barnes and Sharp, 1999). The most studied with regards to emotionality 

are the post-synaptic receptors 5HT1A, 2A and 2C, the 5-HT transporter (5HTT) and the 

somatodendritic 5HT IA receptor (Holmes, 2008). An altered spatial and temporal profile 

of 5-HT receptor gene expression within this circuit would ultimately act to alter 5-HT 

signalling and anxiety-related behaviours. 

1.5.3. Serotonergic signalling during early postnatal development 

In addition to its role as a neurotransmitter in the adult CNS , 5-HT is involved in 

the regulation and refinement of synaptic connections during brain development. Recent 

preclinical evidence has emerged demonstrating that altered 5-HT signalling during 

development, and not adulthood, is essential to the establishment of anxiety (Gross et al., 
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2002; Ansorge et al., 2004). This has shifted the focus of research to the early postnatal 

period and has contributed to the growing recognition that anxiety is a 

neurodevelopmental disorder (Gross and Hen, 2004; Leonardo and Hen, 2008). 

The period between the first and third postnatal week in rodents is a time of 

intense synaptic refinement and appears critical to the development of the neurocircuitry 

mediating emotionality. For instance, transient pharmacological inhibition of the 5-HT 

transporter during P4-P21 results in long-term alterations in emotional-reactivity 

(Ansorge et al., 2004). Expression of the 5HT1A receptor between P14-P21 is essential 

for the normal establishment of adult anxiety-like behaviour (Gross et al., 2002). 

Conditional knockout of this receptor between Pl4-P21 leads to permanent modification 

of anxiety-related behaviour in adult rodents (Gross et al., 2002) with indicators of 

anxiety emerging as early as the third postnatal week (Gross and Hen, 2004; Leonardo 

and Hen, 2008). This suggests that early development is the appropriate time window for 

examining anxiety-related behavioural and molecular phenotypes. To date, work in the 

early immune challenge model has focused solely on outcomes measured in adulthood as 

an experimental endpoint. Given that LPS injection during adulthood is known to alter 5­

HT signalling (Hollis et al., 2006), it is intriguing to suggest that such a mechanism might 

also operate during development. Even a subtle and transient disturbance of serotonin 

signalling during ontogeny is enough to confer increased emotionality. For instance, a 

transient increase in 5HT l A receptor expression during the second postnatal week 

accompanied a permanent increase in anxiety-related behaviour associated with early-life 
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stress (Goodfellow et al., 2009). LPS challenge administered during early postnatal 

development may alter 5-HT neurocircuitry early in life with implications for the normal 

development of emotionality. An early postnatal examination of 5-HT gene expression 

concurrent with a temporal characterization of the emergence of anxiety-related 

behaviours will yield insight into the role of serotonin neurocircuitry in the development 

ofanxiety. 

1.5.4. Hippocampal neurogenesis 

The discovery of adult neurogenesis, the ongoing production of new neurons in 

the adult brain, marked a profound paradigm shift in our view of the dynamic nature of 

the adult brain and lead to dissolution of the dogma that the brain was static beyond 

development. This phenomenon has been described in the CNS of birds (Paton and 

Nottebohm, 1984), rodents (Altman and Das, 1965; Cameron et al., 1993), non-human 

primates (Gould et al., 1998; Gould et al., 1999; Kornack and Rakic, 1999), and humans 

(Eriksson et al., 1998; Sanai et al., 2004; Curtis et al., 2007). Adult neurogenesis is 

confined to the olfactory bulbs and the dentate gyms of the hippocampus, although there 

is accumulating evidence to support the possibility that neurogenesis may extend beyond 

these two sites (for review see: Gould, 2007). 
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1.5.5. The neurogenic cascade: from progenitors to mature neurons 

Neurogenesis can be considered a process characterized by contiguous stages 

rather than a singular event (see Figure 2). In the rodent hippocampus, this process takes 

approximately 4 weeks (Cameron et al. , 1993). Progenitor cells reside in the subgranular 

zone of the hippocampal dentate gyms and begin to proliferate in response to a variety of 

intrinsic and extrinsic regulating factors. These proliferating cells migrate up through the 

granule cell layers and begin to differentiate into immature neurons. The final step in this 

cascade is functional integration and survival of mature granule cell neurons (van Praag et 

al., 2002; Toni et al., 2008). Experimental identification of each stage can be useful in 

teasing apart the differential impact a given treatment has on the neurogenic process (i.e. 

proliferation, differentiation, mature neuronal survival). This is accomplished through 

detection of stage-specific endogenous or exogenously administered cell markers that 

identify sub-populations of cells (Figure 2). For instance, proliferating cells can be 

identified through in vivo labelling with the thymidine analog, 5-bromo-2 ' -deoxyuridine 

(BrdU), which is selectively incorporated into dividing cells and can be visualized using 

immunohistochemistry (Miller and Nowakowski, 1988; Bauer and Patterson, 2005). 

Other stages can be identified through immunoreactivity to constitutively expressed cell 

markers, such as the immature neuronal marker doublecortin (DCX; (Brown et al., 

2003b)). Using a combination of these markers, one can readily quantify cell numbers to 

assess the impact a given treatment has on different stages of the neurogenic cascade. 
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Neurogenic cascade in the dentate gyrus of the hippocampus 

Quiescent 
Neural 

Proliferating 
Neural Immature 

Mature 
Granule 

Progenitor Progenitor Neuron Cell 

BrdU Incorporation Doublecortin+ cells 

Modified from: Encinas et al., (2006) PNAS, I 03. 8233-8238 . 

Figure 2. Neurogenesis is a process characterized by contiguous stages that 
range from proliferation of progenitor cells through to cellular differentiation, 
maturation, and survival of functionally integrated mature granule neurons. 
Each step of this cascade can be experimentally identified by stage-specific cell 
markers. For instance, bromodeoxyuridine (BrdU) is taken up by dividing cells 
upon systemic administration and can be used as a marker for proliferating 
neural progenitors. Doublecortin is a protein expressed in young post-mitotic 
neurons and is used to identify the immature neuronal population. 
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1.5.6. Hippocampal neurogenesis in the pathogenesis ofaffective disorders 

Aside from the well established role of the hippocampus in mediating spatial 

learning and memory (Winocur et al., 2006; Saxe et al., 2007; Jessberger et al., 2009), 

there is increasing evidence to support a role for hippocampal neurogenesis in affective 

disorders. A variety of treatments with known antidepressant efficacy increase cell 

proliferation and neurogenesis in the hippocampus of rodents including environmental 

enrichment (Kempermann et al., 1997), voluntary exercise (van Praag et al., 1999), acute 

sleep deprivation (Grassi Zucconi et al., 2006), electroconvulsive shock treatment (Scott 

et al., 2000), and several different classes of pharmacological antidepressants (Malberg et 

al., 2000). This coupled with the evidence that exposure to stress or chronic 

corticosterone treatment (a precipitating factor for depression) reduces hippocampal 

neurogenesis and/or cell proliferation (Gould and Cameron, 1996; Gould et al., 1997; 

Gould et al., 1998; Malberg and Duman, 2003; Murray et al., 2008), forged the way for 

the neurogenic theory of depression (Kempermann and Kronenberg, 2003). 

There have been relatively few studies conducted to directly measure 

neurogenesis in psychiatric patients, largely owing to a lack of non-invasive tools 

(although see: Pereira et al., 2007). Of those conducted, one reported a decrease of the 

neural progenitor population in non-treated MDD patients compared with controls 

(Boldrini et al., 2009). Another study, however, failed to find an association with MDD 

but did report decreased neurogenesis in schizophrenia (Reif et al., 2007). There is, 

however, supporting circumstantial evidence for an etiological role of neurogenesis in 
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depression such as reduced performance on neurogenesis-dependant cognitive tasks 

(Becker et al., 2009) and reduced hippocampal volume (Sheline et al., 1999) in patients 

with MDD, which may reflect a reduced capacity for neurogenesis. There is also recent 

evidence demonstrating that antidepressants increase hippocampal neurogenesis in 

patients with MDD (Boldrini et al., 2009). Patients treated with antidepressants (SSRis 

and tricyclics) exhibited an increase in their neuronal progenitor cell population compared 

with drug-naive MDD patients and healthy controls (Boldrini et al., 2009). Although this 

may reflect a non-functional by-product of antidepressant treatment, seminal studies 

using rodent models of anxiety/depression have demonstrated the requirement of 

hippocampal neurogenesis for some of the behavioural effects of antidepressants 

(Santarelli et al., 2003; David et al., 2009). Subsequent work, however, has demonstrated 

the dependence of this phenomenon on mouse strain (Halick et al., 2008), type of 

antidepressant administered (Meshi et al., 2006; Surget et al., 2008), and the behavioural 

paradigm used to assess emotionality (David et al., 2009). This evidence does not 

discount neurogenesis in antidepressant mechanisms of action, but rather cautions for a 

balanced view of the etiological role of neurogenesis in the context of other contributing 

cellular and biochemical factors (i.e. altered serotonin (Jacobs et al., 2000) and 

neurotrophic factor signalling (D'Sa and Duman, 2002)). Collectively, there is 

convincing evidence provided by preclinical and clinical studies to support a role of 

neurogenesis in mood disorders. 
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1.5. 7. Early-life events alter adult hippocampal neurogenesis 

The adult rodent hippocampal granular layer is comprised of cells whose majority 

are born during the first week of life (Muramatsu et al., 2007). This raises the possibility 

that early experience can modify granule cell production (Tanapat et al., 1998). Retention 

of neonatally-born cells through to adulthood suggests that any perturbation coinciding 

with granule cell development may lead to long-term functional alterations and possibly 

impact hippocampal function, including neurogenesis. Early-life stress is known to have 

an acute (Tanapat et al., 1998) and chronic impact (Mirescu et al., 2004; Kikusui et al., 

2009) on precursor cell proliferation or immature neuron production in the rodent. A 

recent microarray study identified key genes that are altered in response to an acute LPS 

challenge in the P7 immature rat brain (Eklind et al., 2006). Some of these genes are 

known to underlie processes associated with neurogenesis, suggesting that LPS challenge 

may alter neurogenic processes during development, with long-term consequences to its 

continuing function and to associated behaviours. Indeed, the hippocampus is implicated 

in a variety of functions that are altered by early LPS challenge. For instance, the 

hippocampus is a major site of negative feedback of the HPA axis (Sapolsky et al., 1989), 

is important in modulating anxiety-like behaviours (Deacon et al., 2002; Bannerman et 

al., 2003), and has a well established role in spatial learning and memory (Winocur et al., 

2006; Saxe et al., 2007; Jessberger et al., 2009). As LPS rodents show alterations in all of 

these processes, it is likely that altered hippocampal development may underlie some of 
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these disturbances. Despite this evidence, no studies to date have directly examined 

hippocampal neurogenesis concurrent with depressive-related behaviours in adult 

rodents challenged with LPS during the first neonatal week. 

1.6. Current diagnostic view of anxiety and depression 

Although historically treated as separate entities, there is considerable overlap in 

terms of comorbidity and clinical features between anxiety and depression. This is 

reflected in the modern psychiatric view of these two disorders as constituting differing 

parts on a mood continuum. Furthermore, it is likely that a shared neurobiological basis 

exists as the presence of an anxiety disorder in early life often predicts the development 

of depression in adulthood (Bittner et al., 2007). Indeed, even on a molecular level there 

exists a mechanistic convergence between serotonin signalling and neurogenesis both 

during adulthood (Gould, 1999; Jacobs et al., 2000; Radley and Jacobs, 2002; Banasr et 

al., 2004) and early development (Yan et al., 1997). Therefore any associated pathogenic 

mechanisms explored should not be considered exclusive to one disorder or another. On 

this note, the following studies examine the behavioural and molecular changes 

associated with an early immune challenge focusing on early-life anxiety and adult 

depressive-related phenotypes. 
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CHAPTER 2. HYPOTHESIS AND AIMS 

Central hypothesis: Based on the clinical and pre-clinical evidence presented, it is 

proposed that early endotoxin exposure impacts CNS development leading to behavioural 

and molecular phenotypes associated with altered stress-reactivity. This hypothesis is 

addressed by the following three studies: 

Hypotheses: i) early immune challenge leads to an early emergence and persistence of 

anxiety-related behaviours in LPS rodents; ii) this is accompanied by alterations to 

developing serotonin neurocircuitry during a developmental time window important for 

the establishment of anxiety-related behaviours; iii) early immune challenge incurs a 

depressive-like behavioural phenotype characterized molecularly by altered hippocampal 

neuro genesis. 

Aims: 

1. 	 Determine the developmental trajectory of anxiety-related behaviours in male and 

female LPS-mice. 

2. 	 Examine the spatial and temporal expression of serotonin-related genes during 

postnatal development following an early immune challenge. 

3. 	 Assess adult depressive-like behaviour concurrent with hippocampal cell 

proliferation and immature neuronal differentiation. 
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Sex impacts the temporal emergence and phenotype of anxiety-related 

behaviours foil owing an early immune challenge in mice 
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Abstract 

Sexual dichotomy exists in the development, presentation, and course of many 

neuropsychiatric disorders, including anxiety. Anxiety disorders are one of the earliest 

psychiatric illnesses to manifest, suggesting that the early environment interacts with sex 

to shape CNS development. A role for immune system programming of the developing 

CNS has emerged in relation to anxiety. Adult rodents neonatally exposed to an immune 

challenge exhibit increased anxiety-related behaviours. No studies to date, however, have 

determined how sex interacts with early immune challenge to shape the developmental 

trajectory of anxiety-related behaviours. Mice were administered lipopolysaccharide 

(LPS; 0.05mg/kg, i.p.) or saline on postnatal days (P) three and five. Anxiety-related 

behaviour was assessed during early development on P14, P21, and P28, and re-assessed 

in adulthood at 10 and 12 weeks. Results reveal sex-specificity in the temporal 

emergence and phenotypic profile of anxiety-related behaviours displayed by LPS-mice. 

Male LPS-mice exhibited behavioural inhibition in early development (P21) that persisted 

into adulthood. Female LPS-mice exhibited increased avoidance behaviours in adulthood 

only. In both sexes, neonatal LPS challenge interacted with early indices of increased 

emotionality to influence adult anxiety-related behaviours. This suggests that although 

overt behavioural differences were not always present in juvenile LPS-mice, groups 

exhibiting high early-life emotionality were more susceptible to the impact of LPS 

challenge. These results demonstrate complex interactions between sex, individual 

differences, and the immune system in shaping the developmental trajectory of anxiety­
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related behaviours. Understanding the sex-specificity of outcomes related to affective 

disorders has important implications for disease detection and treatment. 
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3.1. Introduction 

Early-life adversity is an established risk factor for the later development of 

psychiatric disorders. Both clinical and preclinical studies have demonstrated that early 

stressful life events can markedly alter adult stress-reactivity and predispose to anxiety 

(Stein et al., 1996; Heim and Nemeroff, 2001). Indeed, rodent models of early-life 

manipulation, such as maternal separation, result in a modification of adult anxiety­

related behaviour and associated neurobiological substrates (Plotsky and Meaney, 1993; 

Romeo et al., 2003; Kikusui et al., 2004) with prolonged periods of maternal separation 

leading to enhanced fear and anxiety in adult mice (Romeo et al., 2003) and dysregulation 

of the HPA axis in adult rats (Plotsky and Meaney, 1993). Many of the long-term 

behavioural and molecular consequences of early-life adversity exhibit a sexual 

dichotomy (Mcintosh et al., 1999; Papaioannou et al., 2002; Romeo et al., 2003; Eklund 

and Arborelius, 2006; Kikusui et al., 2009; Oreland et al., 2009), demonstrating the 

importance of sex in influencing the development of adult stress-related psychopathology. 

There are reported sex differences in the clinical onset, presentation, course, and/or 

treatment response of many psychiatric disorders with a proposed neurodevelopmental 

origin including schizophrenia, major depression, and anxiety (Andia et al., 1995; 

Kornstein et al., 1995; Szymanski et al., 1995; Hendrick et al., 2000; Klein and Corwin, 

2002; Scheibe et al., 2003; Kawa et al., 2005; Robison et al., 2008; Vesga-Lopez et al., 

2008). 
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There has been a growing body of literature linking the immune system to anxiety 

modification (Silverman et al., 2007; Swiergiel and Dunn, 2007; Nautiyal et al., 2008). 

Indeed, immune abnormalities are proposed to play an etiological role in affective 

disorders (Anisman, 2009). Early immune challenge has emerged as a model of early-life 

adversity (Shanks and Meaney, 1994) with a distinct focus on the impact of immune 

activation during CNS development on stress-related phenotypes. Postnatal challenge 

with lipopolysaccharide (LPS), a cell wall constituent of gram-negative bacteria, during 

the first week of life (postnatal day (P)3 and 5) enhances the neuroendocrine and 

behavioural response to stress in adult rats (Shanks et al., 2000; Hodgson et al., 200 l; 

Walker et al., 2008; Walker et al., 2009) and increases basal or stress-induced anxiety­

related behaviours (Breivik et al., 2002; Walker et al., 2004; Walker et al., 2009). These 

effects are dependent on the timing of postnatal challenge as no anxiety-related 

differences are observed if LPS challenge occurs after the first postnatal week (Spencer et 

al., 2005; Spencer et al., 2006). The consequences of early-life stress are also sex­

dependant (Weinstock et al., 1992; Romeo et al., 2003; Eklund and Arborelius, 2006; 

Slatten et al., 2006). Male and female rodents have different susceptibility to the acute 

(Shanks et al., 1994; Shanks and Meaney, 1994) and long-term consequences of LPS 

challenge (Shanks et al., 1995; Tenk et al., 2007; Tenk et al., 2008) with a recent study 

demonstrating clear differences in anxiety-related behaviours of adult male and female 

LPS-challenged rats (Walker et al., 2009). This sexual dichotomy suggests that the early 

immune challenge model can be used to investigate how sex interacts with the immune 

system during development to impact anxiety-related behaviours. 

34 




Ph.D. Thesis - Michelle M. Sidor, McMaster - Medical Sciences 

Whereas the majority of the early immune challenge literature has focused on 

alterations detected during adulthood, the possibility that anxiety-like behaviour emerges 

earlier in development has not been fully explored. This has clinical relevance, given that 

anxiety disorders are often the first psychiatric illness to manifest (Rogers et al., 1999; 

Kessler et al., 2005). In mice, the time window between the first and third postnatal week 

is essential to the establishment of anxiety. Conditional knockout of the serotonin (5­

HT)-lA receptor (Gross et al., 2002) and transient inhibition of the 5HT transporter 

(Ansorge et al., 2004) during this time modulates anxiety-related behaviours with 

differences in emotional-reactivity emerging as early as the third week of life (P2 l; 

(Leonardo and Hen, 2008)). The initial aim of the study, therefore, was to determine the 

impact of sex on the temporal emergence and behavioural phenotypes of emotionality 

from early development through to adulthood in mice neonatally exposed to LPS. 

