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ABSTRACT 

 Major depressive disorder (MDD), a mood disorder that disproportionately 

affects women, is often predicated by childhood or adolescent stress. However, females 

have traditionally been excluded from pharmacological research, and the influence of 

adolescent stress on depressive-like behaviors has not been widely reported. Additionally, 

reports correlating adolescent stress with adult depressive-like behaviors have largely 

neglected to evaluate the effect of common antidepressants.  

 The purpose of this research was to develop and validate an adolescent chronic 

restraint stress (aCRS) protocol using female rats in order to address the impact of 

adolescent stress on female adult depressive-like characteristics.  

 During the pilot study, rats were restrained 60 minutes daily for 12 consecutive 

days beginning in early adolescence, then allowed to mature to adulthood. Control and 

restrained animals were handled and weighed daily. Behavioral testing included sucrose 

preference testing (SPT), elevated plus maze (EPM), locomotor activity, novel object 

recognition (NOR) and object location (OLT), and forced swim tests (FST). Rats were 
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sacrificed immediately following the FST, and trunk blood was collected for corticosterone 

(CORT) analysis.  

 Four subsequent studies modified the aCRS protocol by increasing the restraint 

period from 12 to 14 days, using exact-age animals, and by including a treatment period 

during which antidepressants (fluoxetine and desipramine) or saline were given, and by 

changing the number and timing of the behavioral assays and sample collections. 

Additionally, brain-derived neurotrophic factor (BDNF) was assessed. 

 In all studies, aCRS rats displayed significantly increased depressive-like 

behavior in the FST, but no differences in anxiety-like behaviors or locomotor activity vs 

control rats. Desipramine, but not fluoxetine, consistently decreased depressive-like 

behavior in restrained rats. Results of SPT, NOR, OLT, and CORT were inconsistent across 

experiments. Serum, but not HIP or FCX BDNF, positively correlated with immobility in 

the FST (a depressive-like behavior), which is not consistent with the literature. In the final 

experiment, we observed that uterine weights were not normally distributed, with aCRS 

rats trending low. 

 In conclusion, aCRS elicits increased depressive-like behaviors in adult female 

rats, without altering anxiety-like behaviors or locomotor activity. Future investigations 

using aCRS rats should include further evaluation of reproductive hormones and BDNF. 
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CHAPTER 1 

INTRODUCTION 

Major depressive disorder (MDD) is an affective disorder characterized by a 

combination of symptoms that prevent a person from functioning normally, including 

persistent sadness, anhedonia, sleep disturbances, memory impairment, and changes in 

weight or appetite1. MDD patients also often display hypothalamic-pituitary-adrenal 

(HPA) axis dysregulation2, low circulating brain-derived neurotrophic factor (BDNF)2,3 

impaired visuospatial recognition4,5, and volumetric reductions of the hippocampus (HIP)6, 

a brain structure involved in mood regulation and memory consolidation. MDD affects 

approximately 17% of Americans, two-thirds of which are women between menarche and 

menopause7. 

Standard antidepressant drugs include selective serotonin reuptake inhibitors 

(SSRI), serotonin-norepinephrine reuptake inhibitors (SNRI), tricyclic antidepressants 

(TCA), and monoamine oxidase inhibitors (MAOI), all of which increase either 

serotonergic and/or noradrenergic activity, require several weeks of treatment prior to 

antidepressant effect, and may not be efficacious. Only 60% of depressed patients 

experience relief from the first antidepressant treatment they are given, and only 30% 

achieve full remission8. Even when efficacious for the emotional symptoms, these 

antidepressants do not reverse visuospatial memory impairment, indicating unmet needs 

for MDD pharmacotherapy. 



   2 
 

 
 

Current antidepressants require weeks to be efficacious, and often MDD patients 

are nonresponsive, or insufficiently responsive, to one or more class of drugs8. As major 

depressive episodes are cyclic, a number of MDD patients will experience symptomatic 

relief after eight weeks, regardless of treatment. Within this context, it is unsurprising that 

approximately half of MDD patients that have experienced antidepressant relief relapse 

within a year of beginning treatment8. As current antidepressants share common 

mechanisms of action, but insufficiently treat MDD, it is reasonable to conclude that the 

shared pharmacological mechanisms are inherently insufficient. However, animal studies 

often report more consistent and robust antidepressant-like effects than seen in MDD 

patients. The overestimation of antidepressant effect suggests that the animal models in 

which the drugs are evaluated have limited translational value and are not comprehensively 

modeling MDD pathology, meaning that flaws inherent to current animal models reduce 

the similarity between human and animal responses to antidepressants. While current 

models have sufficient face validity, or the superficial resemblance of the model to MDD, 

comprehensive modeling requires predictive and construct validity as well. Predictive 

validity describes the extent to which antidepressant response in the model resembles 

response to treatment in MDD patients. Construct validity describes the extent to which 

the mechanisms responsible for the depressive-like characteristics in the model resemble 

the mechanisms responsible for MDD. 

Animal models of depression are created through surgical manipulations, selective 

breeding, or through stress regimens. Surgical and selective breeding models have good 

face validity in that they mimic symptomology of MDD, and some predictive validity in 

that depressive-like characteristics are normalized with antidepressant treatment. However, 



   3 
 

 
 

these models do not adequately represent the portion of MDD patients that are 

nonresponsive to one or more classes of antidepressant drugs. Additionally, they have weak 

construct validity in that they do not thoroughly represent the etiology of MDD. Risk 

factors for MDD include traumatic brain injury, family history, chronic stress, and 

childhood abuse or neglect, but none of these risk factors are ubiquitous1. Furthermore, 

animal testing often excludes female subjects, despite MDD disproportionately affecting 

women. The most widely used female depression model is ovariectomy (ovx), as ovx rats 

develop robust depressive-like behaviors9,10, but the majority of women suffering from 

MDD are reproductively intact. 

Chronic stress in adulthood can induce behavioral and physiological changes in 

adult animals that resemble MDD11, but normalize after termination of the stress regimen. 