Finally, as childhood indicators of anxiety often predict later psychiatric illness 

(Schwartz et al., 1999; Prior et al., 2000; Gladstone et al., 2005), we wanted to explore 

whether early-life differences in emotional-reactivity were associated with adult 

behavioural abnormalities. Specifically, early-life stress is known to differentially impact 

adult anxiety in high versus low anxiety rodents (Neumann et al., 2005; Bosch et al., 

2006). Given that we employed repeated measures over time, this allowed us to examine 

whether LPS challenge differentially impacts adult anxiety-related behaviours in groups 

of female and male mice displaying high versus low emotional-reactivity in early 

development. 
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3.2. Methods 

3.2.1. Animals. CD-1 mice were bred in-house from male and female mice (8-10 w) 

obtained from Charles River. Postnatal day (P) 0 denotes day of birth. A total of 10 

litters were used; litter size ranged from 8-13 with litters culled to a maximum of 12 on 

Pl. Mice were weaned on P21, ear punched to identify individuals, and separated based 

on sex into a maximum of 5 pups/cage. 

3.2.2. Injections. On P3 and P5, whole litters were given an i.p. injection of either 0.05 

mg/kg lipopolysaccharide (E. coli LPS; Sigma) in 50 µl/g or an equal volume of saline 

(SAL) between 07:00-9:00 h. Dams were removed from the homecage and returned once 

all pups had received an injection. Maternal separation did not exceed 5 m. 

3.2.3. Growth and development. Mice were weighed daily from Pl -P7 and weekly 

thereafter. Eye opening was assessed beginning PlO as a physical screen to monitor 

postnatal development. A score of 0 =no eyes open; 1 = one eye open; 2 = both eyes 

open; average score/treatment group is presented. 

3.2.4. Behavioural testing. All behavioural testing was performed during the animal's 

active cycle between 20:00-03:00 h. At least one week separated each behavioural test. 

Given that the same cohort of animals were to be followed throughout development, we 

developed an anxiety-test battery. This was conducted in order to avoid confounding 

issues with repeated test exposure (Rodgers and Shepherd, 1993; Holmes et al., 2001). 
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3.2.4.1. Open field. Pl4 pups were separated from the morn and brought into a dimly lit 

testing room in their hornecage. All pups had achieved full eye opening at the time of 

testing. Pups were individually placed into plexiglass chambers (Kinderscientific Smart 

Cage Rack System; field dimensions: 9.5" wide x 18.0" long) consisting of infrared 

beams used to detect horizontal and vertical activity. This system was interfaced to a PC 

computer running MotorMonitor software. Pups were allowed to explore the chamber for 

a period of 15 rn and data was collected in the form of photobearn breaks as an indication 

of activity. After all pups had undergone testing, they were returned to the morn as a 

group; maternal separation did not exceed 1 h. At 10 wks, mice were allowed to 

habituate in a dark outer room for 45 rn before being individually placed into a brightly lit 

arena (Kinderscientific's Smart Cage System). Distance travelled and time spent in the 

centre versus periphery was recorded by MonitorMonitor software for 30 rn. 

3.2.4.2. Light-dark. Anxiety-like behaviour was assessed using a 10 rn light-dark test. 

Mice were individually tested using the Kinderscientific Smart Cage Rack system and 

behaviour scored by MotorMonitor software. Each chamber was equipped with a black 

plexiglass box on one side of the chamber; a small doorway allowed free exploration of 

dark and light sides of the chambers. Mice were allowed to habituate in their hornecage 

for 15 rn in a dimly lit outer room, individually brought into the testing room and placed 

into the light side of the chamber. 

3.2.4.3. Novelty suppressed feeding (NSF). On P28, mice were tested for anxiety-like 

behaviour using the NSF paradigm. Mice were food deprived 24 h prior to testing with 
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water provided ad libitum. Food deprivation was time staggered to ensure mice were 

deprived for exactly 24 h. On test day, mice were placed into a holding cage and allowed 

to habituate to the testing room for 10 m. Mice were individually placed into a brightly lit 

novel arena (plexiglass with clear sides; 24" X 24") consisting of a single piece of white 

filter paper with one small pellet ( -2g) placed atop in the centre of the arena. Mice were 

placed into the box facing the corner and the latency to begin feeding was recorded 

manually. In order for feeding to be scored, the animal had to pick up the pellet while 

standing on its hunches and begin eating. Picking up, pulling, pushing or nibbling at the 

pellet was not considered feeding. The test was scored up to a max. of 5 m; if feeding did 

not occur within this time, a score of 5 m was given. Immediately following, mice were 

placed into their homecage and the amount of food consumed was recorded for 5 m. 

3.2.4.4. Elevated plus maze (EPM). At 12 weeks of age, anxiety-like behaviour was 

assessed using a 5 m EPM test. This device is a '+' shaped black plexiglas maze, 

consisting of two opposing closed arms (flanked by 15cm opaque black plexiglass walls), 

and two open arms (no walls). Animals were allowed to habituate in a dimly lit outer 

room for 10 m and then transported individually into a similarly lit testing room. Mice 

were placed in the center of the plus maze facing a closed arm. Behaviour was scored 

using Kinderscientific' s MotorMonitor software. 

3.2.5. Statistics and data analysis. Data were analyzed using a two-way analysis of 

variance (ANOVA) with sex (female/male) and treatment (SAL/LPS) as main factors. 

followed by the Student's t-test to analyze within sex differences for each behavioural 
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test. Within subject data for growth and development over time were analyzed using 

repeated measures ANOV A. Males were ranked into high and low emotional-reactivity 

according to rearing scores obtained during the light/dark test at P2 l. Scores above the 

group median were considered low reactivity, whereas those below the median were 

assigned as high reactivity (i.e. low rearing = high emotional reactivity). Female ranking 

for high and low reactivity levels was based on the % distance travelled in the light 

chamber of the light/dark test at P21 (above/below median considered low/high­

reactivity). Adult behaviour for high and low groups was compared using the Student's t­

test. Statistics were performed using the Prism 4.0a statistical software for Macintosh. A 

two-tailed p-value less than 0.05 was considered statistically significant. Significance is 

denoted as the following: *p<0.05. All values are expressed as mean± SEM. 

3.3. Results 

3.3.1. Postnatal growth and development 

There was a significant effect of time (F(7,98)=508.3, p<0.0001) but no main 

effect of treatment on pre-weaning body mass (Fig. lA). Physical development was 

assessed through monitoring of eye opening. No difference was detected between groups, 

with all mice achieving full eye opening by the end of the second postnatal week (Fig. 

lB). 
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Figure 1. Physical growth was monitored during early development in mice 
treated with lipopolysaccharide (LPS) or saline (SAL) on postnatal days (P)3 and 
5. (A) There was no significant impact of treatment on growth as indicated by 
body mass over the first two weeks of life. (B) Eye opening was assessed as an 
indicator of physical development, with no differences emerging between 
treatment groups. Eye opening was scored as follows: O=no eyes open, l=one 
eye open, 2=both eyes open. Data are plotted as mean ± SEM for 51 SAL and 
51 LPS mice. 
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3.3.2. Locomotor activity 

Given that quadrupedal locomotion in rodents emerges during the second 

postnatal week (Altman and Sudarshan, 1975; Clarke and Still, 2001; Glynn et al., 2007), 

locomotor activity was assessed beginning at P14 in the open field, and subsequently 

assessed in the light/dark apparatus at P21, the open field at 10 w (adult), and the EPM at 

12 w. Total distance travelled was used as a standard measure of activity. Figure 2A 

depicts locomotor behaviour observed during early development in LPS-rnice. There was 

a significant impact of treatment on the total distance P14 pups travelled (F(l,97)=10.66, 

p=0.0016; Fig. 2A). Female and male LPS-pups travelled less total distance during the 

15 m open-field test (female: t(45)=2.45, p=0.018; male: t(52)=2.21, p=0.032; Fig. 2A). 

A significant main effect of treatment was also found at P21 during light-dark testing 

(F(l,93)=4.04, p=0.047; Fig. 2A). Although female LPS-rnice showed no difference in 

locomotion (t(50)=0.61 , p=0.54), male LPS-rnice continued to show hypo-locomotion 

compared with male controls (t(43)=2.29, p=0.027; Fig. 2A). Locomotor behaviour was 

re-assessed in adulthood in the EPM and open field (Fig. 2B). There was a significant 

impact of treatment on total distance travelled during the EPM (F(l,99)=6.35, p=0.013; 

Fig. 2B). Posthoc analysis revealed that LPS-males travelled significantly less distance in 

the EPM than male saline controls (t(49)=3.53, p=0.009). Collectively, the data suggests 

that male LPS-rnice exhibit a hypo-locomotor phenotype that develops early in life and 

persists through to adulthood. This male phenotype is specific to tests of shorter duration 

as no significant treatment differences were detected during the 30 min open field test in 

adulthood (F(l ,98)= 1.17, p=0.28; Fig. 2B). 
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Figure 2. Locomotor behaviour as indicated by overall distance travelled during 
tests of anxiety-like behaviour across the development of female and male mice 
treated with LPS or SAL during the first postnatal week. Locomotion was 
assessed early in development on (A) postnatal days (P) 14 and 21 and re­
assessed within the same cohort later in (B) adulthood at 10 and 12 weeks of 
age. EPM=elevated plus maze. Data are plotted as mean± SEM. P14: SAL 
F/M, n=24/26, LPS F/M, n=23/28; P21: SAL F/M, n=29/17, LPS F/M, n=23/28; 
10w,12w: SAL F/M, n=29/26, LPS F/M, n=23/25. *p<0.05. 
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3.3.3. Anxiety-related behaviour 

Figure 3A depicts anxiety-like behaviour measured in female and male LPS/SAL 

mice using the open field at Pl4 and the light/dark test at P21. To control for differences 

in locomotion detected throughout development (Fig. 2), the distance travelled in the 

centre aversive zone was calculated as a ratio of total distance travelled and used as an 

index of anxiety (% distance travelled). There was no significant treatment effect on % 

distance travelled in either the centre of the open field at P14 (F(l,98)=1.58, p=0.21; 

Fig.3A) or light chamber of the light/dark box at P21 (F(l,93)=0.02, p=0.90; Fig. 3A). 

Anxiety-like behaviour was assessed at P28 usmg the NSF (Fig. 3B). No 

significant treatment effect was detected in the latency to begin feeding in the novel 

environment (F(l,90)=0.50, p=0.48; Fig. 3B). There were no differences in appetitive 

motivation between groups as measured by amount of food consumed during a five-

minute period following novel environment testing (F(l,90)=0.17, p=0.69; data not 

shown). 

Anxiety-like behaviour was re-assessed in adulthood using the open field at 10 w 

and the elevated plus maze at 12 w. To assess anxiety-like behaviour specifically, 

behaviour during the first 5 m of the open field was considered. This measure captures 

the initial reactivity to novelty, which may differ from behavioural performance after 

longer exposures to the open field . There was a significant sex effect on % distance 

travelled in the centre of the open field during the first 5 m (F(l,98)=18.47, p<0.0001; 

Fig. 3C), with females of both treatment groups travelling less centre distance than males. 
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Figure 3. Measures of anxiety-related behaviour across development. (A, B) No 
differences emerged during early postnatal testing (B=P28). (C) At both 10 and 
12 wks, female LPS-mice exhibited a significant reduction in % distance 
travelled in the respective aversive zones of each test (i.e. open field=centre; 
EPM=open arms) compared with female saline controls . Data are plotted as 
mean ± SEM. Pl4: SAL F/M, n=24/26, LPS F/M, n=23/28, P21 : SAL F/M, n=29/17, 
LPS F/M, n=23/28 ; P28: SAL F/M, n=27/2 1, LPS F/M, n=21125 ; 10 w: SAL F/M, 
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Females LPS-rnice also travelled less distance relative to female saline controls during 

this time (t(49)=2.07, p=0.044; Fig. 3C). There was no significant difference on this 

parameter when the full 30 m was considered (data not shown). There was a main effect 

of treatment on % distance travelled in the open arms of the elevated plus maze at 12 w 

(F(l,99)=9.97, p=0.002; Fig. 3C). Posthoc analysis revealed that female LPS-rnice 

travelled less distance in the open arms compared with SAL-females (t(50)=3 .16, 

p=0.003; Fig. 3C). Taken together, this demonstrates increased anxiety-like behaviour in 

adult female LPS-rnice. 

3.3.4. Exploratory behaviour 

Indicators of exploratory behaviour included rearing in both the light/dark and 

open field tests and closed arm entries in the elevated plus maze (Crawley et al., 1984; 

Holmes et al., 2003). There was a significant treatment effect on rearing behaviour during 

the open field test at Pl4 (F(l,98)=7.99, p=0.006; Fig. 4A) and light/dark test at P21 

(F(l,93)=4.37, p=0.039; Fig. 4A) that was identified posthoc as a reduced frequency of 

rearing in male LPS-rnice compared to male controls (Pl4: t(52)=2.41, p=0.019; P21: 

t(43)=2.29, p=0.027). 

Exploratory behaviour was re-assessed during open-field testing at 10 w and EPM 

testing at 12 w of age. There was a significant main effect of sex (F( 1,98)=4. l 8, 

p=0.044) on number of rears in the open field, with LPS-males rearing less compared to 

male controls over the 30 min of the open field test (t(49)=2.204, p=0.032; Fig. 4B). No 

difference in rearing emerged between LPS and SAL females. A significant main effect 
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of treatment was found for EPM closed arm entries (F(l,99)=7.94, p=0.006) . Posthoc 

analysis revealed this effect was specific to males, with LPS-males entering the closed 

arms less than SAL-males (t(49)=3.245, p=0.002; Fig. 4B). As deficits in exploration 

during exploratory-based tests of anxiety-like behaviour contain an emotionality 

component to them (Gray and N., 2000; Holmes, 2001), the behaviour of LPS-males can 

be interpreted as an early emergence of decreased exploration and therefore an increase in 

emotional-reactivity. 

3.3.5. Early emotional-reactivity influences adult anxiety-related behaviour 

To determine whether early-life differences in emotional-reactivity influenced the 

development of adult anxiety, we classified mice into high or low emotional-reactivity 

based on P21 behaviour and examined the corresponding adult behaviour in those groups 

(see methods). Behaviour on P21 was chosen given that rodent emotional-reactivity to a 

novel environment emerges at P20 (Leonardo and Hen, 2008). This implies that 

behavioural differences detected at this time are likely a result of differences in 

emotionality. Female mice were separated into high and low emotional-reactivity based 

on P21 avoidance behaviour to the aversive light chamber during light/dark testing. As 

LPS-males manifested emotional-reactivity through exploratory deficits, male mice were 

separated into high and low groups based on P21 rearing behaviour. 
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Figure 4. Cohorts of mice were assessed for exploratory behaviour during (A) 
development (Pl4-P21) and (B) adulthood (10 and 12 wks). (A) Rearing was 
used as a measure of exploratory behaviour in the open field and light/dark test. 
Male LPS-mice exhibited a significant reduction in frequency of rearing 
compared to male saline (SAL) controls at Pl4 and P21. (B) Exploratory 
behaviour was re-assessed in adulthood. Frequency of closed arm entries was 
used as an indicator of exploration in the EPM. Male LPS-mice exhibited 
reduced rearing during the open field test. Simi larly, the frequency of closed arm 
entries in the EPM was reduced in LPS-males relative to male SAL controls. 
Data are plotted as mean ± SEM. Pl4: SAL F/M, n=24/26, LPS F/M, n=23/28, P21: 
SAL F/M, n=29/l7 , LPS F/M, n=23/28; P28: SAL F/M, n=27/21 , LPS F/M, n=2 l/25 ; 10 
w: SAL F/M, n=29/26, LPS F/M, n=22/25; 12 w: SAL F/M, n=29/26, LPS F/M, 
n=23/25. *p<0.05. 
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Figure 5A depicts adult anxiety-like behaviour in the open field and elevated plus 

maze in female mice defined as having high or low emotional-reactivity early in life as 

indicated by the % distance travelled in the light chamber of the light/dark box. In 

adulthood, high-reactive LPS-females exhibited a decrease in the % distance travelled in 

the centre of the open field (t(22)=1.85, p=0.077) and open arms of the elevated plus 

maze (t(22)=2.75, p=0.012) compared with high-reactive SAL-females. No treatment 

differences were detected between low-reactive groups (open field: t(22)=1.03, p=0.31; 

EPM: t(23)=1.60, p=0.12). 

There was a significant difference in adult exploratory behaviour in high versus 

low reactive LPS-males in the open field (t(23)=2.19, p=0.039, Fig. 5B) and elevated plus 

maze (t(23)=2.04, p=0.05, Fig. 5B). There was no difference in adult exploration 

between high- and low-reactive SAL-males. LPS-males with high-reactivity early in life 

exhibited increased adult emotional-reactivity as reflected by a significant decrease in 

adult open field rearing (t(l6)=3.18, p=0.006) and plus-maze closed arm entries 

(t(16)=3.62, p=0.002) compared with high-reactive SAL-males, with no treatment 

differences detected between low-reactive groups (open field: t(20)=0.40, p=0.70; EPM: 

t(20)=1.41, p=0.17). Collectively, this suggests that early immune challenge increases 

vulnerability to adult anxiety-related behaviours in groups displaying high emotional­

reactivity in early-life. 
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Figure 5. Mice were separated into high or low groups based on early-life 
emotional-reactivity. Adult anxiety-related behaviour in the open field and 
elevated plus maze (EPM) were then compared in female (A) and male (B) mice 
exhibiting high versus low early-life emotional-reactivity. (A) LPS-challenge 
potentiated an increase in adult anxiety-related behaviours in the open field and 
EPM in female LPS-mice displaying high early life emotional-reactivity. (B) 
Male LPS-mice exhibiting high early life emotional-reactivity continued to show 
increased emotionality in adulthood as indicated by reduced exploratory 
behaviour in the open field and EPM in high-reactive groups . Data are plotted as 
mean± SEM. Low: SAL F/M, n=l4/9, LPS F/M, n= 10/13; High: SAL F/M, n=l4/7 , 
LPS F/M, n=l0/11. *p<0.05 . 

49 



Ph.D. Thesis - Michelle M. Sidor, McMaster - Medical Sciences 

3.4. Discussion 

The current study determined the impact of sex on the behavioural profile of mice 

exposed to a neonatal endotoxin challenge, focusing on anxiety-related behaviours 

through development. The results provide important evidence to demonstrate a sexual 

dichotomy in the emergence and presentation of anxiety-related behaviours. Overall, 

LPS-mice displayed increased emotional-reactivity with sex-specific behavioural 

phenotypes emerging in early-life males and in adult females. Within the neonatal 

immune challenge group, we found that early-life differences in emotional reactivity were 

associated with adult anxiety-related behaviours. 

The current findings are consistent with the growing body of literature supporting 

sex differences in the acute and long-term effect of neonatal LPS exposure on postnatal 

days three and five (P3, P5). For instance, acute administration of LPS leads to greater 

adrenocorticotropic hormone and corticosterone (CORT) plasma levels in female rat pups 

compared to males (Shanks et al., 1994). Female-specific reports of long-term alterations 

include increased locomotor sensitization to the dopamine agonist, quinpirole (Tenk et al., 

2007) and increased CORT response to chronic stress (Hodgson and Knott, 2002). The 

majority of reports on sex differences in the long-term effects of postnatal LPS, however, 

indicate an increased susceptibility of disease in males. This includes decreased 

locomotion in response to a subsequent adult LPS challenge (Tenk et al., 2008), increased 

anxiety-like behaviour in response to restraint stress (Walker et al ., 2009), increased basal 

CRH mRNA in the PVN (Shanks et al., 1995), impaired natural killer cell activity, and 
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decreased resistance to tumor colonization (Hodgson and Knott, 2002). The present 

findings add to this growing literature by demonstrating sex-specific alterations in 

emotional-reactivity in early immune challenged rodents. This finding has clinical 

relevance given the reported sex differences in the incidence, age of onset, and clinical 

presentation of many psychiatric disorders (Andia et al., 1995; Komstein et al., 1995; 

Szymanski et al., 1995; Hendrick et al., 2000; Klein and Corwin, 2002; Scheibe et al., 

2003; Kawa et al., 2005; Robison et al., 2008; Vesga-Lopez et al., 2008). The existence 

of sex-differences in any disorder necessitates the examination and consideration of the 

influence of sex in basic neuroscience research (Cahill, 2006). The early immune 

challenge model provides a novel tool for studying sex-specific behavioural 

characteristics that are relevant to the clinical course and presentation of anxiety. 

The current findings extend previous reports of increased emotional-reactivity in 

adult LPS P3 , PS rodents (Shanks et al., 2000; Breivik et al., 2002; Walker et al., 2004; 

Walker et al., 2008; Walker et al., 2009). In the current study, female LPS-mice 

demonstrated anxiety-related behaviour characterized by avoidance behaviour to aversive 

environments (centre of open field and open arm of plus-maze). Male LPS-mice 

exhibited novelty-induced behavioural inhibition as evidenced by decreased exploratory 

locomotion across a range of novel environments. Rodents with high levels of anxiety­

like behaviour often exhibit behavioural inhibition and reduced exploratory locomotion 

(Gray and N., 2000; Holmes, 2001). Therefore, it is possible that the current observed 

male behaviour also represents a form of enhanced emotional-reactivity. The distinct 
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behavioural profile of emotional-reactivity displayed between female and male LPS-mice 

recapitulates the different clinical features that men and women present with across a 

range of anxiety disorders (Castle et al., 1995; Turgeon et al., 1998; Weinstock, 1999; 

Steiner et al., 2005; Simon et al., 2006; Labad et al., 2008; Vesga-Lopez et al., 2008). 

Together this highlights the importance of using a battery of behavioural tests and 

examining multiple measures to fully capture the repertoire of anxiety-related behaviours 

in male and female rodents. 

Behavioural characterization through development revealed differential timing for 

the onset of anxiety-related behaviours in female and male LPS-mice. Female LPS-mice 

presented with an adult-onset phenotype, whereas male LPS-mice experienced an early 

and persistent behavioural phenotype. This is interesting in light of the increased 

incidence of psychiatric diagnoses in women after puberty (Earls, 1987) and an increased 

incidence of psychiatric illness in boys prior to puberty (Seeman, 1997). Although it is 

possible that the presence of early-life anxiety in females was not detected by the 

behavioural tests used, the present finding of adult-onset anxiety is consistent with 

previous findings in early immune challenged rodents (Walker et al., 2004). In the study 

by Walker et al (2004), anxiety-like behaviour was measured in cohorts of adolescent and 

adult LPS rats using the elevated plus maze, with increased anxiety reported in adulthood 

specifically. Therefore it is plausible that anxiety emerges in adulthood and that the 

negative finding early in life is independent of the behavioural test used. However, future 

studies to re-assess anxiety-like behaviour using different tests would confirm the 
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temporal component of the emergence of female anxiety-like behaviour. 

Repeated measures over time allowed for the examination as to whether early 

differences in emotional-reactivity were associated with adult anxiety-related behaviours. 

This is a clinically relevant question given that early indicators of childhood behavioural 

inhibition and anxiety are often predictive for the later development of anxiety disorders 

(Schwartz et al., 1999; Prior et al., 2000; Gladstone et al., 2005). In the current study, 

neonatal exposure to LPS was associated with an increase in adult anxiety-related 

behaviours in female and male mice exhibiting high emotional-reactivity in early life. In 

this regard, one study has reported differential stress responses to an LPS challenge in 

rodents with high versus low anxiety such that high anxiety adult rats experienced a 

greater rise in plasma CORT two hours after an immune challenge with LPS compared to 

low anxiety rats (Salome et al., 2008). This suggests that early immune challenge may 

interact with innate differences in early life to shape the development of anxiety-related 

behaviours and is consistent with a stress-diathesis model whereby early-life stressors 

interact with underlying vulnerability to increase risk of later disease (McEwen and 

Stellar, 1993). 

The exact mechanisms underlying the current reported sex-differences in anxiety­

related behaviour remain speculative. There are known sex differences in the HPA and 

immune response to stressors in both rodents and humans (Shanks et al., 1994; Da Silva, 

1999; Silva et al., 2002). A sex-specific response to an early immune challenge may 

differentially impact the developing brain, resulting in the distinct developmental 
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trajectory of anxiety-related behaviours currently observed between female and male 

mice. Further study is required to determine the contribution of both sex hormone 

dependant and independent effects on the observed results. The current findings support 

a growing body of literature linking the immune system to anxiety (Silverman et al., 

2007; Swiergiel and Dunn, 2007; Nautiyal et al. , 2008) and extend these results to 

demonstrate that sex is integral in shaping anxiety-related behavioural outcomes 

following an immune challenge during early development. 
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Abstract 

An immunogenic challenge during early postnatal development leads to long-term 

changes in behavioural and physiological measures reflecting enhanced emotionality and 

anxiety. Altered CNS serotonin (5-HT) signalling during the third postnatal week is 

thought to modify the developing neurocircuitry govemmg anxiety-like behaviour. 

Changes in 5-HT signalling during this time window may underlie increased emotionality 

reported in early immune challenge rodents. Here we examine both the spatial and 

temporal profile of 5-HT related gene expression, including 5HT1A, 2A, 2C receptors, 

the 5-HT transporter (5HTT), and tryptophan hydroxylase 2 (TPH2) during early 

development (postnatal days [P] 14-28) in mice challenged with lipopolysaccharide (LPS) 

during the first postnatal week. Expression levels were measured using in situ 

hybridization in regions associated with mediating emotive behaviours: the dorsal raphe 

(DR), amygdala, hippocampus and prefrontal cortex (PFC). Increased TPH2 and 5HTT 

expression in the ventral DR of LPS-mice accompanied decreased expression of ventral 

DR 5HT1A and dorsomedial DR 5HTT. In the forebrain, increased hippocampal 5HT1A 

and amygdala 5HT2C expression along with decreased hippocampal and PFC 5HT2C 

expression were detected in LPS-mice. These changes were restricted to P14-21. 

Transient changes in 5-HT expression coincide with the critical time window in which 5­

HT disturbance leads to permanent modification of anxiety-related behaviours. This 

suggests that alterations in CNS 5-HT during development may underlie the enhanced 

emotionality associated with an early immune challenge. 
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4.1. Introduction 

Peripheral administration of lipopolysaccharide (LPS), a component of gram­

negative bacteria, during early postnatal development leads to long-term changes in 

rodent physiology and behaviour (Shanks et al., 1995; Shanks et al., 2000; Hodgson et al., 

2001; Breivik et al., 2002; Nilsson et al., 2002; Bilbo et al., 2005; Boisse et al., 2005; 

Spencer et al. , 2005; Bilbo et al., 2007; Tenk et al., 2007; Galic et al., 2008; Tenk et al., 

2008). A well replicated finding is that LPS exposure on postnatal day (P) 3 and 5 leads 

to enhanced emotional-reactivity and anxiety-like behaviour in adulthood (Shanks et al., 

1995; Breivik et al., 2002; Walker et al., 2004a; Walker et al., 2008; Walker et al., 2009). 

Although these behaviours have been well characterized, the underlying 

pathophysiological determinants have yet to be fully elucidated. In particular, the 

molecular changes that are occurring early in development have not been considered. 

LPS-challenge acts on the neonatal stress axis to mcrease both plasma 

adrenocorticotropic hormone and corticosterone following administration (Shanks and 

Meaney, 1994; Dent et al., 1999; Walker et al., 2004b). As LPS is a robust activator of 

the hypothalamic-pituitary-axis, much focus has been given to the long-term 

consequences of neonatal stress-axis programming by early LPS challenge (Shanks and 

Meaney, 1994; Shanks et al., 2000). Immune challenge also acts on brain 

neuromodulatory circuits, such as the serotonergic (5-HT) system. For instance, LPS 

administration activates 5-HT neurons in the dorsal raphe (Hollis et al., 2006), increases 
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extracellular concentrations of 5-HT in the hippocampus (Linthorst et al., 1995; Linthorst 

and Reul, 1998) and alters 5-HT activity in various limbic forebrain regions implicated in 

regulating emotionality (Pitychoutis et al., 2009). This suggests that LPS associated 

alterations in 5-HT signalling may contribute to the long-term alterations in emotional­

reactivity and anxiety-related behaviours in early immune challenged rodents. No studies 

to date, however, have explored the impact of early immune challenge on the developing 

5-HT system. 

Experiments using genetic modification of the serotonergic system m rruce 

provide evidence that anxiety can be viewed as a neurodevelopmental disorder. The 5­

HT 1 A receptor knockout mouse displays increased anxiety-related behaviours in 

adulthood (Parks et al., 1998). However, conditional forebrain expression of the 5HT1A 

receptor between the ages of P 14-P21 restores normal anxiety-related behaviours in these 

mice (Gross et al. , 2002). Conversely, pharmacological blockade of the 5HT1A receptor 

during this time reproduces the adult knockout phenotype of increased anxiety-related 

behaviours (Lo Iacono and Gross, 2008). A similar phenotype of enhanced emotionality 

is observed following functional blockade of the 5-HT transporter (5HTT) with fluoxetine 

during early postnatal development (P4-P21) but not later (Ansorge et al., 2004). 

Collectively, these studies suggests that anxiety-related behavioural deficits are a 

consequence of altered 5-HT during early development and not during adulthood. 

Specifically, the time window between P14 and P21 appears critical for the later 

establishment of rodent anxiety-like behaviour (Leonardo and Hen, 2008). 
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In this study, we examined the spatial and temporal expression of serotonin­

related genes during postnatal development (Pl4-P28) following early immune challenge. 

As disruption of 5-HT receptor expression during this time can have long-term 

consequences on a variety of neuronal circuits with relevance to anxiety (Patel and Zhou, 

2005), we examined the receptors 5HT lA, 2A and 2C, along with the 5-HTT and the 

rate-limiting enzyme for 5-HT production, tryptophan hydroxylase (TPH2). Serotonin 

gene expression was measured in brain regions implicated in the pathophysiology of 

affective disorders such as the dorsal raphe (DR), prefrontal cortex (PFC), basolateral 

amygdala (BLA), and the hippocampus (Lowry et al., 2005). 

4.2. Methods 

4.2.l. Animals. Female and male CD-1 mice (8-10 w; Charles River) were bred in house 

and the resulting offspring were used in these experiments (n=8 litters). Postnatal day (P) 

0 denotes day of birth. Litters were culled to a maximum of 12 on Pl. Weighing occurred 

at the same time daily from Pl-P7 and weekly thereafter. Mice were weaned on P2 1 and 

housed in standard cages (max. 5/cage) on a 12h: 12h light: dark cycle (lights on at 07:00) 

with food and water provided ad libitum. All procedures were approved by the McMaster 

University Animal Research Ethics Board and carried out in accordance with the 

guidelines described in the Guide to the Care and Use of Experimental Animals 

(Canadian Council on Animal Care 1993). 
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4.2.2. Experimental procedure. On P3 and P5, pups were given an i.p. injection of either 

0.05 mg/kg lipopolysaccharide (E. coli LPS; Sigma) in 50 ul/g or an equal volume of 

saline (SAL; 0.9%) between 7:00-9:00 h. Pups from one litter received either LPS or 

SAL (n=24 LPS, n=24 SAL). Dams were removed from the homecage and returned once 

all pups had received an injection. Maternal separation did not exceed 10 m. 

At Pl4, Pl7, P21 and P28, brains were rapidly removed following decapitation, 

frozen in -60°C isopentane, and stored at -70°C until cryostat sectioning. A series of 

12µm coronal sections were collected through the prefrontal cortex (bregma 1.70-1.54), 

basolateral amygdala (bregma 2.46-2.54) dorsal hippocampus (bregma 1.46-1.94), ventral 

hippocampus (bregma 2.30-2.54), and the mid-rostrocaudal dorsal raphe (bregma 4.48­

4.60), according to the stereotaxic atlas of Paxinos and Franklin, 2003. The mid­

rostrocaudal level was chosen for analysis of serotonin gene expression given that 

serotonergic neurons found here project to anatomical regions implicated in mediating 

anxiety states (Lowry, 2002). Sections were mounted onto gelatin-coated glass slides, 

dried on a slide warmer (30°C) for 10 min and stored at -35°C until processing. A total of 

48 male and female mice were used for mRNA analysis (6 per treatment per time point: 

Pl4, Pl7, P21 and P28). 

4.2.3. Riboprobes. The 5HT1A receptor riboprobe was generously provided by Dr. Pat 

Levitt, Vanderbilt University, Nashville, TN. Riboprobes for 5HT2A, 5HT2C, 5HTT and 

TPH2 were generated in our laboratory (see Table 1 for primer sequences and the product 

size obtained). Complimentary DNA was generated through polymerase chain reaction 
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and ligated into the pGEM-T easy expression vector (Promega). Target sequences were 

confirmed by DNA sequencing (Mobix Lab, McMaster University). 

4.2.4. In situ hybridization. In situ hybridization procedures were carried out as 

previously described (Foster et al., 2002). Both sense and antisense riboprobes were 

transcribed from linearized plasmid with 35 S-UTP (specific activity >1,000 Ci/mmol; 

Perkin Elmer, Boston, MA) using T3, T7 or Sp6 polymerase. Slide-mounted sections 

were fixed in 4% formaldehyde in PBS, acetylated with fresh 0.25% acetic anhydride in 

0.1 M triethanolamine-HCl (pH 8.0), dehydrated in increasing concentrations of ethanol, 

and delipidated with chloroform. Tissue sections were then hybridized (approximately 

500,000 CPM I section) overnight (18 h) at 55°C in a humidified chamber with 

radiolabeled riboprobe diluted in hybridization buffer (0.6 M NaCl, 10 mM Tris pH 8.0, 

1 mM ethylenediaminetetraacetic acid pH 8.0, 10% Dextran sulfate, 0.01 % sheared 

salmon sperm DNA, 0.5% total yeast RNA, type XI, 0.01 % yeast transfer RNA, lX 

Denhardt' s solution). Slides were washed in 20 µg/ml ribonuclease solution for 30 m to 

reduce non-specific binding followed by 1 h each in 2XSSC at 50°C, 0.2XSSC at 55°C 

and 0.2XSSC at 60°C. Slides were dehydrated through a graded serious of ethanol and 

air dried for autoradiography. Specificity of the antisense probe was determined by a lack 

of sense signal on tissue sections containing corresponding regions of interest. 
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Table 1. Primers used to synthesize cDNA for generation of 5-HT riboprobes. 

Product 
Riboprobe Primer Position Primer Sequence (5'-3') 

size (bp) 

5HT2A Forward CCAGGAGGGGCTTATTCTTT 309 

Reverse TGTGGAATCCCCTCTCTTTG 

5HT2C Forward AGACCAGAATGATGCACATGAC 834 

Reverse GAGAGCTTGGAAGGATCTGAAA 

5HTT Forward CTGGGTTTGGATAGCACGTT 560 

Reverse ATTTCCGTTGGTGTTTCAGG 

TPH2 Forward CTGGGGATTTGATGCCTAGA 329 

Reverse GGAATTGTGCGAGGAATGTT 

4.2.5. Autoradiography. Slides and 14C plastic standards containing known amounts of 

radioactivity (American Radiochemicals) were placed in X-ray cassettes and apposed to 

film (Biomax MR, Kodak) for a specified length of time based on the probe 

used and region of interest. Images were captured using a Qiacam digital 

camera (Quorum Technologies) usmg a constant illumination light source 

(Northern Light Precision Illuminator, Imaging Research). NIH image analysis software 

(http://rsb.info.nih.gov.Jibaccess.lib.mcmaster.ca/nih-image) running on a Macintosh 

computer-based image analysis system was used for quantification of mRNA expression. 

For regions where mRNA was homogenous, light transmittance (OD) was converted to 

radioactivity levels (disintegrations per minute [DPM]) using the Rodbard curve applied 

to the 14C standards. In regions where mRNA signal was not homogenous, density slice, 

which measures both light transmittance and area of the mRNA signal, was used. Light 
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transmittance was converted to DPM and multiplied by signal area to yield an integrated 

density. Rostrocaudal levels of the DR were confirmed by comparing the in situ image 

with atlases of immunostaining or mRNA expression for TPH2, 5HTT and 5HT1A 

(Abrams et al., 2004; Clark et al., 2006). The mean DPM or integrated density was 

calculated for each brain region per animal as an average of two sections. 

4.2.6. Statistics. Data were analyzed usmg a two-way ANOVA with treatment 

(SAL/LPS) and time as main factors. The Student's t-test was used when analyzing 

treatment effects at specific time points during development. The Pl7 time point for 

5HTT expression in the dorsomedial was disregarded due to compromised tissue. 