Developmental stress regimens such as maternal separation can elicit depressive-like 

behaviors in adult rats, but only in response to additional, acute stressors12, and do not 

model typical depressive-like CORT dysregulation12,13. Adolescence is another time of 

rapid neurodevelopment, and previous studies have used repeated restraint with other 

stressors to elicit both depressive-like and anxiety-like behaviors, some of which persisted 

into adulthood14–16, or physiological differences resembling typical depressive-like 

pathology17,18 in female rats. However, none used exclusively mild, daily restraint during 

adolescence to evaluate adult expression of depressive-like behaviors. Therefore, the 

utilization of adolescent chronic restraint stress (aCRS) to induce these behaviors, 

especially in female rats, is a novel strategy. 

The overall purpose of this research was to develop an adolescent chronic restraint 

stress (aCRS) protocol, and evaluate the validity of aCRS for comprehensive modeling of 
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MDD. Our specific aims were 1) to determine the depressive-like behavioral effects of 

aCRS in adult female rats, and 2) to determine the physiological characteristics of adult 

female rats exposed to aCRS. We hypothesized that aCRS elicits depressive-like behaviors 

in adult rats, and that the depressive-like behaviors are ameliorated by antidepressant 

treatment. We also hypothesized that aCRS elicits HPA-axis dysregulation, and changes in 

BDNF, which may be ameliorated by antidepressant treatment. 
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CHAPTER 2 

REVIEW OF THE LITERATURE 

Major Depressive Disorder (MDD) is an affective disorder characterized by a combination 

of symptoms that prevent a person from functioning normally, including persistent feelings of 

hopelessness, loss of pleasure from activities previously found enjoyable, weight and/or appetite 

changes, and sleep dysregulation (too much or too little)1 as well as impaired executive function 

and recognition memory19,20. Approximately 17% of Americans experience at least one major 

depressive episode during their lifetime21, and women are twice as likely as men to suffer 

from MDD and other forms of unipolar depression21–23. The disparate ratio of MDD in 

women and men points to a universal gender-specific influence on mood regulation, one 

that transcends cultural and ethnic groups24 and affects women primarily during years of 

reproductive capability. The higher incidence of depression begins at puberty and lowers 

after menopause7,23, and depressed women have significantly lower levels of free estrogen 

(17β-estradiol) compared to non-depressed counterparts25. Additionally, women with 

history of depression exhibit reduced fertility, menstrual abnormalities, and early 

menopause26,27, suggesting a relationship between female depression and sex hormone 

dysregulation. 

While men with MDD display increased cortisol reactivity to stress while suffering 

a major depressive episode, and no difference from healthy controls when remitted (not 

currently in a major depressive episode)28, women with MDD display reduced acute 

cortisol reactivity to stress28. Women with remitted MDD reportedly display hyperactive 

stress response as measured by fMRI monitoring of the HIP and amygdala29, and increased 

adrenocorticotropic hormone (ACTH) 30, but reduced acute cortisol production in response 

to HPA-axis stimulation by corticotropin releasing factor (CRF)30 compared to healthy 
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control women. Additionally, amygdala reactivity to stress was negatively correlated with 

cortisol secretion29, and remitted MDD women displayed increasing cortisol over time, 

while healthy controls recovered to basal levels within 90 minutes29. As there is evidence 

that 17-β estradiol (E2)
 impairs glucocorticoid-dependent negative feedback of the HPA 

axis31, the sexual dichotomy of cortisol reactivity seen in MDD patients suggests that 

female reproductive hormones may contribute to long-term glucocorticoid toxicity in 

women with MDD. 

Untreated MDD leads to cognitive defects including retrograde amnesia and 

memory acquisition impairment19,20,32, which can be partially improved with 

antidepressant treatment19,20,33. Brain tissue blocks taken from deceased, unmedicated 

MDD patients show total glial cell reduction, decreased glial density34,35, and neuronal 

atrophy34. Depressive-like behaviors are correlated with glial and neurodegeneration in 

rats34 and antidepressant treatment of depressive-like behavior has been shown to initiate 

neurogenesis in animal models36,37. MDD patients often show a volumetric reduction in 

certain brain areas, including the prefrontal cortex, amygdala, and hippocampus (HIP)34,38–

40, with the percent reduction in volume being correlated with either early-life trauma or 

time spent depressed38. The HIP is a brain structure involved in regulating mood25,37,38,40,41 

that has been shown to mediate contextual and temporal spatial recognition memory (object 

location recognition) in rats42–44. Effective antidepressant treatments are correlated with 

neuroproliferation in animal models37,39,45 and human HIP culture39, and have been shown 

to stop or reverse MDD-related HIP volumetric reduction38. 

There is evidence that the ventral HIP mediates emotional regulation46–48, which 

may contribute to the pathology of mood disorders. Further evidence for HIP involvement 
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in MDD is found in MDD’s correlation with impairments in memory acquisition4, 

specifically visuospatial learning20 and verbal and visual recognition memory4,49. The HIP 

and parahippocampal brain regions have been implicated in mediating recognition 

memory, including object, location, and context recognition42,43,50–52. Impaired object 

discrimination is correlated with HIP damage42,50–52, and other brain regions, specifically 

the perirhinal cortex50,51,53 in rats. Damage to the HIP has been shown to impair object 

location recognition in rats43,51,52 and disconnection of HIP-perirhinal as well as HIP-

medial prefrontal cortex have been shown to impair object location and temporal 

recognition in rats42. Antidepressants, as well as non-pharmacotherapeutic antidepressant 

treatments such as exercise54 and electroconvulsive therapy37, increase HIP 

neuroproliferation and neurogenesis34,37,39, but HIP neurogenesis alone is not sufficient to 

relieve depression37, suggesting that neurodegeneration is a symptom, and not the 

underlying cause, of MDD. In fact, glial cell death is largely responsible for MMD-

associated volumetric reductions in the CNS34,35, and glial loss rather than neuronal loss, 

in the prefrontal cortex has been shown to induce depressive-like behaviors in rats34. The 

neuroglial atrophy affects oligodendrocytes35,38, which have a primary role in myelination 

and may be reduced due to elevated glucocorticoid secretion from HPA axis dysfunction38. 