Statistics was performed using the Prism 4.0a statistical software for Macintosh. A two­

tailed p-value less than 0.05 was considered statistically significant. Significance is 

denoted as the following: *p<0.05. All values are expressed as mean ± SEM. 

4.3. Results 

4.3.1. Dorsal raphe: TPH2, 5HTT, 5HTJA 

In situ hybridization signal for TPH2, 5HTT and 5HT1A were measured in the 

mid-rostrocaudal DR of SAL and LPS mice from Pl4-28. Given the functional and 

topographic organization of the DR (Abrams et al., 2004; Lowry et al., 2008), sub-regions 

of the DR were analyzed separately: dorsomedial, ventromedial, lateral wings, and 

median raphe (see Fig.IA, 2A, 3A). The spatial expression profile for TPH2, 5HTT and 

5HT1A within the mid-rostrocaudal sub-regions of the DR was consistent with known 
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expression patterns of these genes during adulthood (Clark et al., 2006). Expression for 

TPH2 was highest in the ventromedial DR, followed by the dorsomedial DR, median 

raphe and lateral wings. There was a significant effect of time (F3,33=6. l 7, p=0.002) on 

TPH2 rnRNA expression in the dorsomedial aspect of the DR with expression increasing 

between the second postnatal week and P28 in both treatment groups (Fig. lB). There 

was an increase in TPH2 signal in LPS-mice at Pl7 in the dorsomedial DR relative to 

SAL controls (Pl7: t9= 2.181, p=0.057; Fig. lB), although this did not quite reach 

statistical significance. TPH2 rnRNA expression in the lateral wings of LPS-mice was 

significantly increased at Pl4 (t8= 3.997, p=0.006; Fig. lC). No significant differences in 

rnRNA expression were detected in the ventromedial DR or median raphe (Fig lD, Fig. 

lE). 

There was a significant impact of treatment on 5HTT expression m the 

dorsomedial DR (F1, 15=5.35, p=0.03; Fig 2B). This reflected a decreased expression in 

LPS-mice compared with saline controls at both Pl4 and P21 , which reached significance 

at Pl4 (t7=4.61, p=0.002). There was a significant increase in 5HTT expression in the 

lateral wings of LPS-mice at Pl7 (t5=2.88, p=0.035; Fig. 2C). No expression differences 

were detected in the ventromedial DR or median raphe (Fig. 2D, E). 
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Figure 1. Representati ve in situ hybridization autoradiographic coronal section 
of tryptophan hydroxylase (TPH2) mRNA expression in the mouse mid 
rostrocaudal dorsal raphe (-bregma 4.48). Sub-regions for quantification of 
TPH2 expression are labelled in A. Developmental expression of TPH2 mRNA 
in the dorsomedial (B) dorsal lateral (C) ventral (D) and median (E) raphe 
nucleus of mice exposed to a postnatal injection of lipopolysaccharide (LPS) or 
saline (SAL). Values represent mean integrated density, ± SEM based on the 
average of two sections per animal (SAL/LPS, n=6/time point). DR=dorsal 
raphe; DRD=dorsomedial DR; DRV=ventral DR; DL=lateral wings; 
MR=median raphe. *p<0.05 . 
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Figure 2. Representative in situ hybridization image of a coronal section 
showing SHIT mRNA expression (A). Sub-regions for quantification of SHIT 
expression are labelled in A. (B) Note that values for Pl 7 are missing due to 
compromised tissue and lack of sufficient N for graph or analysis purposes. 
Values represent mean integrated density, ± SEM based on the average of two 
sections per animal (SAL/LPS, n=6/time point). DR=dorsal raphe; 
DRD=dorsomedial DR; DRV=ventral DR; DL=lateral wings; MR=median 
raphe. *p<O.OS. 
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5HT1A expression was strongest in the dorsomedial and ventromedial DR and 

lowest in the lateral wings and median raphe (Fig. 3A). There was a steady increase in 

dorsomedial 5HT lA expression in both treatment groups between P 14-P28 (Fig. 3B). 

There was a treatment effect in the ventromedial DR (Fi ,36=3.88, p=0.05; Fig. 3D) such 

that 5HT lA expression was significantly decreased in LPS-mice relative to SAL controls 

at P 17 (p<0.05). No significant differences were detected in the lateral wings or median 

raphe (Fig. 3C, E). 

4.3.2. Prefrontal cortex: 5HT2C, 5HT2A 

The expression of 5HT2C and 5HT2A rnRNA was measured in the prelimbic and 

infralimbic cortices of SAL and LPS mice during the first 4 weeks of postnatal 

development (Fig. 4 ). 5HT2C expression was strongest in cortical layer V of the 

prefrontal cortex at all time points examined (Fig. 4A). There was a significant effect of 

time on 5HT2C rnRNA expression in layer V of the prefrontal cortex (F3,37=3 l.95, 

p<0.0001; Fig. 4B) reflecting strong expression at Pl4 that steadily declined in both 

treatment groups from P14 through to P28. Posthoc analyses revealed a significant 

decrease in 5HT2C rnRNA expression in LPS-mice compared with SAL on P14 (p<0.05). 

5HT2A expression was strongest in layer II/ill of the prefrontal cortex in both 

treatment groups (Fig. 4C). No time or treatment effects were found for 5HT2A rnRNA 

expression (Fig. 4D). 
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Figure 3. Representative in situ hybridization image of a coronal section 
showing SHTlA receptor mRNA expres ion (A) . Sub-regions for quantification 
of SHTlA expression are labelled in A . Values represent mean integrated 
density, ± SEM based on the average of two sections per animal (SAL/LPS, 
n=6/time point). DR=dorsal raphe; DRD=dorsomedial DR; DRV=ventral DR; 
DL=lateral wings; MR=median raphe. *p<0.05 . 
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Figure 4. Representative in situ hybridization autoradiographic coronal section 
of 5HT2C receptor (A) and 5HT2A receptor (C) mRNA expression in the mouse 
prefrontal cortex. Arrow points to layer V of the prefrontal cortex where 5HT2C 
expression was quantified in the prelimbic (PL) and infralimbic (IL) regions and 
layer II/III for 5HT2A. Developmental expression of 5HT2C (B) and 2A (D ) 
receptor mRNA in SAL and LPS mice. Values represent mean integrated density 
for 2C and mean disintegrations per minute (dpm) for 2A, ± SEM based on the 
average of two sections per animal (SAL/LPS, n=6/time point). *p<0.05 . 
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4.3.3. Amygdaloid complex: 5HT2C 

SHT2C rnRNA expression was detected in the basolateral, basolateral posterior, 

basomedial, and lateral dorsal regions of the amygdala (Fig. SA). In all regions, SHT2C 

expression was highest at Pl4 and declined over time, with lowest expression detected at 

P28. This temporal expression is consistent with the known expression pattern of SHT2 

receptors during early postnatal development (Morilak and Ciaranello, 1993). 

Specifically, there was a significant impact of time on SHT2C rnRNA expression in the 

lateral amygdala (F3,30 = 3.01, p=0.046; Fig. SB) with SAL controls exhibiting a greater 

decline in rnRNA expression between Pl4-P21 than LPS-mice. There was also a 

significant impact of time on SHT2C rnRNA expression in the basolateral amygdala (F3,30 

= S.28, p=O.OOS; Fig. SC), with rnRNA expression decreasing significantly between P 14 

and P21 in both treatment groups (SAL: p<O.OS; LPS: p<O.OS). No significant 

differences were found for SHT2C rnRN A expression in the basolateral posterior (Fig. 

SD) or basomedial amygdala (Fig. SE). 

4.3.4. Hippocampalformation: 5HTJA, 5HT2C 

SHTIA rnRNA expression was analyzed in the dentate gyms (DG) and CAl sub­

regions of the dorsal hippocampus (Fig. 6A). A weak expression signal was detected in 

the CA3 region, but was too low to reliably quantify. There was a significant effect of 

time (F 137=3 .0S, p=0.04; Fig. 6B) on SHT lA rnRNA expression in the DG, reflecting an 
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point). 

D 
_4000 
E 
Q. 

:!:!. 
~ 3000 
a:: 
E 

11. 

al 2000 
(.) 

~ 
J: 

Postnatal Day 

E 
Postnatal Day 

_4000 
E 
Q. 

:!:!. 
~ 3000 
a:: 
E I11. 

~ 2000 Ill 
(.) 

~ 
J: 

78 




Ph.D. Thesis - Michelle M. Sidor, McMaster - Medical Sciences 

increase in expression in LPS mice between P 14-P 17 (p<0.05) and in SAL mice between 

Pl7-P21 (p<0.001). There was also a significant impact of treatment (F1,37=4.34, p=0.04; 

Fig. 6B) on 5HT1A expression in the DG, with an increase in rnRNA expression at P 17 in 

LPS-mice relative to SAL controls (p<0.01). There was a significant effect of time in the 

CAI region (Fu7=23.04, p=0.0001; Fig. 6C) reflecting a steady increase in expression in 

both LPS and SAL mice between Pl4-P28 (SAL, LPS, p<0.001). 

5HT2C receptor rnRNA expression was detected m the CA3 region of 

the ventral hippocampus (Fig. 7 A); no expression was detected in the dorsal 

hippocampus. There was an effect of treatment on 5HT2C receptor rnRNA 

expression (F 1,35=4.06, p=0.05; Fig. 7B), with a significant decrease in expression 

observed m LPS-mice compared with SAL controls on P14 (p<0.05). 
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Figure 6. Representative autoradiographic coronal section of SHTlA receptor 
expression in the dorsal hippocampal level used for analysis (Bregma - 1.46). 
Sub-regions of the dorsal hippocampus used in analysis are labelled (A) . 
Expression pattern of SHTlA mRNA in the dentate gyms (B) and CAI (C) of 
SAL and LPS mice. (B) There was a significant increase in expression 
measured at P 17 in the DG of LPS-mice. (C) There was no treatment effect on 
SHTlA mRNA expression in the CAI region, although both groups exhibited a 
general increase in expression between P14-P28. Values represent mean 
disintegrations per minute (dpm), ± SEM based on the average of two sections 
per animal (SAL/LPS, n=6/time point). DG=dentate gyms. *p<0.05 . 

80 




Ph.D. Thesis - Michelle M. Sidor, McMaster - Medical Sciences 

A 


B 
1750 

ci 
ci 1500
:I:­
- E
E -% 1250c:­
~ ~ 1000 
0 0:: 
~ E 
J: 750 
in 

500 

D SAL 

* • LPS 

~ 
I 
14 17 21 28 

Postnatal Day 

Figure 7. The effects of early postnatal treatment with lipopolysaccharide (LPS) 
or saline on 5HT2C receptor mRNA expression in the ventral hippocampus 
during early development. (A) Representative autoradiographic coronal section 
of 5HT2C expression in the ventral hippocampus ( -bregma=2.48) with arrow 
pointing to the hippocampal region that was considered ventral for this analysis . 
(B) There was a significant decrease in 5HT2C receptor mRNA expression in 
LPS-mice on Pl4. Values represent mean disintegrations per minute (dpm), ± 
SEM based on the average of two sections per animal (SAL/LPS, n=6/time 
point). *p<0.05. 
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4.4. Discussion 

The current study characterized the spatiotemporal pattern of serotonin (5-HT)­

related gene expression during early postnatal development (P14-28) following an early 

immune challenge. Results demonstrate that exposure to an immune challenge during the 

first postnatal week (P3, P5) alters the expression level of 5-HT related genes both at 

forebrain post-synaptic sites and in the brain stem DR during early development. These 

changes were transient, occurring during the third postnatal week (P14-P21), with 

differences no longer detected by P28. Given that 5-HT receptor expression reaches adult 

levels between P2 l-P28 (Roth et al., 1991; Morilak and Ciaranello, 1993; Patel and Zhou, 

2005), the results suggest that early immune challenge specifically targets developing 5­

HT neurocircuitry. 

Early LPS-challenge alters brain stem 5-HT neurocircuitry 

Early immune challenge led to altered 5-HT receptor rnRNA expression that was 

most evident in the ventral portion of the DR (lateral wings and ventromedial DR). The 

ventral portion of the DR contains a functionally distinct sub-population of 5-HT neurons 

that are believed to be involved in the regulation of emotionality or passive emotional 

coping responses (Gardner et al., 2005), in part through projections to areas such as the 

basolateral amygdala (Peyron et al., 1998). Specifically, we found an early immune 

challenge associated increase in ventral DR TPH2 rnRNA expression and a decrease in 

the inhibitory 5HT1A autoreceptor which would be expected to increase 5-HT 
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neurotransmission. A similar phenotype of increased TPH2 and 5-HT neurons in the DR 

is observed in post-mortem tissue from patients with major depression (Bach-Mizrachi et 

al., 2006; Bach-Mizrachi et al., 2008). This finding may appear paradoxical in the 

context of the widely held hypothesis of reduced 5-HT in depression, although it is 

possible that this reflects a compensatory mechanism for reduced forebrain 5-HT. 

Alternatively, the recent finding of elevated 5-HT turnover in unmedicatecl patients with 

depression (Barton et al., 2008) and anxiety (Esler et al., 2007) that normalizes with 

antidepressant treatment indicates increased 5-HT production and would be consistent 

with an increase in TPH2 mRN A expression and/or reduced autoreceptor 5HT l A 

expression. When interpreting these results it is important to caution that extrapolation 

from knowledge of receptor function in adulthood can be misleading as 5-HT receptors 

have expanded and distinct roles during development (Beique et al., 2004; Patel and 

Zhou, 2005). Therefore, although the exact functional consequences of altered 5-HT 

gene expression in the DR are uncertain, our results combined with a recent report of 

increased 5-HT mRNA expression in the ventral portion of the DR in rats exposed to 

early-life adversity (Gardner et al., 2009a; Gardner et al., 2009b) suggest that the DR may 

be a common target of early-life stressors. Indeed, acute endotoxin administration is 

known to activate DR 5-HT neurons within the mesolimbocortical circuit (Hollis et al., 

2006; Lowry et al., 2007). This alteration in 5-HT transmission in the DR during early 

development may set the stage for downstream alterations in forebrain 5-HT receptors. 
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Early LPS challenge alters forebrain 5-HT neurocircuitry 

We found increased 5HTIA receptor expression in the hippocampal dentate gyrus 

of LPS-mice during the third postnatal week. Elevated 5HTIA receptor expression in the 

CAI region of the hippocampus during early postnatal development is a robust finding in 

early-life adversity models (Vazquez et al., 2000; Vazquez et al ., 2002; Goodfellow et al., 

2009) and is proposed to represent a compensatory mechanism in a compromised 

neuronal environment (Goodfellow et al., 2009). The regional specificity of our finding 

(i.e. dentate gyrus) has important implications given that the 5HT IA receptor is essential 

in providing neurotrophic support to developing hippocampal granule cells during the 

first few weeks of postnatal development (Yan et al., I997). LPS-mice also exhibited a 

decrease in 5HT2C expression in the ventral hippocampus, a region associated with 

governing emotionality (Bannerman et al., 2003; Snyder et al ., 2008) and a target of 

antidepressant treatment (Banasr et al., 2006). Together with altered 5HTIA mRNA 

expression, this demonstrates a general disturbance in 5-HT signalling in the 

hippocampus of LPS-mice during early postnatal development. The hippocampus 

governs functions that are altered in early immune challenge rodents, such as stress-axis 

regulation (Shanks et al., I995; Shanks et al., 2000), emotionality (Breivik et al., 2002; 

Walker et al., 2004a; Bilbo et al., 2007; Walker et al., 2008), and learning and memory 

(Bilbo et al., 2005; Bilbo et al., 2006; Kohman et al., 2008). Disturbed 5-HT signalling 

during ontogeny may impact the developing hippocampus with long-term ramifications to 

hippocampal-dependant fu nctions in LPS-mice. 
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5HT2C receptor expression is believed to govern anxiety at the level of the amygdala 

presumably by enhancing excitatory communication to projecting regions such as the 

paraventricular nucleus, controlling HPA activation (Holmes, 2008). The lateral 

amygdala, specifically, is implicated in evaluating the affective significance of sensory 

events and therefore plays a role in mediating aspects of emotionality. The elevated 

expression of 5HT2C receptors in the lateral amygdala of LPS-rnice would ostensibly act 

to enhance 5-HT signalling and may be associated with increased anxiety-related 

behaviours reported in the model. 5HT2C receptors are also important in controlling 

excitation/inhibition of the prefrontal cortex (PFC) both directly and indirectly through 

amygdala-PFC innervation. This is important in the context that there also exists a 

prominent PFC-DR afferent projection (Peyron et al., 1998) that modifies DR activation 

in relation to the perceived controllability of a stressor (Amat et al., 2005). The current 

observation of altered 5HT2C receptor expression in the forebrains of LPS-rnice would 

modify the nature of the amygdala-PFC-DR signal and possibly impact subsequent stress­

induced DR activation. 

Implications of transient alteration of 5-HT gene expression during development 

The transient nature of gene expression perturbation in LPS-rnice suggests that the 

long-term consequences of a neonatal immunogenic challenge are not regulated at the 

level of gene transcription. Indeed, a recent study demonstrated transient changes in 

5HT 1 A receptor gene expression during the second postnatal week in animals exposed to 
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early-life stress. Although the behavioural outcomes of early-life stress were enduring, 

differences in receptor expression were not observed beyond the second postnatal week 

(Goodfellow et al., 2009). This suggests that the long-term functional alterations in 5-HT 

signalling are possibly mediated downstream of the receptor. The 5-HT receptors 

considered in the current study are exclusively G-protein coupled. As stated by 

Goodfellow et al. (2009) in interpreting their findings, previous work has demonstrated 

that receptor function in response to stress is reduced via an uncoupling of 5-HT receptors 

from their G-protein effectors (Okuhara and Beck, 1998). This uncoupling posits an 

alternative method by which 5-HT signalling may be altered in adulthood independent of 

transcriptional regulation. Interestingly, altered G-protein coupling may be related to 

RNA editing and the production of distinct receptor isoforms that differ in activity and 

activation potential (Herrick-Davis et al., 1999; Niswender et al. , 1999; Wang et al., 

2000). Altered 5-HT receptor editing has been associated with enhanced emotionality as 

stress-reactive strains of mice exhibit differences in basal rates of 5-HT receptor editing 

in the PFC and amygdala (Hackler et al., 2006). Significantly increased levels of 5-HT 

receptor editing were also found in the PFC of patients with a history of depression 

(Gurevich et al., 2002). With relevance to the current study, the 5HT2C receptor 

undergoes pre-RNA editing in response to early maternal separation (Bhansali et al., 

2007). Therefore, similarities in overall 5-HT receptor expression in adult LPS-mice does 

not discount the possibility that the relative expression levels of different receptor 

isoforms may be present, thereby acting to modify 5-HT signalling in adulthood. 