Serum BDNF is often reduced in MDD patients3,39,55,56, corresponding to reduced 

neuronal plasticity, neuroproliferation, and cell survivability34,39, which may account for 

the volumetric reductions in brain structures such as the HIP that are seen in MDD 

patients37,38,40,41,57. ProBDNF, the precursor molecule for mature BDNF (mBDNF), was 

previously assumed to be inactive58, but has since been shown to bind to neurotrophin 

receptor p75NTR, subsequently inducing neuronal apoptosis59. Alternatively mBDNF 
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activates the TrkB receptor tyrosine kinase, increasing neuroproliferation59. 

Unsurprisingly, recent studies found an association between elevated proBDNF and 

depression60–62, depressive-like behaviors in rats63, and dendritic pruning58,64. MDD 

patients display decreased serum mBDNF, but increased or unchanged proBDNF60–62, and 

upregulation of proBDNF, but not mBDNF, receptors62. However, the serum ratio of 

proBDNF to mBDNF may not reflect that of the HIP, as HIP cell cultures have been shown 

to rapidly convert endogenous levels of proBDNF to mBDNF60. Unfortunately, 

distinguishing between proBDNF and mBDNF is difficult, and commercially available kits 

tend to measure whole BDNF. Thus, the literature largely reports whole BDNF levels 

rather than distinguishing one from the other.  

Severity of depressive symptomology in humans is measured using self-reporting 

on standardized survey questions. As animals are nonverbal, animal models of depression 

require quantifiable behavioral measures to evaluate severity of depressive-like behavior. 

The most widely used measure of behavioral despair in rats is the forced swim test (FST)5. 

Immobility in the FST is used to quantify the depressive-like behaviors of the animals 

modeling depression15,65–68, and active behaviors in the FST (swimming and climbing) 

have been used to screen for antidepressant actions of drugs69–71. Diving may also be 

presented, but it is a less-common active behavior, and has not been correlated with a 

pharmacological action. Female rats spend more time immobile than male rats, but chronic 

and subacute antidepressants decrease immobility in both sexes66,72.  

Reduced sucrose preference in a two-bottle choice paradigm of the sucrose 

preference test (SPT) has been used to measure anhedonia in rats, which is considered a 

depressive-like behavior65,66,68,72. However, female rats drink significantly more sucrose 



   9 
 

 
 

solution than male rats, and are more variable with percent sucrose preference65,66,68,72. 

Additionally, during non-stress conditions, sucrose preference has been positively 

correlated with immobility in the FST, indicating that animals that display increased 

immobility consume more sucrose65. Taken together, these data suggest that the SPT may 

be an unreliable measure of depressive-like behavior in females and during non-stress 

conditions. However, it is a noninvasive behavioral measure that may provide a more 

comprehensive context in which to interpret FST results. 

Depression and anxiety are independent mood disorders, with different 

symptomology73. However, MDD patients often suffer comorbid anxiety74–76, and HPA 

axis dysregulation2,77. While elevated basal cortisol is the most common form of HPA axis 

dysregulation, patterns of cortisol reactivity to stress are not ubiquitous, possibly due to 

obfuscation by comorbidity with anxiety disorders.  

Like the human demographic, many (but not all) animals modeling depression 

display increased anxiety-like behaviors13,78,79 and elevated basal corticosterone (CORT), 

the rodent stress hormone equivalent to cortisol11. Thus, behavioral evaluations of animals 

modeling depression often include measures of anxiety-like behavior, such as novelty 

exploration paradigms80. The elevated plus maze (EPM) is a commonly used novelty 

exploration paradigm for rodents that measures time spent in closed arms (avoidance) as 

anxiety-like behavior, and time spent in open arms (approach/exploration) as non-anxiety-

like behavior80,81. While novelty is preferred experimentally, there is evidence that rats do 

not habituate to the EPM, and that the open arms are aversive because rats exploring the 

open arms are unable to practice thigmotaxis (traversing a perimeter wall)82. Thigmotaxis 

is believed to be a defensive instinct to protect from aerial predation83.  
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Other behaviors displayed in the EPM have been measured and interpreted as risk 

assessment or defensive behaviors, but are not as well-validated by factorial analysis of 

multiple experiments as time spent in open arms84. While the EPM was validated and 

traditionally used with male, it has been shown valid in female and ovx rats81,85. However, 

sex hormone fluctuations can affect EPM behaviors in female rats85. An average rat estrus 

cycle is four days long, consisting of two days of diestrus, one day of proestrus, and one 

day of estrus86. E2 and progesterone levels are low during diestrus, but spike during 

proestrus (first E2, then progesterone). The estrus stage is predicated by a sharp drop in 

both hormones86, and begins approximately twelve hours after proestrus87. Rats in 

proestrus display increased time spent in open arms of the EPM, and simulating proestrus 

in ovx rats by administering E2  elicits similar behavioral changes85. Rats in other stages of 

the estrus cycle, and ovx rats, are otherwise comparable to male rats in open arm time85. 

Interestingly, acute, but not chronic, CORT administration also increases open arm time in 

the EPM88 in male rats, although whether this effect can be replicated in female rats is 

unclear. As E2
 impairs glucocorticoid-dependent negative feedback of the HPA axis via 

activity of estrogen receptor α (ERα)31, it is possible that by inhibiting downregulation of 

HPA axis activity, E2 effectively enhances responsivity to the anxiolytic effects of acute 

CORT. In the context of the sex-dependent cortisol reactivity patterns seen in MDD 

patients28–30 coupled with the reproductive differences of women with MDD26,27, this 

provides investigational directions for the pharmacological mechanism(s) of female 

vulnerability to depression. 

While estrus cycle can influence anxiety-like behaviors85,89, there is evidence that 

it does not have a significant effect on FST behaviors72,90. Vaginal cytology allows for 
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precise measurement of estrus cycle, but the 

process is invasive91, and a potential stressful 

confounder. Additionally, collecting vaginal 

samples may induce pseudopregnancy91, further 

confounding the behavioral data. Although not as 

precise as vaginal cytology, fluid-filled uterine 

weight can be used to non-invasively estimate 

estrus cycle phase. Uteri during diestrus are neither 

swollen nor engorged with fluid87 (Fig.1A), but 

during proestrus, rat uteri become swollen and the lumens engorge with fluid87 (Fig.1B). 

During estrus the uteri are still swollen, but the lumens are no longer engorged with fluid. 

To estimate cycle at the time of testing, uteri can be dissected from adipose tissue and 

ovaries, and cut directly above the cervix, then weighed while fluid-filled.  

There is evidence that acute CORT enhances spatial memory formation92, as does 

acute stress40 potentiated by endogenous estrogen in female, but not male, rats93. 

Conversely, long-term CORT exposure impairs explicit memory, including spatial and 

contextual recognition94, and chronic stress during adolescence increases basal CORT in 

female, but not male, rats14. This context suggests that E2-reduced regulation of the HPA 

axis cultivates a vulnerability to stress-related glucocorticoid toxicity in female rats, 

particularly during times of high estrogen such as during adolescence.  

Unsurprisingly, CORT modulates HIP function, which is integral in forming spatial 

and contextual memories42,43. One mechanism by which CORT modulates HIP function is 

by suppressing BDNF protein and mRNA95,96. However, the relationship between CORT, 

 

Fig.1: A) Uterus in diestrus (207.5 mg). 

B) Uterus in proestrus (885.5 mg) 

A 

B 

Figure 1: Rat Uteri 
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E2, and BDNF is more complicated. While high basal CORT11, and low circulating BDNF 

are characteristic of MDD2,3, E2 administration increases BDNF97, improves spatial 

memory98, and reduces depressive-like behaviors in ovx rats9,97. The influence of E2 on the 

stress response, circulating BDNF, and depressive-like behaviors of freely cycling female 

rats is poorly defined, likely because depression models rarely include freely cycling 

female rats.  

Young adult women are twice as likely as men to suffer from MDD7, and other risk 

factors for developing depression include chronic stress and stress during times of rapid 

development57,99. Despite this, many animal models of depression do not address these risk 

factors, and instead rely on surgical interventions, such as ovx100, and olfactory 

bulbectomy101, or selective breeding, such as Wistar-Kyoto (WKY) rats102 and Flinders 

Sensitive Line (FSL) rats103 to increase depressive-like behaviors. These models have good 

face and predictive validity in that they mimic symptomology of the human disorder, and 

are treatable with antidepressants, but have weak construct validity in that surgical 

interventions and selective breeding do not comprehensively mimic the etiology of the 

disorder.  

Ovx rats are deprived of reproductive hormones, and develop depressive-like 

characteristics and cognitive impairments over time, allowing for controlled investigations 

into E2 and progesterone modulations of multiple systems. However, ovx rats are a poor 

representation of the MDD human demographic, which is largely reproductively capable 

and freely cycling73. Additionally, reproductive hormone dysregulation is definitively 

different from reproductive hormone deprivation. Similarly, olfactory bulbectomy poorly 
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represents the human demographic because it relies on the removal of a large section of 

brain tissue, a distinctly uncommon occurrence in MDD patients. 

WKY rats are an inbred rat strain that display robust immobility in the FST, but 

display more genetic variability than other inbred strains, and greater behavioral 

variabilities than outbred strains of rats102. Additionally, sex differences in measures of 

depressive-like behaviors are not consistent with those seen with outbred rats102. WKY rats 

are also significantly less active than other strains of rats104, which suggests that immobility 

in the FST may be a product of reduced locomotor activity in WKY rats, rather than 

behavioral despair.  

FSL rats are another inbred strain that displays robust immobility behaviors in the 

FST105, increased serum CORT103,106, and other characteristics of MDD such as changes in 

serotonergic and cholinergic neurotransmission103,107. However, many of these measures 

are compared with Flinders Resistant Line (FRL), rather than other strains of rats, which 

exaggerates the differences. When compared with Sprague-Dawley (SD) rats, FSL rats do 

not always display increased depressive-like behaviors106. An inherent characteristic of 

FSL rats is poor maternal care, such as frequently carrying and dropping pups106. 

Additionally, FSL rats are more vulnerable to the deleterious long-term effects of poor 

maternal care than other strains of rats105. In that FSL rats display both intrinsic 

impairments and hereditary vulnerability to stress, they do not represent the portion of 

MDD patients without family history of depression. 

Animal models developed in previously published studies have provided valuable 

insight into the effects of chronic stress on the display of depressive-like behaviors in 

rodents. However, these studies have shown that there are several areas where 
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improvement is essential – particularly the overall effectiveness of the animal model being 

utilized. One commonly used stress model is chronic mild stress (CMS), also called mild 

unpredictable stress. CMS consists of two different stressors (e.g., soiled cage, cage tilting, 

strobe lighting) per day for at least 21 consecutive days108–110. Rats exposed to CMS display 

increased anxiety-like behaviors and decreased sucrose preference, but male and female 

rats respond differently in the FST. While male rats display increased immobility after 

CMS, female rats display decreased immobility after CMS109. Chronic restraint stress 

(CRS) is a stress model of depression in which adult rats are restrained for six hours daily 

for at least 21 consecutive days78,111, and induces behavioral differences such as immobility 

in the FST11. CRS also induces physiological changes in adult rats, such as elevated basal 

CORT11. However, these behavioral and physiological differences tend to normalize after 

restraint sessions end, which is a poor representation of the human demographic. 

Rats subjected to developmental stress display behavioral and physiological 

differences in adulthood. While neonatal stress regimens like maternal separation have 

been well validated for certain psychiatric disorders such as schizophrenia and anxiety, 

maternally separated rats only display depressive-like behaviors in adulthood in response 

to additional stressors 12. Adolescence is another time of rapid neurodevelopment. 

Exposing rats to stress during adolescence has been shown to affect adult 

behavior15,16,112,113 and physiology differently in male and female rats14,112–114. There is 

evidence that females exposed to adolescent stress are more likely to display increased 

depressive-like behaviors than male rats15, suggesting that adolescence is a time of 

developmental vulnerability to behavioral despair for female, but not male rats. 

Additionally, a mixed-modality stress paradigm also increased anxiety-like behaviors in 
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males, but not females15. While there have been multiple investigations into the influence 

of adolescent stress on adult phenotype, none of the previous studies have used exclusively 

daily restraint stress, with or without an antidepressant. 