86 




Ph.D. Thesis - Michelle M. Sidor, McMaster - Medical Sciences 

Conclusion 

The early postnatal period is a time of intensive synaptic refinement (Sur and 

Leamey, 2001). Serotonin is believed to play a pivotal role in modulating synaptic 

activity 10 developing neural circuits and is responsible for refinement of synaptic 

connectivity during this time. The relative alterations in 5-HT gene expression in LPS­

mice suggest a differential developmental trajectory of 5-HT governed neurocircuitry that 

has the potential to exert long-lasting effects. The accumulating evidence demonstrating 

that genetic (Gross et al., 2002) or pharmacological (Ansorge et al., 2004; Tsetsenis et al., 

2007; Lo Iacono and Gross, 2008) modification of 5-HT during the second-third postnatal 

week is sufficient to induce anxiety-related behaviour in adulthood, suggests that transient 

changes in 5-HT signalling during development may underlie reported altered 

emotionality in adult LPS-rodents (Breivik et al., 2002; Walker et al., 2004a; Bilbo et al., 

2007; Walker et al., 2008) . The current study demonstrates changes to 5-HT-related gene 

expression both at forebrain post-synaptic sites and in the brain stem DR. This suggests 

that a neonatal immunogenic challenge is a powerful modifier of 5-HT signalling during 

early postnatal development. 
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Abstract 

Neonatal exposure to an immune challenge leads to long-term behavioural and 

molecular changes in stress-reactivity. Enhanced stress-reactivity is related to both 

depressive-like behaviour and deficits in hippocampal neurogenesis. Given this, we 

sought to measure depressive-like behaviour in the forced swim test (FST) concurrent 

with hippocampal cell proliferation and neurogenesis in adult mice neonatally exposed to 

lipopolysaccharide (LPS ; 0.05mg/kg, i.p.) on postnatal days 3 and 5. Neurogenesis was 

measured separately in the ventral and dorsal hippocampus to account for the functional 

dissociation that exists along the dorsal-ventral hippocampal axis. Hippocampal cell 

proliferation was measured using the immunohistochemical marker BrdU and immature 

neuronal differentiation was assessed using doublecortin (DCX). Our findings reveal that 

both female and male LPS-mice took longer to engage in immobility, spent less time 

immobile, and exhibited more active behaviour during the FST, suggesting altered 

reactivity to swim stress. This was accompanied by an increase in DCX-positive cells in 

both the dorsal and ventral hippocampus that was specific to female LPS-mice. These 

findings demonstrate that exposure to an immune challenge during critical developmental 

time periods leads to long-term alterations in stress-reactivity that are accompanied by 

changes to adult hippocampal neurogenesis. 
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5.1. Introduction 

Immunological challenge during specific developmental time periods leads to 

long-term stress-related behavioural and molecular changes. Neonatal exposure to 

lipopolysaccharide (LPS) results in alterations to stress-reactivity and behaviour in adult 

rodents (Bilbo et al., 2005a; Bilbo et al., 2005b; Bilbo et al., 2006; Boisse et al., 2004; 

Ellis et al., 2005; Nilsson et al., 2002; Shanks et al., 1995; Shanks et al., 2000; Spencer et 

al., 2005a; Spencer et al., 2005b; Spencer et al., 2006; Walker et al., 2004). Reactivity to 

restraint stress (Shanks et al., 1995), noise stress (Shanks et al., 2000) or the stress of a 

novel environment (Nilsson et al., 2002) is increased in adult rats exposed to LPS on 

postnatal days 3 and 5 (P3 and P5) as measured by the magnitude of the corticosterone 

and adrenocorticotropic hormone response. Reports of increased expression of 

corticotrophin-releasing hormone (CRH) and arginine vasopressin (AVP) mRNAs in the 

median eminence (Shanks et al., 1995), increased expression of glucocorticoid receptor 

(GR) protein in the hypothalamus (Nilsson et al., 2002), and reduced GR receptor binding 

levels in the hypothalamus, hippocampus, and frontal cortex (Shanks et al., 1995), 

provide evidence that early immune challenge leads to long-term molecular changes in 

CNS stress circuitry. Behavioural changes have been reported, including reduced social 

interaction (Breivik et al., 2002), increased anxiety-like behaviour (Walker et al., 2004) 

and an increased locomotor response to both noise stress (Shanks et al., 2000) and novelty 

(Breivik et al., 2002; Nilsson et al., 2002). In experiments where LPS was delayed to P7, 

P14, or P21, basal differences in anxiety-like behaviour were no longer detected (Spencer 
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et al., 2005b; Spencer et al., 2006), suggesting that the timing of immune challenge is 

important to the impact on CNS development. 

Increased stress-reactivity in adult rodents is related to increased depressive-like 

behaviour in the forced swim test (FST; (Rygula et al., 2005) and decreased cell 

proliferation in the subgranular zone of the dentate gyms (Bjomebekk et al., 2005). As 

mice challenged early in life with LPS show basal differences in stress-reactivity and 

behaviour, we hypothesized that mice with neonatal LPS challenge would show increased 

depressive-like behaviour in the FST and decreased hippocampal neurogenesis. 

Neurogenesis was considered separately in the dorsal and ventral hippocampus given the 

functional dissociation that exists along the dorsal-ventral poles of the hippocampus 

(Moser and Moser, 1998; Sahay and Hen, 2007). Lesion studies, for instance, have 

demonstrated a preferential role of the dorsal hippocampus in spatial learning and 

memory (Moser et al., 1993), whereas the predominate role of the ventral sub-region 

appears to be regulation of emotionality (Bannerman et al., 2003; Kjelstrup et al., 2002). 

Indeed, the ventral aspect sends projections to limbic regions sub-serving emotionality 

and stress-related behaviours such as the amygdala, prefrontal cortex, and regions 

associated with the hypothalamic-pituitary-adrenal axis (Herman et al., 1995; Ishikawa 

and Nakamura, 2006; Verwer et al., 1997). Elucidating region-specific alterations to 

hippocampal neurogenesis in LPS-mice will offer insight into the differing susceptibility 

of these regions to early immune challenge and their possible contribution to behavioural 

dysfunction. Using an established model of early immune challenge, the experiments 
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described below examine the impact of early LPS challenge on depressive-like behaviour 

using the FST as well as on hippocampal neurogenesis in adult mice. 

5.2. Methods 

5.2.1. Animals. Forty mice (22 males, 18 females) of a heterogeneous strain (breeding 

colony mix of C57Bl/6, Swiss Webster, and DBA-2 strains) were used. These mice were 

derived from five litters bred in-house. Day of birth is denoted as postnatal day (P)O with 

litters culled to 10 pups on Pl. Mice were weaned at 21 days of age and separated based 

on sex into cages of 3-5. Animals were left undisturbed except for weekly weighing. 

Mice were maintained on a reverse 10 h: 14 h light:dark cycle (lights on at 20:00 h) and 

housed with unlimited access to food and water. All procedures were approved by the 

McMaster University Animal Research Ethics Board and carried out in accordance with 

the guidelines described in the Guide to the Care and Use of Experimental Animals 

(Canadian Council on Animal Care 1993). 

5.2.2. LPS challenge. On P3 and PS, half of each litter received an intraperitoneal (i.p.) 

injection of either 0.05mg/kg LPS (E. coli; Sigma) in 50 µl/g or an equal volume of saline 

(SAL, 0.9%) between 07:00 and 08:00 h. Prepared solutions were aliquoted into working 

stock vials of 500µ1 and frozen at -20°C. Solutions were thawed and sterile filtered 

immediately prior to use. Dams were removed from the home cage prior to pup 

injections. Pups were weighed and injected individually, placed back into the home cage, 
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and the mother returned once all pups had received an injection. Maternal separation was 

no longer than 5 m. 

5.2.3. Forced swim test. Depressive-like behaviour was assessed at 12 wk with a 

modified version of Porsolt 's forced swim test using the validated Kinder Scientific 

automated FST system. This system has been validated for use with mice (Kurtuncu et 

al., 2005) and was further validated in our laboratory through significant correlation of 

the automated behavioural data with that obtained by videotape and analyzed by blinded 

trained observers. Testing was performed over two trials; a 10 m trial on day 1 followed 

by a 5 m trial 24 h later (day 2). Behavioural testing occurred during the animal's active 

period, between 08:00 and 11 :00 h, under dim-lighting conditions. Mice were placed in a 

clear plexiglass cylinder (diameter = 24cm; height = 45cm) filled to a depth of 30 cm 

with water (temp 24-25°C). The FST apparatus was interfaced to a PC laptop computer 

that provided automated scoring of both passive (immobility) and active (horizontal and 

vertical movements) behaviours using MotorMonitor software (KinderScientific). Time 

to float was defined as the first instance to an immobile posture such that no photobeams 

were broken within a three second time period. Automated data obtained using this 

definition correlated highest with observer-derived measurements of immobility during 

validation of the FST system in our laboratory. Behaviour was analyzed during the first 6 

minutes on day 1 and for the full 5 minutes on day 2. 

5.2.4. BrdU preparation and injection. Bromodeoxyuridine (BrdU) was used to label 

dividing neurons in the adult mouse CNS (Miller and Nowakowski, 1988). A sub-set of 
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mice was chosen (n=24) for irnrnunohistochemical analysis and BrdU was administered 

four days after completion of day 2 of the FST (-12 wk). BrdU (50µg/g body weight, 

Sigma) was dissolved in 0.9% NaCl to a final concentration of lOmg/rnl and sterile 

filtered prior to use. Given that the adult mouse s-phase of the cell cycle has been 

calculated to be -6h (Bums and Kuan 2005), three pulse i.p. injections of BrdU were 

administered, separated by two hour intervals (6 h total). Mice were deeply anaesthetized 

with sodium pentobarbital two hours after the final BrdU injection. Animals were 

transcardially perfused with IX phosphate-buffered saline (PBS) followed by 4% 

paraformaldehyde (PF) in PBS. Brains were collected and post-fixed in 4% PF at room 

temperature for 4 hours then transferred to fresh lXPBS for irnrnunohistochemical 

staining. To control for the possible impact of behavioural testing on neurogenesis, a 

randomly chosen sub-set of mice that received BrdU did not undergo the FST (n=6). 

These mice had no significant difference in cell proliferation or neurogenesis and so were 

included in the final irnrnunohistochemical dataset. 

5.2.5. Immunohistochemistry. Immunohistochemical staining for both BrdU and 

doublecortin (DCX) was performed by Neuroscience Associates (www.NSAlabs.com). 

Brains were sectioned sagittally at 40µm and 1 in 6 adjacent sections were processed for 

BrdU or DCX according to NSA's standard protocols. Briefly, free-floating sections 

were incubated overnight at room temperature with either sheep anti-BrdU ( 1: 10,000; 

Novus Biologicals) or goat anti-DCX (1 :30,000; Santa Cruz Biomedical). Following 

rinses in PBS, the appropriate biotinylated secondary was applied: Vecta Elite anti-sheep 
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or anti-goat IgG, respectively (Vector Labs). Sections were washed and treated with an 

avidin-biotin complex (Vectastain, ABC kit, Vector Labs). For visualization, DCX 

sections were treated with diaminobenzidine tetrahydrochloride (DAB) and BrdU 

sections with DAB-nickel. Sections were mounted on gelatinized glass slides and 

coverslipped. 

5.2.6. Cell quantification. BrdU+ and DCX+ cell counts were estimated independently 

by two blinded observers by sampling every sixth section in a series along the entire 

extent of the lateromedial axis of the hippocampus. BrdU+ cells were optically counted 

in the subgranular zone (SGZ), granular cell layer (GCL) and hilus (HL) of the dentate 

gyrus (DG) at 40X on a light microscope (Zeiss Axiophot 2). The SGZ was defined as 

one cell width from the bottom demarcation of the GCL. DCX+ cells were counted in the 

GCL of the DG on captured 25X images. Labelled DCX and BrdU cells occurring in the 

upper most focal plane were not included in the counts. Total BrdU+ and DCX+ cell 

count estimates were obtained by multiplying the total number of positive cells counted in 

a series by the inverse of the sectioning sample fraction (i.e. 1/6), to yield "cells per 

dentate gyrus". Labelled cells in the dorsal and ventral DG were counted separately to 

determine potential regional differences in proliferative rate and immature neuronal 

formation. As sections were taken parallel to the dorsal-ventral axis along the sagittal 

plane, the dorsal and ventral regions were easily discernable and regional cell counts 

began after the natural separation of the dorsal and ventral DG. On average, 18-20 dorsal 

hippocampal sections were counted per animal, of these, 3-5 sections included the ventral 

hippocampus. 
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5.2. 7. Statistics and data analysis. Body weight data were analyzed using a two-way 

repeated measures analysis of variance (ANOVA) with time and treatment as main 

factors. Forced swim test data were analyzed using repeated measures ANOVA with sex 

(female/male) and treatment (LPS/SAL) as between subjects variables and time (Day) as 

a within subjects factor. Two-way repeated ANOV As were performed where appropriate 

to further specify group differences. Analyses of the neurogenesis data were performed 

using a two-way ANOV A with sex and treatment as main factors. The Bonferroni test 

was used for post-hoc analyses. Statistics were performed using SPSS and GraphPad 

Prism version 4.0a software for Macintosh. A two-tailed p-value less than 0.05 was 

considered statistically significant. For the FST data, three LPS and one SAL treated 

animal had to be excluded from analysis due to hardware malfunction. One SAL mouse 

was removed from ventral BrdU immunohistochernical analysis due to sub-optimal 

staining. The ventral hippocampus was torn in DCX sections for five SAL and two LPS 

mice and could not be accurately counted. Data are presented as mean+/- SEM. 

5.3. Results 

5.3.1. No impact ofLPS on postnatal growth and development 

Animals were weighed during the pre- and post-weaning period to assess the 

impact of treatment on growth and development. There was no significant effect of 

treatment on body mass during the pre- (F1,8=0.24, p=0.639; Fig. lA) or post-weaning 

period (F, ,38=0.005, p=0.944; Fig. lB). 
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Figure 1. LPS injecti ons on postnatal day 3 and 5 had no effect on body mass 
during either the (A) pre- or (B) post- weaning period. Pre-weaning weights are 
expressed as mean body mass per treatment group (5 litters/treatment). Data are 
plotted as mean+/- SEM . Post-weaning: n=20 pups/treatment. 
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5.3.2. Early LPS challenge alters forced swim test performance 

Postnatal exposure to LPS had a significant long-term impact on passive 

(immobility) and active (horizontal and vertical movements) behaviours in adult LPS­

mice relative to SAL controls. There was a significant effect of day (F1 ,26=22.68, 

p<0.001) and a treatment x day interaction (F1,26=5.14, p=0.03; Fig. 2A) on time to first 

immobility, with further analysis indicating that female LPS-mice took longer to engage 

in immobile behaviour than SAL controls on day 1 of the test (p<0.05). On day 2, female 

LPS-mice took less time to engage in immobility relative to their day 1 levels (p<0.001; 

Fig. 2A), such that no difference was detected between LPS and SAL females on day 2 

(p>0.05). Male LPS-mice exhibited a similar pattern of behaviour on day 1 and 2 of the 

FST, although differences between groups of male animals were not statistically 

significant (Fig. 2B). 

There was a significant effect of day (Fi ,26=21.54, p<0.001 ), treatment (Fi ,26=7.38, 

p<0.012), and a significant day x treatment interaction (F1,26=4.48, p=0.044) on total time 

spent immobile. Male and female LPS-mice spent less time immobile on day 1 compared 

with SAL controls (p<0.05). With repeated exposure to the FST, both female and male 

LPS-mice showed an increase in the percentage of time spent immobile relative to day 1 

(p<0.05; Fig. 2C,D). As a result, LPS and SAL-mice exhibited similar levels of 

immobility on day 2 of the FST. There was also a significant effect of sex (F1,26=7.84, 

p=0.01 ) such that female rmce, regardless of treatment condition, spent more time 
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Figure 2. SAL and LPS-mice were exposed to the forced swim test (FST) at 12 
weeks of age. Day l of the FST consisted of a 10 min session followed by a 5 
min session 24 h later on day 2. Time to first immobility (A,B), % time spent 
immobile (C,D), and horizontal and vertical movements (E,F) were measured on 
day 1 and 2 in female and male mice. (A) Female LPS-mice took significantly 
longer to become immobile on day l of the FST compared with controls. On 
day 2, female LPS-mice took significantly less time to become immobile relative 
to day 1, diminishing the difference between treatment groups on day 2 of 
testing. (B) Male LPS-mice displayed a similar behavioural profile to female 
LPS-mice on day 1 and 2 of the FST. (C) Both female and (D) male LPS-mice 
spent significantly less time immobile compared with controls on day l of the 
FST; there was no difference in immobility time between groups on day 2. (E) 
Female and (F) male LPS-mice showed a greater amount of activity during day l 
of the FST. There was no difference in active behaviours between treatment 
groups on day 2 of testing. % time spent immobile and horizontal and vertical 
movements are depicted for the first 6 min on day l and for 5 min on day 2. 
Data are presented as mean+/- SEM. SAL n=l 7; LPS, n=l3. *p<0.05. 
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immobile during the FST. The greater time to first immobility and less time spent 

immobile throughout the duration of the test on day 1 suggest that LPS-mice exhibited 

less passive behaviour in response to acute swim stress. 

There was a significant impact of treatment (F1,26=12.77, p=0.001) on active 

behaviour reflecting an increase in overall total horizontal and vertical movements in both 

female and male LPS-mice compared with SAL controls (Fig. 2E, F). 

5.3.3. Early LPS challenge does not alter adult hippocampal cell proliferation 

To obtain an estimate of hippocampal progenitor cell proliferation, BrdU-labelled 

cells were quantified 2 hrs after 3 pulse injections of BrdU were administered. The 

majority of BrdU-labelled cells were found in clusters of 3-5 within the SGZ of animals 

from both groups (Fig. 3A). Absolute numbers of BrdU-positive cells were determined 

along the extent of the dorsal and ventral DG separately and within the subgranular zone, 

granular cell layer, and hilar sub-regions of each. Analyses revealed no effect on the 

number of BrdU-positive cells in any region of the dorsal or ventral DG (p's >0.05; Fig. 

3B, C). 