Weight and appetite changes are characteristic of major depressive episodes1. 

Additionally, chronic stress regimens are often accompanied by weight gain attenuation 

not attributable to reduced food intake15, suggesting stress response-related metabolic 

differences. Chronic stress protocols often call for weight monitoring as a measure of stress 

response, and as part of a routine health check. During a chronic stress regimen, weight 

gain differences not corresponding to food intake differences indicate stress-induced 

metabolic alterations and provide inside on the pathology underlying behavioral 

differences115. Stress-induced metabolic alterations are expected to accompany elevated 

CORT, to normalize following stress cessation. Weight gain differences corresponding to 

food intake differences can indicate stress-induced behavioral differences, such as stress-

induced anorexia115.  

Major depressive episodes often include anhedonia, or the inability to enjoy once-

pleasurable activities1. Chronic stress, including repeated restraint during adolescence, may 

increase anhedonia in rats during the stress regimen, or shortly after cessation of stress15. 

The SPT is a commonly used measure of anhedonia that employs rats’ natural preference 

for sucrose solution over normal drinking water. Rats that exhibit increased depressive-like 

behaviors due to chronic stress may have a corresponding reduction in sucrose 

preference14. However, there is evidence that following a single CORT injection 

(simulating an acute stress response) with access to sucrose solution results in a persistently 

increased sucrose preference116. Furthermore, a factor analysis of the effects of home cage 
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environment in male rats found a moderate positive correlation between increased sucrose 

consumption and behavioral despair65, suggesting that sucrose preference is a better 

measure of acute stress response than of chronic depressive-like behaviors. Additionally, 

female rats display greater overall sucrose preference, and greater variability, than male 

rats66,72, and may not be a reliable measure in female rats. However, the SPT is a simple, 

noninvasive assay that may contribute to greater understanding of the influence of 

adolescent stress on adult behaviors in female rats. 

The open field test (OFT) is a measure of anxiety-like behaviors that tracks 

movements in a novel environment and interprets thigmotaxis as anxiety-like behavior, 

and time spent in the center of the arena as exploratory, non-anxiety-like behavior80,83. This 

interpretation is based upon the exploratory habits of rats. Rats familiarize themselves with 

novel environments by traversing the walls of the perimeter, which is speculated to provide 

a defensive barrier against avian predators in the wild83. Stressful stimuli increase 

thigmotaxis, and anxiolytic agents reduce thigmotaxis, increasing the time spent in the 

unprotected center area of the arena83. Thus, time spent in the center area of the arena can 

measure anxiety-like behaviors in rats independently, or complementary to the EPM. 

The open field arena is used for many behavioral measures, including locomotor 

activity. Locomotor activity assessment allows for identification of nonspecific stimulant 

or sedative effects of the experimental treatment, which might produce false positive or 

negative results in the FST. For example, psychostimulants can increase locomotor 

activity117,118, and also reduce immobility in the FST, but are not effective antidepressants. 

Intact female rats are more active than male rats117–120, and are more sensitive to the 

locomotor enhancements of psychostimulants117,118, but less sensitive to the locomotor 
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depression of morphine119. Sex-dependent differences in locomotor activity limits the 

applicability of data generated in males for assays such as the FST, OFT, and EPM to 

females in the same paradigms.  

One-trial object recognition tests also occur in the open field arena. One-trial object 

recognition paradigms utilize rodents’ novelty preference and exploratory behaviors to 

measure episodic memory121,122. Episodic memory is long-term reference, not working 

memory121, and therefore one-trial object recognition testing does not measure executive 

function as do other common assays, such as the radial arm maze. As antidepressant 

treatment enhances working memory and executive function in MDD patients, but not 

reference memory33, results from one-trial object recognition tests may better identify 

persistent damage from glucocorticoid toxicity.  

Novel object recognition testing (NOR) measures memory consolidation and 

retrieval121,122 that is dependent upon, but not specific to, the CA1 region of the HIP42,50–52.  

As previously described, lesions of the HIP and other brain regions impair object 

recognition in rats42,50–52, but HIP-specific lesions impairs object location 

recognition43,51,52. In comparison, object location recognition testing (OLT) measure 

location memory consolidation and retrieval that is specific to the dentate gyrus (DG) and 

CA3 regions of the HIP44,51,52. Measurement with both assays generates a context in which 

impaired novelty discrimination in both NOR and OLT implicates nonspecific damage to 

the HIP and other brain structures, impaired novelty discrimination in only NOR implicates 

damage to brain structures other than the HIP, and impaired novelty discrimination in only 

OLT implicates HIP-specific damage51. However, it should be noted that discrimination in 

OLT requires the rats possess visual acuity sufficient to recognize starting location and 
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orientation when placed in the arena, but overly bright lighting of the colony room can lead 

to progressive blindness in albino rats123,124. 

The FST is a valid measure of behavioral despair in both male and female rats5,15,66, 

and is an acute stressor. Twenty-four hours prior to testing, the rats are exposed to a 15-

minute swim, although some depression models (like ovx rats) do not require a pre-

exposure to display significantly greater immobility in the FST compared to healthy rats10. 

In the context that colonic hypersecretion (rapid defecation) is a consequence of CRF 

receptor 1 (CRF1) activation125, fecal boli passed during the pre-exposure or the testing 

day swim may be counted as an estimation of the severity of stress response in an individual 

rat. Thus, number of fecal boli passed in response to an acute stressor might indicate CRF1 

activity, and is expected to correlate with circulating CORT for that time period.  
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CHAPTER 3 

 METHODS  

Pilot 

The intent of this experiment was to determine whether depressive-like behaviors 

could be elicited in adult rats by using an aCRS regimen modified from other publications 

that utilized adolescent stress14–17, and whether plasma CORT would be affected in 

adulthood in aCRS rats. We hypothesized that aCRS would reduce weight gain during the 

restraint period, reduce sucrose preference, increase immobility in the FST, and alter 

plasma CORT immediately following an acute stressor (the FST).  

Experimental Design 

The pilot study was performed in the order illustrated by Fig.2. Adolescent female 

rats were restrained for an hour daily beginning estimated post-natal day (PND) 36±4 and 

ending estimated PND 48±4, a total of 12 consecutive days. The restraint period was 

followed by a maturation period that included a four-day sucrose preference test. 

Behavioral testing commenced on estimated PND 65±4, and included the EPM, locomotor 

activity (LCA), novel object recognition (NOR), object location recognition (OLT), and 

Fig.2: Restraint occurred PND 36-47±4 for R rats. Sucrose preference testing occurred for one training 

day and four subsequent testing days beginning PND 58±4. Other behavioral tests occurred PND 64±4. 

All animals were weighed and handled daily. 

Figure 2: Pilot Timeline 
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the forced swim test (FST). Immediately 

following the FST, rats were sacrificed through 

rapid decapitation and trunk blood and brain 

tissues were collected. 

Animals 

Twelve adolescent female Sprague-

Dawley rats were shipped from Charles River estimated PND 25-30 and habituated to the 

colony room for seven days prior to the experiment. Rats were randomly assigned to Not 

Restrained (NR, n=6) or Restrained (R, n=6) groups.  Animals were maintained on a 12:12-

h light/dark cycle (lights on at 6:00 am) with ad libitum access to standard rat chow. All 

animals were solo housed to allow for two-bottle choice testing in the home cage. While 

solo housing is an identified stressor for female rats, it does not alter depressive-like 

behaviors, but increases climbing in the FST67. Animals were handled briefly and weighed 

daily. Experiments were approved by the Mercer University Institutional Animal Care and 

Use Committee and were conducted in compliance with the National Institutes of Health 

Guide and Care of Use of Laboratory Animals.  

Restraint Stress 

Restraint occurred in a separate colony room for 60 minutes daily for 12 

consecutive days beginning estimated PND 36±4 and ending estimated PND 48±4. As 

shown in Fig.3, animals were restrained in well-ventilated, conical disposable plastic bags 

(Braintree Scientific, Braintree, MA) at unpredictable times between 9:00 am and 4:00 pm, 

and placed in individual holding cages in a separate colony room for the duration of the 

restraint session. The restraint cones prevented body movements but allowed for head and 

 
Fig.3: An adolescent rat, restrained in a dispos-

able restraint cone. 

Figure 3: Restrained Rat 
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paw movements, and were adjusted to accommodate growth. Holding cages were cleaned 

with 7% isopropyl alcohol (IPA) after each restraint session. 

Weight Gain  

Chronic stress may attenuate weight gain15 through metabolic differences and/or 

stress-induced anorexia115. Animals were weighed and handled daily throughout the 

experiment. Weight gains during the restraint period and the maturation period were 

compared. 

Anhedonia: Sucrose Preference Test  

The sucrose preference test (SPT) is a two-bottle choice measure of anhedonia, and 

was performed during the maturation period. Animals were trained for sucrose preference 

for 24 hours, during which time two sipper bottles were offered. One sipper bottle 

contained regular drinking water, and the other bottle contained 2% sucrose solution126. 

Following training, the bottles were removed and replaced with pre-weighed bottles 

containing regular drinking water and 2% sucrose solution. The daily intake from each 

bottle was measured for four days by weighing the bottle and calculating the differences in 

volume from the differences in mass. The percent sucrose solution of total fluid intake was 

determined to be percent sucrose preference. Multiple bottles leaked during day 3 of the 

SPT, so measurements of that day were excluded. 

 

(𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑔𝑤𝑎𝑡𝑒𝑟) × (𝑔 𝑜𝑓 1 𝑚𝐿𝑤𝑎𝑡𝑒𝑟) = 𝑚𝐿𝑤𝑎𝑡𝑒𝑟 

(𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑔𝑠𝑢𝑐𝑟𝑜𝑠𝑒) × (𝑔 𝑜𝑓 1 𝑚𝐿𝑠𝑢𝑐𝑟𝑜𝑠𝑒) = 𝑚𝐿𝑠𝑢𝑐𝑟𝑜𝑠𝑒 

[
𝑚𝐿𝑠𝑢𝑐𝑟𝑜𝑠𝑒

(𝑚𝐿𝑠𝑢𝑐𝑟𝑜𝑠𝑒 + 𝑚𝐿𝑤𝑎𝑡𝑒𝑟)
] × 100 = % 𝑆𝑢𝑐𝑟𝑜𝑠𝑒 𝑃𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 
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Anxiety: Elevated Plus Maze 

Anxiety-like behaviors were evaluated using the EPM, a well-validated approach-

avoidance paradigm used to measure anxiety-like behaviors in rodents81. The EPM has 

four equally-sized arms, two of which are open runways, and two of which are enclosed 

by walls (Appendix A.1). The EPM occurred first in a battery of behavioral assays on the 

final day of the experiment, estimated PND 65±4. After habituating to the testing room for 

15 minutes, rats were placed at the junction (10.2 x 10.2 cm) of the four arms of the maze 

(114.3 x 114.3 x 114.3 cm externally, runways 50.8 x 10.2 cm, Med Associates, St. Albans, 

VT) facing an open arm, and entries/duration in each arm were recorded by Video Tracking 

Interface software for five minutes (Med Associates, St. Albans, VT). The recording was 

scored automatically for using Video Maze software (Med Associates, St. Albans, VT). 

Time spent in the open arms of the EPM was interpreted as non-anxiety-like behavior. The 

maze was cleaned with 7% IPA between sessions.  

Locomotor Activity 

Locomotor activity (LCA) was 

assessed to control for nonspecific 

sedative effects that could lead to false 

positive depressant measurements in the 

forced swim test (FST). LCA evaluation 

occurred second in a battery of behavioral 

assays on the final day of the experiment, 

and was assessed using an open field 

arena (Med Associates, St. Albans, VT) 

 

 
 

 
Fig.4: A) Novel object recognition (NOR). B) Object 

location recognition (OLT). 