5.3.4. Early LPS challenge alters adult hippocampal neurogenesis 

Doublecortin (DCX)-labelled cells were quantified as a measure of immature 

neuronal differentiation. DCX-positive cells were predominately found with their soma 

situated within the SGZ with dendrites extending up through the granule layer towards or 
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Figure 3. Adult hippocampal cell proliferation in mice exposed neonatally to SAL 
or LPS . (A) Representative image of BrdU immunohistochemistry in the dentate 
gyms (DG). Arrow points to representati ve cluster of BrdU+ cells stained with 
nickel-DAB. Total BrdU+ cells per DG were counted in the dorsal (B) and ventral 
(C) hippocampus of male and female mice. (B,C) There was no significant 
difference between treatment groups in the number of BrdU+ cells in any region 
of the dorsal or ventral DG. SGZ=subgranular zone; HL=hilus; GCL=granule cell 
layer. Data are plotted as mean +/- SEM. Dorsal DG: SAL n=l2; LPS n= l2. 
Ventral DG: SAL n= 11; LPS n= 12. 
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Figure 4. Hippocampal sections of adult SAL and LPS mice were stained with 
antibodies to DCX for assessment of neurogenesis. DCX+ cells were counted in 
the dorsal and ventral dentate gyrus (DG) and are expressed as total cells/DG. 
(A) Representative image of DCX immunoreactivity in the DG. Arrow points to 
representative DCX+ cell. (B) Female LPS-mice had a significantly greater 
number of DCX+ cells in the dorsal DG compared with female controls. (C) In 
the ventral dentate gyrus, female-LPS mice had a significantly greater number of 
DCX+ cells compared with both female controls and LPS-males. 
SGZ=subgranular zone; HL=hilus; GCL=granule cell layer. Data are plotted as 
mean +/- SEM. Dorsal DG: SAL n=l2 (6/sex); LPS n=l2 (7 male, 5 female). 
Ventral DG: SAL n=7 (3 male, 4 female); LPS n= lO (5/sex). *p<0.05. 

110 




Ph.D. Thesis - Michelle M. Sidor, McMaster - Medical Sciences 

terminating within the molecular layer in animals from both groups (Fig. 4A). There was 

a significant sex x treatment interaction in the number of DCX-positive cells measured in 

the dorsal DG (F1,20=5.25, p=0.033; Fig. 4B). Female LPS-mice had a greater number of 

DCX-positive cells in the dorsal DG compared to female SAL controls (p<0.05). There 

was also a significant sex x treatment interaction (F1,20=7.39, p=0.018; Fig. 4C) and a 

significant sex effect (F 1,20=4.94, p=0.045) on the number of DCX-labelled cells in the 

ventral DG; female LPS-mice had an increased number of DCX-positive cells in the 

ventral DG relative to both female controls (p<0.05) and LPS-males (p<0.01). 

5.4. Discussion 

The present study examined the long-term impact of an early immune challenge 

on adult depressive-like behaviour, as measured using the FST, concurrent with 

alterations to hippocampal cell proliferation and new neuron formation. Early exposure 

to LPS had a long-term impact on FST performance that was associated with sex-specific 

alterations to hippocampal neurogenesis along the dorsal-ventral axis. 

Mice exposed to LPS early in life exhibited more active behaviour in contrast to 

control animals after acute exposure to the FST - a phenotype similar to that observed 

when animals are pre-treated with antidepressant medication. This behaviour is 

consistent with a recent report in rats that were exposed to E. Coli early in life and 

protected against the depressive symptoms induced by inescapable tail shock when 

administered in adulthood (Bilbo et al., 2008). Although it is intriguing to suggest that 
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exposure to an immune stimulus early in life confers resilience to stressful conditions 

later in adulthood, the behaviour observed here in the FST might also reflect other 

behavioural phenotypes. For instance, mice with altered serotonergic signalling, such as 

the 5HT1A receptor knockout mouse, display antidepressive-like behaviour in the FST 

but an increased anxiety and stress response (Parks et al., 1998; Toth, 2003). Thus, LPS 

mice might have enhanced reactivity to swim stress rather than a true antidepressant 

response. Such an interpretation is supported by the finding that injections of LPS given 

during the same critical time windows as employed in this study (single injection on P3 

and on P5) lead to behavioural hyperactivity in response to noise stress (Shanks et al., 

2000) and to the stress of a novel environment (Breivik et al., 2002; Nilsson et al., 2002). 

As stress-induced hyperactivity can be a confounding factor in rodent models of 

depression (Strekalova et al., 2005), the FST results in the current study may be indicative 

of altered reactivity to an acute stressor, with a tendency for animals to increase activity 

when presented with a novel environment. Notably, similar behavioural patterns in the 

FST have been observed in both BDNF conditional knockout mice and TrkB knockout 

mice (Chan et al., 2006; Zomer et al., 2003). Taken together, these results extend 

previous findings that demonstrate long-term alterations to stress-reactivity in early 

endotoxin exposed rodents. 

LPS-females had an increase in dorsal and ventral hippocampal neurogenesis as 

measured using the immature neuronal marker, doublecortin (DCX). Increased 

neurogenesis does account for the mood elevating effects of some (Airan et al. , 2007; 

Santarelli et al., 2003), but not all (Holick et al., 2008; Meshi et al., 2006), antidepressant 
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treatments. Neurogenesis, however, is also associated with pathological states such as 

temporal lobe epilepsy and megencephaly (Almgren et al., 2007; Parent and Lowenstein, 

1997), underscoring the notion that more is not always better (Scharfman and Hen, 2007). 

Similarly, less is not always bad, as performance in select hippocampal-dependant 

learning tasks, such as in the radial maze, may improve after interventions that suppress 

hippocampal neurogenesis (Saxe et al., 2007). These studies illustrate the complex 

relationship between neurogenesis and hippocampal function. 

The functional dissociation that exists along the ventral-dorsal poles of the 

hippocampus suggests that alterations to neurogenesis within these two regions may 

confer different behavioural consequences. Altered ventral hippocampal neurogenesis in 

female LPS-mice may be associated with the reputed increase in stress-reactivity 

observed during the FST. Lesion studies have demonstrated a direct association between 

ventral hippocampal function and emotionality as lesions of the ventral hippocampus 

decrease anxiety-like behaviour in a variety of behavioural tests, including the elevated 

plus maze (Bannerman et al., 2004; Degroot and Treit, 2004). This evidence combined 

with the recent finding that newborn neurons in the ventral dentate gyrus may contribute 

to the expression of altered emotionality (Snyder et al., 2008), suggests that newborn 

neurons in the ventral hippocampus of female LPS-mice may be associated with 

enhanced stress-reactivity. The caveat here is that both female and male LPS-mice 

exhibited a similar behavioural profile in response to swim stress, but increased 

neurogenesis was specific to female LPS-mice. If neurogenesis were indeed linked to the 
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FST behavioural profile, one might expect altered neurogenesis m both sexes. The 

finding that only female-LPS nuce exhibit increased neurogenesis could suggest that 

altered neurogenesis does not drive the current behavioural phenotype. Alternatively, it 

could suggest that different etiopathological mechanisms underlie a similar behavioural 

readout between the sexes. In this regard, the FST behaviour of LPS-males may be 

independent of changes to neurogenesis. Regardless, a future avenue of research should 

explore sex-specific behavioural differences that may be relevant to the current reported 

sex differences in hippocampal neurogenesis. These findings highlight the importance of 

examining behavioural and molecular phenomena independently in female and male 

rodents and add to the accumulating evidence of sex-specific behavioural and molecular 

alterations in rodents exposed to an early immune challenge (Hodgson and Knott, 2002; 

Shanks et al., 1994; Tenk et al., 2007; Tenk et al., 2008). 

Increased neurogenesis in female LPS-mice occurred independent of increases to 

cell proliferation in the subgranular zone as measured using BrclU. The neurogenic 

cascade proceeds from the proliferation of precursor cells in the sub granular zone through 

to differentiation and cell survival. Neurogenesis is tightly regulated by a homeostatic 

balance between the production of new neurons and cell death - a process that is 

important for maintaining proper size and function of the hippocampus. To have an 

increased number of immature neurons without the preceding increase in proliferating 

neuronal precursors suggests alterations to one or more steps in the neurogenic cascade. 

For instance, this could reflect either enhanced cell survival of proliferating cells or 
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inadequate apoptosis. Future studies will assess subsequent steps in the cascade to 

determine possible mechanisms underlying the observed increase in the immature 

neuronal population. This will also include assessmg long-term survival of young 

neurons. 

Our finding of enhanced stress-reactivity extends previous findings with the early 

immune challenge model. This study is novel in that it is the first to examine the long­

term impact of early immune challenge on adult hippocampal neurogenesis and to report 

enhanced neurogenesis in adult female LPS-mice. Our findings are in agreement with the 

growing body of literature demonstrating the different susceptibility of the sexes to 

early environmental challenge. The observed sex difference in this study, with respect to 

new neuron formation, suggests that further studies using the early immune 

challenge model include and account for potential sex differences. The present 

study highlights the importance of the early immune environment to the developing 

CNS and demonstrates that early immune perturbation has long-term 

consequences to behavioural stress-reactivity and hippocampal neurogenesis. 
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CHAPTER 6. DISCUSSION 

6.1. Summary of findings 

The present body of work examined the long-term impact of a neonatal 

immunogenic challenge on stress-related behavioural and molecular phenotypes during 

both early postnatal development and adulthood. Alterations to serotonin (5-HT) 

neurocircuitry during postnatal development were assessed in parallel with the emergence 

of anxiety-related behaviours in mice exposed to an early LPS challenge. In adulthood, 

mice were assessed for anxiety- and depressive-related behaviours concurrent with 

alterations to adult hippocampal neurogenesis . 

Results demonstrate that a neonatal LPS challenge alters emotionality in a sex­

and temporal-specific manner. Male LPS-mice exhibited an early and persistent 

behavioural phenotype consistent with enhanced anxiety-related behaviour, whereas 

female LPS-mice exhibited late-onset emotionality. The resultant antidepressant 

phenotype observed in adulthood was similar between the sexes. Transient changes to 5­

HT signalling during early postnatal development and altered adult hippocampal 

neurogenesis may provide a functional link to some of these behavioural abnormalities. 

The current results extend accumulating clinical and preclinical evidence 

demonstrating that exposure to early-life adversity is associated with the development of 

altered emotional-reactivity (Levine, 1957; Denenberg and Smith, 1963; Plotsky and 

Meaney, 1993; Shanks et al., 1995; Liu et al., 1997; Heim and Nemeroff, 2001; Kikusui 
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et al., 2004) and highlight the prominent role that immune-brain signalling has on 

influencing the development of anxiety- and depressive-related phenotypes. Both altered 

5-HT signalling and adult hippocampus have been suggested to play an etiological role in 

clinical and preclinical anxiety and depression, suggesting that these two mechanisms 

may underlie the current finding of altered emotionality in LPS-mice. 

6.2. Reconciliation of an anxiety- and antidepressant-like behavioural phenotype 

Early LPS-challenge evoked a behavioural phenotype consistent with both 

enhanced anxiety-like behaviour and an antidepressant response. As mentioned 

previously, without further study it is difficult to accurately interpret the results obtained 

in the forced swim test in terms of whether the behavioural profile reflects enhanced 

stress-reactivity or a true antidepressant response (study 3; chapter 5). As the argument 

for a stress-reactive phenotype has already been explored (see pg. 111-12), the focus here 

is on an antidepressant response. In this case, the argument surrounds the reconciliation 

of two apparent paradoxical behaviours co-existing within the same animal model. 

6.2.1. Potential strain differences in stress-related phenotypes 

One potentially confounding factor needs to be addressed, however, relating to the 

potential for a train-dependant effect on the observed behavioural phenotypes. The 

current studies employed two different strains of mice: the CD-1 strain for assessment of 

anxiety-related behaviours and a mixed strain (C57Bl/6, Swiss Webster, and DBA-2) for 
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assessment of depressive-like behaviour. Not only are there known strain differences in 

endogenous levels of emotional-reactivity (Trullas and Skolnick, 1993; Ramos et al., 

1997; Griebel et al., 2000; Holmes et al., 2002; Ducottet and Belzung, 2005; Ibarguen­

Vargas et al., 2008; Milner and Crabbe, 2008; Brigman et al., 2009) and in the long-term 

behavioural and molecular outcomes associated with early-life adversity (Millstein et al., 

2006; Millstein and Holmes, 2007), potential strain-dependant effects have been proposed 

to account for discrepant findings within the early immune challenge model itself. With 

that said, however, we were successful in replicating the FST antidepressant phenotype, 

originally present in the mixed strain, in CD-1 mice which exhibited enhanced anxiety­

related behaviours (see Figure 1). The presence of both increased anxiety-like behaviour 

and an antidepressant response within the CD-1 strain argues against a strain-dependant 

FST effect. The reproducibility of this behaviour in a different strain also demonstrates 

the robustness of the early immune challenge model to induce similar stress-related 

behavioural phenotypes across independent strains of mice. 

6.2.2. Role for serotonin in mediating a complex behavioural phenotype 

The presence of enhanced anxiety-related behaviour and an antidepressant 

response is not unique to the early immune challenge model. This is best exemplified by 

the pleiotropic actions of a genetically driven loss of 5HT1A receptor expression and 

function. The 5HT1A receptor knockout mouse displays a behavioural phenotype 

consistent with both enhanced anxiety-related behaviour and an antidepressant 
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Figure 1. Comparison of forced swim test (FST) behaviour in two mouse strains 
that were used in the current studies. Both mixed (C57Bl/6, Swiss Webster, 
DBA-2) and CD- I strains of early LPS challenged mice exhibited a similar 
antidepressant profile of behaviour during the FST in adulthood as reflected by 
increased active behaviours: horizontal (x), vertical (y) and total (basic) 
movements; and decreased immobility relative to saline controls. This suggests 
that the antidepressant phenotype of early LPS challenge rodents is a robust 
fi nding that is independent of strain. Mixed (-12w): Saline, n=l5; LPS, n=l3; 
CD-1 (-13w): Saline, n=l7; LPS, n=20. *p<0.05 , **p<0.01. 
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behavioural phenotype (Parks et al., 1998). These paradoxical findings have been 

attributed to the complex and opposing actions of 5-HT receptors throughout the brain 

(Holmes, 2008). Indeed, there are a variety of 5-HT receptors dispersed throughout the 

CNS, each with distinct properties that are partially determined by location (Barnes and 

Sharp, 1999). As any one receptor can act at multiple nodes within the DR-corticolimbic 

circuit, it is not uncommon for a given receptor subtype to exert opposing actions as a 

result of this spatial distribution. The current finding of altered 5-HT-related gene 

expression across different regions of the CNS in LPS-rodents could, therefore, account 

for the complex behavioural phenotype reported both here and previously (Granger et al., 

1996; Breivik et al., 2002; Walker et al., 2004a; Spencer et al., 2005; Bilbo et al., 2007; 

Harre et al., 2008; Walker et al., 2008; Walker et al., 2009a). Further support for the 

involvement of altered 5-HT signalling in mediating enhanced emotionality in LPS­

rodents lies in the transient nature of the observed expression changes. LPS-rodents 

displayed altered 5-HT related gene expression restricted to the third postnatal week. 

Both genetic knockout (Gross et al., 2002) and pharmacological blockade (Ansorge et al., 

2004; Lo Iacono and Gross, 2008; Vinkers et al., 2009) of 5-HT receptors restricted to the 

second-third postnatal week is sufficient to produce long-lasting changes in emotionality. 

Together, the current work strongly supports a role for altered 5-HT circuitry in mediating 

the complex behavioural phenotype of LPS-rodents. The similarity between the 

behavioural profile of LPS-rodents and the heterogeneous symptom profile of mood 

disorder patients suggests that the early LPS model offers unique insight into the 
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phenotypic variability displayed by patients and establishes it as a valuable tool for future 

study of associated pathophysiology. 

6.2.3. Exploring the role for additional neurotransmitter systems 

The possibility exists that alterations to additional neurotransmitter systems 

contribute to aberrant behaviour in LPS-rodents. Gamma-aminobutyric acid (GABA) 

neurotransmission has an established role in mediating (Liu et al., 2007; Depino et al., 

2008) and treating anxiety-related disorders (Rudolph et al., 1999). In addition, GABA is 

critical to the regulation of hippocampal excitability and the promotion of neuronal 

differentiation from proliferating hippocampal progenitor cells (Tozuka et al., 2005). 

Based on this known ascribed function, a compelling speculation is that altered GABA 

signalling may account for both altered hippocampal neurogenesis and anxiety-related 

behaviours in LPS-mice. The evidence that rats exposed to early-life adversity exhibit 

alterations in GABAnergic receptors accompanied by a behavioural profile strikingly 

similar to that reported here (Caldji et al., 2000; Hsu et al., 2003) suggests a possible 

etiopathogenic role for altered GABAnergic transmission in LPS-rodents. This is further 

supported by the combined evidence that early postnatal 5-HT receptor function is 

essential to the normal development of GABA receptor function (Vinkers et al., 2009) 

and that transient disrnption of GABA receptors during early postnatal development is 

sufficient to permanently affect the developmental programming of anxiety-related 

behaviours (Depino et al., 2008). Collectively, this suggests that the GABAnergic system 

represents a promising alternative target for future research. 
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6.3. Adult hippocampal neurogenesis and emotionality 

A surprising finding was that of increased hippocampal neurogenes1s m adult 

LPS-rnice. An acute injection of endotoxin is known to have a negative impact on 

hippocarnpal neurogenesis both during adulthood (Ekdahl et al., 2003; Monje et al., 2003) 

and early postnatal development (Bland et al., 2009). This immediate effect on 

neurogenesis may be mediated, in part, by the known regulatory actions of 

proinflammatory cytokines on hippocarnpal neurogenesis (Vallieres et al., 2002; Ekdahl 

et al., 2003; Monje et al., 2003; Koo and Durnan, 2008) . Young hippocarnpal granule 

cells developing in an LPS-induced proinflarnrnatory milieu may compensate by altering 

their intrinsic properties (Jakubs et al., 2008) leading to a steady-state increase in 

neuronal production. Although the immediate impact of LPS injection on hippocarnpal 

neurogenesis was not assessed in the current study, chronic elevations in proinflarnrnatory 

cytokines such as TNF-alpha (Galic et al., 2008) and IL-6 (Breivik et al., 2002) have been 

reported in adult LPS-rodents and may exert a long-term influence on neurogenesis. 

Interestingly, TNF-alpha can facilitate excitatory actions on hippocarnpal neurons through 

up-regulation of AMPA/k:ainite receptors in vitro (Ogoshi et al., 2005). Given that 

neurogenesis is regulated via an activity-dependant mechanism (Deisseroth et al., 2004), 

elevated TNF-alpha levels may contribute to its enhancement in LPS-rnice. Additionally, 

the close relationship between 5-HT and neurogenesis (Gould, 1999) indicates that the 

long-term alterations to 5-HT signalling suggested by the current work may be a 

contributing factor. Further study is required to fully characterize the exact impact early 
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immune challenge has on different stages of the neurogenic cascade (see Figure on pg. 