Figure 4: One-Trial Object Recognition 

A 

B 

60 mins 

60 mins 
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(Appendix A.2). The arena is square arena with four clear acrylic walls (43.2 x 43.2 x 30.5 

cm), equipped with three 16-beam infrared arrays placed at 2.54 cm (X and Y axis) and 

12.7 cm (Z axis). Rats were placed into the center of the arena and allowed to explore freely 

for five minutes, during which time beam breaks are recorded and analyzed by Activity 

Monitor software (Med Associates, St. Albans, VT) for distance traveled (cm), ambulatory 

counts (mobile activity), and stereotypic counts (movements in place). The chambers were 

cleaned with 7% IPA between sessions. 

One-Trial Recognition Memory 

One-trial object recognition paradigms utilize rodents’ novelty preference and 

exploratory behaviors to measure episodic memory121,122. Both novel object recognition 

(NOR, Fig.4A) and object location recognition (OLT, Fig.4B) tests occurred in the open 

field arena previously described, and were performed based upon guidance from the 

literature43. The morning prior to the day of testing, each rat was placed inside the arena 

and allowed to explore freely for 15 minutes, in order to become familiar with the arena. 

On the day of testing, two identical objects were placed in set positions in the chamber, 

and the rat was placed into the chamber, facing and equidistant to the objects. The rat was 

allowed to explore the objects for five minutes, then returned to its home cage for a 60-

minute intertrial interval, during which time the chamber and objects were cleaned with 

7% IPA, and the objects replaced or moved. The rat was then placed back in the arena and 

recorded for three minutes by a camera mounted overhead. The objects used in NOR were 

different from those used in OLT, and were placed in different, but identical, open field 

arenas. Exploration of an object was defined as directing the nose toward the object while 

bringing the nose within 2 cm of the object. Discrimination between novel and familiar 
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was calculated as a ratio of time spent exploring the novel object/location (Tnovel) to time 

spent exploring both objects (Ttotal), so that a discrimination coefficient >0.5 indicates 

novelty preference, and <0.5 indicates preference for the familiar. The arena was cleaned 

with 7% IPA between subjects and sessions.  

Novel object recognition test. After being cleaned during the intertrial interval, both 

objects were replaced with new objects (Fig.3A). In the place of the two identical objects, 

a third identical object and a novel object of approximately the same size were placed in 

the chamber (Appendix B). After the intertrial interval, the animal was returned to the 

chamber, facing and equidistant from both objects, and recorded for three minutes. 

Object location recognition test. After being cleaned during the intertrial interval, 

one object was left in place and one object was moved to a different location in the chamber 

(Fig.3B). After the intertrial interval, the animal was returned to the chamber, facing and 

equidistant from both objects, and recorded for three minutes.  

Forced Swim Test 

The FST was the last of a battery of behavioral assays that occurred on the final 

day of the experiment. The FST is a behavioral despair paradigm to measure depressive-

like behaviors, and to screen for antidepressant-like effects in rats5. The FST was conducted 

using the modified scoring method as previously described71. The morning prior to testing, 

the animal was placed into a plastic cylindrical tank (60 cm h x 17 cm d) that contained 30 

cm water (28-30˚C). The water depth was such that the animal could not support itself by 

touching the bottom of the tank with its hind paws, and the tail could not touch the bottom 

of the tank (Appendix A.3). After a fifteen-minute swim, the animal was removed, dried 

with paper towels, and returned to its home cage. Fresh water was used for each animal. 
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At the time of testing, a video camera was mounted to the side of the tank, and the animal 

was exposed to a five-minute swim under the conditions described above. The five-minute 

swim was recorded for later scoring. FST scoring was performed by trained scorers blind 

to treatment options and employed the modified sampling technique71, where five-second 

bins are evaluated for the predominant behavior (immobility, swimming, climbing, or 

diving). Immobility was defined as a floating posture in which the animals only made the 

movements necessary to keep their heads above water. Swimming was defined as actively 

seeking escape with motions directed outward towards the side of the tank. Climbing was 

defined as actively seeking escape with motions directed upwards along the side of the 

tank. Diving was defined as actively seeking escape with motions directed towards the 

bottom of the tank. However, as diving is a rare behavior with no known pharmacological 

associations, it was not evaluated for significance. Significantly increased immobility 

indicates a depressive-like effect, and significantly decreased immobility indicates an 

antidepressant-like effect. After the five-minute swim, the rats were removed and dried 

with paper towels.  

Blood and Tissue Collection and Analysis 

Immediately after completion of the FST, rats were sacrificed via rapid decapitation 

and trunk blood was collected into EDTA-treated tubes, then centrifuged at 1500 x g for 

15 minutes at 4°C. The plasma was aliquoted into microtubes and stored at -20°C for later 

evaluation. The brain was removed and the frontal cortex (FCX) and HIP were harvested 

and flash-frozen on dry ice prior to long-term storage at -80°C.  

CORT was analyzed using DetectX® Corticosterone Enzyme Immunoassay Kit 

(Arbor Assays, Ann Arbor, MI) (Appendix G). Plasma was incubated at room temperature 
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in equal amounts dissociation agent for ten minutes, then diluted to 1:100 concentration 

with assay buffer. Fifty µL of sample and standard solutions were added to the appropriate 

wells (in duplicate), 75 µL assay buffer into non-specific binding (NSB) wells, and 50 µL 

assay buffer into maximum binding (B0) wells of a 96-well microplate. Standards, samples, 

and buffers were followed by 25 µL corticosterone conjugate to all wells, and 25 µL 

corticosterone antibody to all but the NSB wells, then incubated on a shaker at room 

temperature for 60 minutes. Wells were aspired and washed four times with wash buffer, 

then incubated with 100 µL TMB substrate at room temperature for 30 minutes. Fifty µL 

stop solution was added to each well, and the plate immediately read for absorbance at 450 

nm. 

Statistical Analysis 

Data are expressed as mean ± standard error of the mean and pairwise comparisons 

(Not Restrained vs Restrained) were evaluated using t-test. Sucrose preference was 

evaluated using two-way analysis of variance (ANOVA) with repeated measures for 

variables restraint status (Not Restrained and Restrained) and day (1, 2, 4). Inter-measure 

relationships were evaluated using Pearson product-moment correlation. Significance was 

set a priori at p<0.05, and indicated in figures with *. Statistical analyses were conducted 

using SigmaStat software. 