24). Given that LPS injections were given at a time of peak granule cell development 

(Muramatsu et al., 2007), the migration, differentiation, long-term survival and/or 

electrophysiological properties of these developing cells may differ which would have 

implications for their long-term functioning. 

6.3.1. Functional implications ofaltered hippocampal neurogenesis 

The functional implications of altered neurogenesis should not be based on the 

false presumption that a positive correlative relationship always exists between 

neurogenesis and associated behavioural effects (Scharfman and Hen, 2007). Rather any 

deviation from control levels, regardless of directionality, should be viewed as pathogenic 

especially when accompanied by aberrant behaviour. The most compelling evidence for 

this comes from animal models of epilepsy where an increase in neurogenesis 

accompanies epileptic seizures (Parent et al., 1998; Madsen et al., 2000; Scott et al., 

2000). Therefore, an increase is not always beneficial nor is a decrease necessarily 

detrimental. 

Early immune challenge increased the immature neuronal population in LPS-mice 

independent of an increase in proliferating cells as identified by BrdU immunoreactivity. 

This dissociation suggests that nascent neurons are particularly susceptible to the effects 

of an early immune challenge. Indeed, this specific population of neurons is targeted by 

other forms of early-life adversity such as maternal deprivation (Mirescu et al., 2004), 
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suggesting that the behavioural alterations currently observed, and within the LPS-model 

in general, may be attributed to an alteration in immature neurons. The distinct properties 

of immature neurons make them uniquely positioned to exert a greater relative influence 

on hippocampal function (Doetsch and Hen, 2005). 

Although the observed increase in hippocampal neurogenes1s would appear 

consistent with the antidepressant behaviour of LPS-rnice, there has been a recent surge 

of evidence demonstrating that immature neurons regulate anxiety (Santarelli et al., 2003; 

Ageta et al., 2008; Bergami et al., 2008; Eadie et al., 2009) and not depressive-related 

behaviours, per se (Revest et al., 2009). This evidence is consistent with a number of 

studies which have failed to demonstrate an association between inhibition of 

neurogenesis and precipitation of depressive-related behaviours (Vollmayr et al., 2003; 

Pollak et al., 2008; Surget et al., 2008; David et al., 2009). The emerging association to 

anxiety does not necessarily negate a role for neurogenesis in depressive-related 

behaviours but suggests a wider role in regulating different aspects of emotionality. 

Indeed, the requirement of hippocampal neurogenesis for the positive behavioural effects 

of some antidepressants is a well established finding (Santarelli et al., 2003; Li et al., 

2008; Pollak et al., 2008; Surget et al., 2008; David et al., 2009). 

The recent causal link between neurogenes1s and anxiety-related behaviour 

(Revest et al., 2009) is exciting within the context of the current findings which 

demonstrate both enhanced anxiety-related behaviours and increased immature neuronal 

differentiation in LPS-rnice. Given the functional dissociation that exists along the 
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hippocampal dorso-ventral axis (Bannerman et al., 2004), with the ventral hippocampus 

implicated in mediating emotionality (Bannerman et al., 2003), the observed alteration in 

ventral hippocampal neurogenesis specifically, may underlie enhanced emotionality in 

early LPS challenge rodents. Young neurons found in the ventral region, for instance, are 

activated in response to stress (Snyder et al., 2008) and mice with altered anxiety-related 

behaviours exhibit abnormal ventral hippocampal neurogenesis (Eadie et al., 2009). It 

should be noted that as neurogenic differences were not currently observed in male LPS­

mice, altered neurogenesis may play a preferential role in mediating the behavioural 

phenotype of females . The presence of early onset anxiety-related behaviour in male 

LPS-mice (study 1; Chapter 3) suggests a different phenotypic variant of anxiety that may 

be associated with a distinct pathogenic mechanism. 

6.4. A mechanistic convergence 

The current finding of altered 5-HT and hippocampal neurogenesis should not be 

treated as separate and distinct pathological entities. Indeed, there exists a convergence 

and synergy between serotonin signalling and neurogenesis both during adulthood 

(Gould, 1999; Jacobs et al., 2000; Radley and Jacobs, 2002; Banasr et al., 2004) and 

granule cell development (Yan et al., 1997). For instance, 5-HT is known to have a 

regulatory influence on hippocampal neurogenesis , as blockade of the 5HT1A receptor 

reduces the number of proliferating cells (Radley and Jacobs, 2002) while 5-HT 

enhancement increases the basal rate of neurogenesis (Jacobs et al. , 2000). Furthermore, 

131 




Ph.D. Thesis - Michelle M. Sidor, McMaster - Medical Sciences 

the current findings do not preclude the contributing role of alterations to HP A function 

which is an established finding in LPS-rodents (Shanks et al. , 1995; Shanks et al., 2000). 

The more likely scenario is that a mechanistic convergence exists between these factors 

(see Figure 2). Briefly, in addition to its prominent role in mediating emotionality, 5-HT 

can impact HPA activity via actions at all brain regions examined in the current study. 

Altered 5-HT signalling during development could possibly disrupt the developing HPA­

axis which would then further exacerbate modifications to developing neurocircuitry in 

LPS-mice via stress hormone actions on 5-HT. Additionally, the hippocampus is a major 

neuroanatomical regulator of the stress-axis (Sapolsky et al., 1989). Altered hippocampal 

neurogenesis and function would have an impact on regulation of the HPA-axis which 

would, in tum, have a profound influence on hippocampal neurogenesis given the 

established role of stress hormones on both the adult (Gould and Cameron, 1996; Gould 

et al., 1997; Gould et al., 1998) and developing hippocampus (Tanapat et al. , 1998). 

Ultimately, the molecular changes associated with an early immune challenge might 

represent a compensatory homeostatic mechanism in an environment characterized by 

chronic exposure to stress hormones, altered 5-HT signalling and hippocampal 

neurogenesis, elevated proinflarnmatory cytokines, and a host of downstream deleterious 

factors. 
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Figure 2. A proposed model of the molecular and behavioural outcomes associated with an 
early immune challenge, integrating findings from the current body of work. An 
immunogenic challenge during development activates a variety of systems that can impact 
CNS function with implications for long-term alterations. At the molecular level, there exists 
a mechanistic convergence (represented by blue arrow) whereby altered functioning of one 
factor further drives alterations to other pathogenic factors. Together, this has the potential to 
impact stress-reactivity and emotionality. 
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6.5. Importance of sex differences in neuroscience research 

The sexual dichotomy observed within the current behavioural and molecular 

findings is consistent with the clinical picture of mood disorders. For instance, sex 

differences in the clinical presentation of social and generalized anxiety disorder have 

been reported (Weinstock, 1999; Steiner et al., 2005; Simon et al., 2006; Vesga-Lopez et 

al., 2008) with women experiencing greater severity of agoraphobic avoidance than men 

(Turgeon et al., 1998). There are differences in the types of obsession and compulsions 

displayed in OCD, with men experiencing an earlier age of onset and chronicity of 

symptoms (Castle et al., 1995; Labad et al., 2008) . This sexual dichotomy speaks to a 

larger issue in neuroscience research which has historical relied on male rodents for 

modelling psychopathology despite the burgeoning data demonstrating sex differences in 

clinical and preclinical brain structure and function (Cahill, 2006). The biological basis 

of this dichotomy is beyond the scope of the current work, but may involve complex 

immune-neuroendocrine actions acting during early development. It would be misleading 

however, to attribute these differences entirely to variations in sex hormones as this 

would ignore the profound influence of genetics on inducing sex differences in the brain, 

independent of hormonal actions (Kolbinger et al., 1991; Beyer et al., 1992). It is likely 

that the resultant behavioural phenotype of LPS-mice involves a complex interaction 

between the combined effects of sex, early adversity, and genetic vulnerability on the 

developing brain. In the aggregate, these results argue for the use of both sexes when 

modelling psychiatric disease. 
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6.6. 	 Clinical Implications 

The presence of heightened emotionality in early life often increases vulnerability 

to the later development of subsequent mood disorders, such as anxiety or major 

depression (Bittner et al., 2007). Consistent with this, a subtle finding of the current work 

is that high emotional-reactivity during development interacts with early-life stress (LPS 

challenge) to enhance susceptibility to increased emotionality in adulthood (study l; 

Chapter 3). This is a clinically relevant finding given that a major goal of psychiatric 

research is to identify sub-populations of at-risk individuals who are most likely to 

develop a disorder. The current finding is of particular interest for future research using 

the early immune challenge model as it allows for the early identification of animals 

susceptible to the development of adult behavioural dysfunction and for the exploration of 

distinct pathogenic mechanisms at work within this sub-population. This is useful for 

determining whether pharmacological or environmental intervention in an at-risk 

population can reverse or mitigate the development of behavioural abnormalities. 

6.6.1. 	 Identification of critical developmental time windows: implications for 

intervention 

Anxiety disorders are often the earliest psychiatric disorder to emerge and are 

highly comorbid with a range of other psychiatric illnesses (Kessler et al., 2005). This 

early manifestation underscores the necessity for the early detection and treatment of 

anxiety with the potential to reduce vulnerability to subsequent disorders (i.e. major 
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depression). The current study identified developmental time windows in which 

intervention may attenuate or prevent future pathology. The observed disruption of 

postnatal 5-HT-related gene expression in LPS-mice suggests that an early developmental 

time window may be an appropriate target. 

The majority of pharmaceuticals indicated for the treatment of anxiety and 

depression act on serotonin or GABA receptors. This presents a complication however, 

given the distinct and often opposing roles that neurotransmitters and their receptors 

appear to have during early development relative to adulthood (Roth et al., 1991; Patel 

and Zhou, 2005). For instance, whereas stress increases hippocampal 5HT1A receptor 

expression in the developing brain (Vazquez et al., 2000; Andrews et al., 2004) it 

decreases receptor expression in adulthood (Neumaier et al., 2000). Such differential 

properties are not restricted to 5-HT receptors, as the major inhibitory neurotransmitter in 

the adult CNS, GABA, functions as an excitatory transmitter during early CNS 

development (Wang and Kriegstein, 2009). Collectively, this suggests that 

pharmacological intervention targeted at specific receptors may not exert the intended 

beneficial effect. This is demonstrated by a recent study in which juvenile mice treated 

with the SSRI, fluoxetine, exhibited increased anxiety-related behaviour rather than the 

expected decrease (Oh et al. , 2009). In this case, non-pharmacological intervention in the 

form of environmental enrichment may prove beneficial. For instance, the enriching 

effect of postnatal handling between Pl-Pl4 was able to reduce social anxiety and 

attenuate stress-induced CORT release in adult 5HT1A knockout mice (Zanettini et al., 
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2009). Voluntary exercise during early postnatal development may also prove beneficial 

as this form of environmental enrichment has been shown preclinically or clinically to 

increase neurotrophic factors (Russo-Neustadt et al., 1999; Trejo et al., 2008), 

hippocampal neurogenesis (van Praag et al., 1999; Brown et al., 2003a; Bjomebekk et al., 

2005; Pereira et al., 2007), alter 5-HT receptor levels (Greenwood et al., 2005), reduce 

inflammation (Cotman et al., 2007; Nichol et al., 2008; Parachikova et al., 2008), 

attenuate the behavioural and physiological stress response (Fox et al., 2008), and is 

associated with affect enhancement (Binder et al., 2004; Bjomebekk et al., 2005; Duman 

et al., 2008; Greenwood et al., 2008). Therefore, exercise during postnatal development 

or adulthood may be able to compensate for any deleterious effects of early LPS­

challenge. The extent to which pharmacological or environmental intervention can 

reverse behavioural and molecular alterations in LPS-rodents would strengthen the 

validity of the model as a tool to study psychopathology and represents a promising 

avenue for future research. 

6.7. Conclusion 

Immune-brain communication is essential to health and disease. Immune 

dysregulation has been implicated in a range of neurological (Patrick and Lindstrom, 

1973; Solimena et al., 1990; Rogers et al., 1994; Darnell and Posner, 2003; McGeer and 

McGeer, 2003) and psychiatric disorders (Dale et al., 2005; Vargas et al., 2005; Arion et 

al., 2007; Anisman, 2009). The present body of work demonstrates that immunological 
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challenge during critical time points m development has long-term consequences to 

stress-related behavioural and molecular phenotypes, highlighting the prominent role of 

the immune system during brain development. It is likely that the long-term behavioural 

and molecular consequences of an early immune challenge are the result of a culmination 

of pathogenic mechanisms and factors acting throughout development. The present study 

demonstrates that altered 5-HT signalling and hippocampal neurogenesis are potential 

contributing factors to this pathogenic cascade and may provide a functional link between 

early immune perturbation and altered anxiety- and depressive-related behaviours. 

Together with altered HPA functioning, these factors may act as a synergistic driving 

force promoting or contributing to disease emergence and progression. This work 

provides a framework for future study on the role of early immune disturbance in 

psychopathology and advances understanding of how early immune-brain signalling 

influences the developing CNS and risk for subsequent disease. 
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Abstract 

The elevated plus maze (EPM) is one of the most widely used tests to assess 

anxiety-related behaviours in rodents. Although relatively quick and simple to conduct, 

there always exists the potential for observer bias during data collection. A number of 

behavioural tests have been automated with the advantage of rapidity of data collection 

and circumvention of observer bias in obtaining measures. The KinderScientific EPM 

system uses a series of apparatus embedded photobeams to collect spatiotemporal 

measures such as the amount of time spent in each zone of the maze (centre, open and 

closed arms), and the frequency of arm entries. Risk assessment behaviours, such as head 

dips and protected stretches, are also measured which represents a unique feature of this 

system over other automated EPM systems. We compared observer spatiotemporal and 

risk assessment measures with automated generated data to test the reliability and 

accuracy of the automated system. Data was manually collected using different zone 

entry/exit criteria (2 vs. 4 paws). Automated data was generated using both the default 

zone map provided with the system and a user-modified zone map. We show that the 

automated EPM provides accurate and reliable measurements of spatiotemporal and risk 

assessment behaviours. In addition, we show that the default zone map overestimated 

visually observed arm entries while our modified map generated data comparable to 

manual data using a 4 paws open arm entry criteria which is most consistently used to 

define arm entry in the literature. The KinderScientific automated EPM system 

represents a reliable tool for collection of a wide range of anxiety-related measures. 
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1. Introduction 

Since its inception over twenty years ago (Handley and Mithani, 1984) the 

elevated plus maze (EPM) has become a widely used behavioural tool to assess the 

efficacy of anxiety modifying interventions (Handley and Mithani, 1984; Pellow and File, 

1986; Lister, 1987) and to explore the neurobiological basis of anxiety (File et al., 1998; 

Lacroix et al. , 2000; Kjelstrup et al., 2002; Holmes et al., 2003; Bissiere et al., 2006). 

The original Y-maze formation (Montgomery, 1955) was modified to include two 

opposing open arms perpendicular to two closed arms (Handley and Mithani, 1984) and 

has since been validated for use in both rats (Pellow et al., 1985; Pellow and File, 1986) 

and mice (Lister, 1987). The plus-maze is purported to be an ethologically relevant 

rodent test that creates a conflict between the innate curiousity to explore novel 

environments and natural aversion to potentially threatening areas, such as the 

unprotected open arms of the plus-maze (Lister, 1990; Rodgers and Dalvi, 1997). 

Accordingly, anxiety is measured by the extent to which an animal explores the aversive 

open arms, with decreased exploration indicating enhanced anxiety-like behaviour. 

Indeed, pharmacological treatments that modify anxiety alter time spent in, and entries 

into, the open arms (Pellow and File, 1986; Lister, 1987). Various other spatiotemporal 

and ethological measures can be obtained during testing (Rodgers and Johnson, 1995). 

Closed arm or total arm entries are often reported as an index of protected exploration and 

locomotor activity (Handley and Mithani, 1984; Lister, 1987). Risk assessment 

behaviours such as open arm head dips and protected stretches into the open arms can 

also be measured (Cruz et al., 1994; Rodgers and Johnson, 1995; Fernandes and File, 
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1996; Fernandez Espejo, 1997). These latter 'non-traditional' behavioural measures are 

important to consider given their proposed utility as a more sensitive index of emotional-

reactivity (Cole and Rodgers, 1994; Weiss et al., 1998; Roy and Chapillon, 2004). 

A number of variables have been identified that can influence the results obtained 

during plus-maze testing. Such variables can be defined rather broadly into organismic 

and procedural (Carobrez and Bertoglio, 2005). Organism variables such as species, 

strain, and age are, ostensibly, more easily controlled for than certain procedural variables 

that rely heavily on the subjective scoring of behaviour. Indeed, observer-related 

variability in the definition of what constitutes a particular behaviour, and the technique 

used to score them, can contribute to inconsistent reporting both within and across 

laboratories. Automated systems have been introduced for a wide range of rodent 

behavioural tests, with the advantage of circumventing the subjective nature of 

behavioural scoring (Young and Johnson, 1991; Noldus et al., 2001; Spink et al., 2001; 

Torres and Escarabajal, 2002; Kurtuncu et al., 2005). These systems rely on either video 

tracking of a rodent's behaviour or use a series of apparatus embedded lasers that 

translate beam breaks into spatiotemporal measures. Even with the advent of these 

automated systems, however, non-traditional risk assessment behaviours are typically not 

measured. Given that such measures have been proposed as a more sensitive index of 

anxiety-like behaviour (Cole and Rodgers, 1994; Roy and Chapillon, 2004), an automated 

system that provides their objective measurement would undoubtedly offer an advantage 

over other systems. KinderScientific's automated plus maze system uses a series of 

infrared photobeams to obtain both traditional spatiotemporal measures of time and entry, 
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and more non-traditional risk assessment behaviours such as open arm head dips and 

protected stretches into the open arms. 

We tested the automated system by comparing data generated by manual scoring 

what that generated by the automated system. Outcome measures compared were time 

spent in zone (open arm, closed arm, centre), entries into arms, poke arounds, and head 

dips. Manual scoring included tabulating and comparing time and entry based on 

different zone entry/exit criteria. This was performed in order to determine the criteria 

used by the automated system and the provided default zone map settings. A user­

modified zone map was created and values obtained with this, and the default zone map, 

were then compared against manually generated data. We also show additional 

automated generated data such as distance travelled and rest time for each zone. 

2. Methods 

2.1 Animals. Twenty adult C57BL/6 mice (12 males, 8 females) 14-16 weeks in age 

were housed in groups of 2-4 per cage with food and water available ad libitum. All 

animals were kept under a 12 h light-12 h dark cycle, with lights on at 7 AM. Housing 

room temperature was maintained at 20°C and humidity at 60-70%. All experimental 

procedures followed the guidelines of the Canadian Council on Animal Care and were 

approved by the Animal Research Ethics Board, McMaster University, Hamilton, 

Ontario, Canada. 
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2.2. Elevated plus maze apparatus. The automated elevated plus maze apparatus from 

KinderScientific (Poway, CA) was used to assess anxiety-like behaviour. This apparatus 

is elevated 76.2 cm off the ground and consists of four black plexiglas arms in the shape 

of a plus (Fig. 1). Two of the four arms are considered enclosed arms as they contain 

15.2 cm black plexiglas sides. The two open arms have small raised ledges (0.5cm) 

situated along the perimeter. The automated EPM operates with infrared photobeams 

designed to detect movement throughout the maze. Thirty-two electronic photobeams are 

situated along the extent of the maze with eight beams located on each the four arms. 

Two of these eight beams are used to detect intersection activity. On each open arm there 

are two pairs of censors placed on either side of the arm just below the edge. These 

censors detect head dips over the edge of the open arm. 

2.3. Testing procedure. Behavioural testing occurred during the light phase between 

10:00-3:00 h. Animals were brought into the non-colony behavioural room in their home 

cage and testing commenced when placed into the centre of the elevated plus maze facing 

the closed arm. The apparatus was situated in the middle of the testing room under 

standard overhead fluorescent lighting. The apparatus was thoroughly cleaned with water 

and dried between each animal. Behavioural data were collected using the MotorMonitor 

software package on a PC computer connected to the EPM. Each test session was 

simultaneously videotaped using a Canon EluralOO camcorder. 
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Figure 1. Schematic representation of the KinderScientific elevated plus maze 
system detailing apparatus dimensions and photobeam locations. 
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2.4. Automated scoring. Data collected were reduced using the MotorMonitor software 

(supplied by KinderScientific). This software offers users the flexibility of using 

preloaded zone maps or generating user-specific zone maps. The default zone map 

settings are depicted in Figure 2. Data from the open/closed arms and center were 

generated along the following parameters: (1) Time, which measures total time spent in a 

given zone, (2) Distance travelled within a zone, (3) Entries into open and closed arms ( 4) 

Poke arounds (protected stretches) which measures extension of the head into and around 

the comer of the open arms with the body primarily situated in the intersection or 

enclosed arms, (5) Head dips, which involves extension of the head and shoulders over 

the edge of the open arms, (6) Rest time, which occurs when no beam breaks are made 

within a user-defined amount of time in a particular zone. The data set generated for any 

given zone map based on the above parameters was transferred to an excel spreadsheet 

for user interface. 

2.5. Manual scoring. Videotapes were analyzed by two trained observers who 

recorded both conventional spatiotemporal measures in addition to risk assessment 

behaviours. Spatiotemporal measures included the frequency of open and closed arm 

entries and the time spent in the open, closed and centre zones of the maze. Observers 

scored arm entry based on two definitions: two forepaws (two-paw) required versus all 

four paws required for entry into a given zone. Risk assessment behaviours such as head 

dipping (exploratory movement of head/shoulders over side of open arm) and protected 

stretches (a forward extension of the head into, and around the comer of, the open arms 

with the body primarily situated in the intersection or enclosed arms) were also measured. 
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Both the closed arm and central platform were considered "protected" areas of the maze 

whereas the open arm was considered unprotected (Rodgers and Johnson, 1995). 

2.6. Statistical analysis. Data generated by manual scoring and automated scoring for 

different outcome measures were compared using one-way ANOVA followed by 

Bonferroni's Multiple comparison test. Data generated by each observer (manual) were 

tested for normality using the D' Agostino & Pearson omnibus normality test. Inter-rater 

reliability for manual scoring was determined using the Pearson correlation coefficient. 

A p-value less than 0.05 was considered statistically significant. All analyses were 

performed using the Prism 5.0b software for Macintosh. 

3. Results 

3.1. Analysis of time spent in the open arms, centre, and closed arms 

Manual scoring data was generated via videotape analysis by 2 trained observers. 

Open arm and closed arm time were determined using 4 different criteria: 1) 2 paws in = 

entry, 2 paws out= exit; 2) 2 paws in = entry, 4 paws out= exit; 3) 4 paws in = entry, 2 

paws out= exit; 4) 4 paws in= entry, 4 paws out= exit. Data for each observer (n=20) 

using the above criteria was confirmed to have a normal distribution using the D'Agostino 

& Pearson omnibus normality test (p>0.05). Inter-rater reliability was calculated using 

Pearson correlation and is shown in Table 1. Automated scoring was generated by 
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Table 1. Inter-rater reliability determined by Pearson's correlation 

Manual scoring criteria used 

Entry 2 paws in 2 paws in 

Exit 2 paws out 4 paws out 

Correlation of Observer 1 and 2 
(Q value) 

Open Arm 0.986* 0.987* 
Time (<0.00001) (<0.00001) 
Closed 0.916* 0.898* 
Arm Time (<0.00001) (<0.00001) 

Centre 0.835* 0.470* 
Time (<0.00001 ) (0.036) 

2 paw entry 

Open Arm 
0.967* 
(<0.00001 ) 

Closed Arm 
0.977* 
(<0.00001 ) 

Head Dips 
0.916* 
(<0.00001) 

Poke Arounds 
0.579* 
(0.0094) 

4 paws in 4 paws in 

2 paws out 4 paws out 

0.918* 0.937* 
(<0.00001) (<0.00001 ) 
0.925* 0.947* 
(<0.00001) (<0.00001 ) 

0.788* 0.634* 
(<0.00001) (0.0027) 

4 paw entry 

0.914* 
(<0.00001) 
0.995* 
(<0.00001) 

Pearson correlation r values are given; *p<0.05 . 

*significant correlation between observers 
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MotorMonitor software using the default zone map (Fig. 2A) and using a modified zone 

map (Fig. 2B). 

Open arm time and closed arm time for manual and automated scoring are shown 

in Figure 3. A significant main effect of criteria used was observed for open arm time 

(F4.99=11.3, p<0.0001). Post-hoc analysis showed a significant difference in open arm 

time between manual scoring using criteria 112 (2 paws in/2 paws out and 2 paws in/4 

paws out) and criteria 3/4 (p<0.05, 4 paws in/2 paws out and 4 paws in/4 paws out) 

demonstrating that entry criteria was the key determinant to this outcome measure. A 

significant difference in open arm time was observed between the default and modified 

zone maps (p<0.05). Qualitatively and statistically, it was determined that the default 

zone map produced open arm time data that was the same as manual scoring data 

generated using 2 paws in = entry (criteria 1 and 2). The modified zone map generated 

open arm time data that was the same as manual scoring data using criteria 3 and 4 ( 4 

paws in). A main effect of criteria was observed for closed arm time (F4,99=4.62, 

p=0.002). Posthoc analysis showed a significant difference between the default and 

modified zone maps for closed arm time (p<0.05) but no significant differences between 

manual scoring criteria. Manual scoring for closed arm time using criteria 2 and 4 ( 4 

paws out) matched the automated scoring using the default zone map. 

As entries and exits into the centre zone are essentially returns from the open or 

closed arms, centre time was scored manually using the inverse of the 4 criteria used 

above, that is, 1) 2 paws in= entry, 2 paws out= exit, 2) 4 paws in= entry, 2 paws out= 
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Figure 2. Zone maps are virtual representations of the EPM that the software 
uses to generate data. Both the default zone map (A) and a user-modified zone 
map (B) are depicted. The modified zone map virtually extends the centre zone 
one segment into the open and closed arms . 
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Figure 3. Comparison of manual and automated (default and modified zone 
map) data for time spent in the open arms (A) closed arms (B) and centre (C). 
Two observers scored data (n=20) using different zone arm/exit criteria (below) . 
(A) Open arm time was sensitive to the entry/exit criterion used: open time 2­
paw > 4-paw. Open arm time generated using the default ZM > modified ZM. 
Manual scores using a 2-paw entry criterion (1/2) were similar to the default 
ZM; manual scores using a 4-paw criterion (3/4) were similar to the modified 
ZM. (B) The default ZM generated significantly greater closed arm time values 
than the modified ZM. (C) Centre time was similar between a 4-paw entry 
criterion (#2) and the default ZM, and between a 2-paw entry (#3) and the 
modified ZM. Note that centre entry criterion i the inverse of open/closed arm. 
Open/closed arm entry/exit criteria: 1) 2 paws in =entry, 2 paws out= exit; 2) 2 
paws in =entry, 4 paws out = exit; 3) 4 paws in= entry, 2 paws out= exit; 4) 4 
paws in= entry, 4 paws out = exit. ZM=zone map. *p<0.05. 
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exit, 3) 2 paws in= entry, 4 paws out= exit, 4) 4 paws in= entry, 4 paws out= exit. By 

inverting the criteria, total time for each mouse was equal to the total time of the test (5 

min). A main effect of criteria was observed for centre time (F5, 119=43.5, p<0.001). 

Manual scoring showed statistically different centre time values for criteria 2 vs. 3 vs. 1 

and 4 (p<0.05). A significant difference was observed between the default and modified 

zone map (p<0.05). A qualitative and statistical match was observed between the default 

zone map score and the manual score using criteria 2; between the modified zone map 

and criteria 3. 

3.2. Analysis ofopen and closed arm entries 

Manual scoring of arm entries used 2 criteria; 2 paw entry and 4 paw entry. Data 

for each observer using each criteria was determined to have a normal distribution using 

the D'Agostino & Pearson omnibus normality test (p>0.05). Inter-rater reliability was 

calculated using Pearson correlation and is shown in Table 1. Automated scoring was 

generated by MotorMonitor software as above. Data generated using manual and 

automatic scoring for open and closed arm entries are shown in Figure 4. A significant 

main effect of criteria was observed for open arm entries (F3,79=39.5, p<0.0001 ). Posthoc 

analysis showed a significant difference between 2 paw entry and 4 paw entry criteria for 

manual scoring (p<0.05) and a significant difference between the default and modified 

zone map (p<0.05). Qualitatively and statistically, manual scoring of open arm entries as 

4 paw entry was comparable to open arm entries provided by the modified zone map. The 
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Figure 4. Manual and automated (default and modified zone map) generated 
data for entries into the open (A) and closed (B) arms. Two observers scored 
data (n=20) using a 2 vs. 4 paw entry criterion. (A) Entries into open arm were 
sensitive to the entry definition used as manual values using a 2-paw entry > 
than a 4-paw entry. Default ZM values are qualitatively similar to a manual 2­
paw open arm entry criteria; modified ZM val ues are similar to a manual 4-paw 
criteria. (B) Values for closed arm entry were inflated when using the default 
ZM relative to the modified ZM and either of the manual entry criteria. 
ZM=zone map. *p<0.05. 
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default zone map detected significantly more open arm entries than manual scoring using 

2 paw entry as a criteria (p<0.05). The basis of this difference is not clear. 

Data generated for closed arm entries using manual and automated scoring is 

presented in Figure 4B. A significant main effect of criteria used for closed arm entries 

was observed (F3,79=5.7, p=0.0014). Posthoc analysis showed a significant difference 

between the default and modified zone map (p<0.05). No difference was observed in 

closed arm entries using a 2 paw or 4 paw entry. Qualitatively and statistically the 

modified zone map provided closed arm entry values that matched the manual scoring 

values. The default zone map generated closed arm entry values that were significantly 

higher than both manual scoring criteria. This increase in closed arm entries using the 

default zone map is consistent with the observations for open arm entries, suggesting that 

automated scoring using the default zone map gives an overestimate of visually observed 

zone entries. 

3.3. Analysis of risk assessment behaviours 

Given the placement of the photobeams associated with head dips and poke 

arounds, either zone map provided identical automated generated values (data not 

shown). Head dips were manually defined as a dip of the animal ' s head and shoulders 

over the sides of the open arm. For automated scoring, the software generates values for 

both sides of each open arm, these values were summed to get the total number of head 

dips per animal. Protected stretches, or poke arounds as termed by the plus-maze 

software, were manually scored as an extension of the head into and around the corner of 
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the open arm with the animal's body primarily situated in either the protected closed arms 

or centre. Manual and automated values for head dips are given in Figure SA. Inter-rater 

reliability was calculated using Pearson correlation and is shown in Table 1. No 

significant difference was observed between the manual score and automated score 

generated for head dips (t=l.08, df=38, p=0.286). Manual and automated values for poke 

arounds are given in Figure SB. Inter-rater reliability for poke arounds was calculated 

using Pearson correlation and is shown in Table 1. No significant difference was 

observed between the manual score and automated score generated for poke arounds 

(t=0.681, df=36, p=O.SOO). These data demonstrate that automated scoring methods 

provide an accurate and reliable measure of risk assessment behaviours. 

3.4. Additional outcome measures generated by automated scoring 

Several additional data measures are provided by the MotorMonitor software 

including basic movements, immobility, fine movements, x ambulation, and y 

ambulation; these measures are not specific to the different zones but can be used to 

assess general activity. Total distance traveled is a measure of activity and is generated 

by the automated system for each zone. In addition, rest time, a measure of immobility, is 

generated for each zone. Data for these measures are presented in Figure 6. No 

difference was observed between the distance travelled using the default and modified 

zone maps (Fig.6A, p<O.OS). As expected, the values generated by the modified zone 
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Figure 5. Manual and automated scores of risk assessment behaviours. The 
automated system provides a reliable measure of risk assessment as there were 
no qualitative or statistically significant differences between manual and 
automated generated values for number of head dips (A) or poke arounds (B) . 
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Figure 6. Automated data for indices of locomotor activity. Distance travelled 
(A) and rest time (B) are calculated for each zone of the plus-maze. (A) 
Compared with the modified ZM, the default zone map generates higher values 
for distance travelled in the open/closed arm and decreased values for centre 
distance. (B) Rest time in each zone was not sensitive to the choice of zone map. 
*p<0.05. 
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map showed a significant decrease in open and closed arm distance with a corresponding 

significant increase in centre distance (p<0.05). Rest time (Fig. 6B) was greatest in the 

closed arms. There was no significant difference between values generated for rest time 

using the default and modified zone maps (ANOV A, Bonferroni, p<0.05). 

4. Discussion 

The data presented above demonstrate that the automated elevated plus maze 

system provides an accurate and reliable method for obtaining spatiotemporal measures 

such as time spent in a given zone and arm entries. A unique and strong advantage is the 

ability of the automated system to accurately measure risk assessment behaviours such as 

head dips and protected stretches. The system also provides activity data such as distance 

travelled and rest time in each zone which is useful for determining general locomotion 

during testing. 

A potential problem with automated systems is their lack of sensitivity m 

detecting the position of a rodent's forepaws for arm entry in the plus-maze (Torres and 

Escarabajal, 2002). This is important to consider given that using a four paw versus two 

paw requirement for arm entry, will undoubtedly change the spatiotemporal values 

provided by the automated system. Demarcations between different areas of the 

KinderScientific plus-maze (open/closed arm and centre) are dependant upon virtual 

zones that are preset by the software and provided as the default setting. Entry into these 

zones is highly sensitive to the distance that an animal travels into them. Since the 
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definition of what constitutes entry into a zone depends on the placement and triggering 

of a photobeam, the first step in validating the system was to compare and correlate time 

and entries based on different manual scoring criteria (two versus four paw entry) with 

the data generated by the automated EPM. This enabled determination of the preset 

default criteria for arm entry used by the automated software. The literature often cites 

that all four paws are required to constitute arm entry (Walf and Frye, 2007). To enable 

the automated system to accurately reflect this definition, a modified zone map was 

generated to capture this entry definition. The modified zone map is depicted in Figure 

2B. This modified map extends the center zone one segment into each of the arms. By 

virtually extending the centre zone, an animal must travel farther into an arm, with all 

four paws required to trigger the photobeams associated with the newly defined 

open/closed zone. Indeed, the results show that the modified zone map generated data 

that was comparable to manually generated data using 4 paws in as criteria for zone entry 

into the open arms. In addition, the modified zone map generated arm entry data that 

matched the manual scoring data, while the default zone map resulted in an overestimate 

of visually observed arm entries. Given that the software offers the flexibility of virtually 

changing the default zone maps, we were able to create a zone map sensitive to a four 

paw entry criteria which is most consistently used to define arm entry (Walf and Frye, 

2007). 

Risk assessment behaviours considered were head dips and poke arounds or 

protected stretches. The manual scoring data and the automated scoring data did not 
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differ on these measures indicating that the automated system provides an accurate 

measurement of risk assessment behaviours. There is a growing awareness that risk 

assessment be measured as it provides a more complete profile of anxiety-related 

behaviours and may be a more sensitive index of emotional-reactivity (Cole and Rodgers, 

1994; Rodgers and Dalvi, 1997; Roy and Chapillon, 2004). Indeed, the efficacy of the 

EPM in screening anxiety modifying interventions has increased with the use of 

ethological measures such as head dipping and protected stretches (Cruz et al., 1994; 

Rodgers and Johnson, 1995; Weiss et al., 1998). The subjective nature of manually 

scoring risk assessment behaviours, however, can lead to variability between observers, 

within a group, and between labs. Our data show that the automated system can provide 

an accurate measure of risk assessment behaviours and eliminates user-bias in scoring. 

One additional advantage of the automated system is the ability to collect activity 

data including distance travelled and rest time in a zone which is important in ascertaining 

the general mobility or locomotor capacity of an animal during testing. This also adds 

another dimension to interpreting time spent in a given arm. For instance, although time 

spent in a zone may be similar between two animals, there is a qualitative difference in an 

animal that spends most of its time resting in an arm versus one that actively explores it. 

One caveat is that our system was not validated for use with juvenile rruce. 

Young mice are invariably smaller than the adults tested here and may have to travel 

farther into an arm to trigger a photobeam. In this case, the photobeams associated with 

our modified zone map may extend too far into an arm and the default zone map may 
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suffice. Individual labs planning on using juvenile rodents should test the sensitivity of 

the default zone map against our modified zone map for detection of arm entry. 

In addition to accurate collection of traditional spatiotemporal measures, we 

demonstrated the accuracy of the automated system to collect risk assessment behaviours. 

This is the first report validating an automated EPM system that reliably measures both 

spatiotemporal and risk assessment behaviours. The current study demonstrates the 

advantage of the KinderScientific automated system in terms of rapidity, accuracy, and 

reliability and represents a high-throughput method by which to collect a full repertoire of 

anxiety-related behavioural measures. 
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