Experiment 1  

Fig.5: Restraint occurred PND 33-46±1 for RSAL, RDES, and RFLX rats. Daily SC injections of saline 

or antidepressants were given PND 47-60±1. A stress challenge on PND 60±1 sucrose preference testing. 

Other behavioral tests occurred PND 61±1. All animals were weighed and handled daily. 

Figure 5: Experiment 1 Timeline 
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The intent of this experiment was to determine whether aCRS-induced depressive-

like behaviors could be increased in adult rats by starting the stress regimen at an earlier 

PND, and increasing the number of days in the restraint period from twelve to fourteen. 

We introduced additional groups of aCRS rats given antidepressants in order to evaluate 

aCRS against positive controls, and to evaluate the responsivity of aCRS rats to standard 

antidepressants. Fluoxetine, an SSRI, and desipramine, a TCA that predominantly inhibits 

NET, were chosen to represent standard antidepressants. We also intended to determine 

baseline CORT by collecting blood samples before forced swim stress, as well as CORT 

reactivity to stress by collecting trunk blood immediately following the FST. The first 

blood collection served as a stress challenge.  

We hypothesized that aCRS would reduce weight gain during the restraint period, 

reduce sucrose preference, impair recognition memory, and increase immobility in the 

FST. We also hypothesized that the stress challenge would exaggerate immobility in the 

FST, and differences in serum CORT among groups. Finally, we hypothesized that both 

standard antidepressants (fluoxetine and desipramine) would ameliorate behavioral and 

physiological differences in aCRS rats. 

Experimental Design 

Experiment 1 was performed in the order illustrated by Fig.5. Adolescent female 

rats were restrained for an hour daily beginning PND 33±1 and ending PND 46±1, a total 

of 14 consecutive days. The restraint period was followed by a 14-day treatment period 

that included daily injections with 0.9% NaCl (saline), desipramine (5 mg/kg/day in saline), 

or fluoxetine (5 mg/kg/day in saline). Antidepressant doses were chosen based on guidance 

from the literature10,69. A stress challenge and SPT on PND 60±1 preceded the final battery 
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of behavioral assays. The EPM, LCA, NOR, OLT, and FST occurred PND 61±1 as 

described in the Pilot section. Immediately following the FST, rats were sacrificed through 

rapid decapitation and trunk blood, FCX, and HIP were collected.  

Animals 

Twenty-seven female rats were shipped exact-age PND 19, 22, or 23 and randomly 

assigned to Not Restrained-Saline (NRSAL, n=6), Restrained-Saline (RSAL, n=7), 

Restrained-Desipramine (RDES, n=7), or Restrained-Fluoxetine (RFLX, n=7). NRSAL 

rats were housed in a separate, independently vented colony room to prevent stress due to 

possible visual, audio, or olfactory observations of restrained animals. Otherwise, animals 

and care were as previously described.  

Restraint Stress 

Restraint occurred in the home colony room for 60 minutes daily for 14 consecutive 

days beginning PND 33±1, and was otherwise as previously described. 

Antidepressant Drugs 

Injections of antidepressant drugs or saline were given daily for 14 consecutive 

days, beginning PND 47±1. Fluoxetine, a standard SSRI, and desipramine, a standard 

tricyclic antidepressant were used as positive controls to evaluate the predictive validity of 

the aCRS model. Fluoxetine’s antidepressant effect is primarily attributed to blockade of 

the serotonin reuptake transporter (SERT) and has been associated with increased 

swimming behaviors in the FST in male69,71,127 and ovx rats10,70. Desipramine’s 

antidepressant effect is primarily attributed to blockade of the norepinephrine reuptake 

transporter (NET) and has been associated with increased climbing behaviors in the FST 

in male69,71 and ovx rats10,70. 



   29 
 

 
 

Fluoxetine and desipramine (Sigma-Aldrich, St. Louis, MO) were dissolved in 

saline and given subcutaneously (SC) at a dose of 5 mg/kg to the corresponding groups. 

NRSAL and RSAL animals received SC saline. Route of administration and dosing 

regimen were chosen using guidance from the literature69, and because chronic 

intraperitoneal desipramine reportedly causes intraperitoneal hemorrhaging128. The volume 

of administration was 1 mL/kg.  

Weight Gain  

For consistent comparisons, rats were weighed at 8:00 am PND 33±1 (before the 

first restraint), PND 47±1 (before the first injection), and PND 60±1 (the day of the final 

injection). 

Stress Challenge 

Blood collection by tail nick PND 60±1 inadvertently served as a stress challenge, 

but insufficient blood was collected for analysis.  

Anhedonia: Sucrose Preference Test  

The SPT was as otherwise described, except rats were trained for sucrose from 8:00 

am to 5:00 pm PND 60±1, and sucrose preference was measured from 5:00 pm PND 60±1 

to 8:00 am PND 61±1. The assay was shortened to a single day, based upon results from 

the Pilot study. 

Blood and Tissue Collection and Analysis 

As BDNF is stable in serum, but not plasma129, trunk blood was collected into 

serum separating tubes and allowed to clot for a minimum of 30 minutes at room 

temperature prior to centrifugation at 1300 x g for 10 minutes. The serum was aliquoted 

into microtubes for long-term storage at -80°C for later evaluation for BDNF and CORT 
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using a DetectX® Corticosterone Enzyme Immunoassay Kit (Arbor Assays, Ann Arbor, 

MI), as described for the Pilot experiment, substituting serum for plasma. Brain tissue 

collection was as previously described. 

Serum BDNF was analyzed using enzyme-linked immunosorbent assay (ELISA) 

(Boster Immunoleader, Fremont, CA). Samples were diluted with equal parts sample 

diluent buffer and 100 µL of samples and standards were added to the appropriate wells of 

a 96-well microplate (in duplicate). An equal part sample diluent buffer was added to 

duplicate control wells (B0). The microplate was then incubated in the dark at 37°C for 90 

minutes. Wells were aspirated and incubated with 100 µL biotinylated anti-rat BDNF 

antibody working solution in the dark at 37°C for 60 minutes. The wells were aspirated 

and washed three times with 1 x PBS, then incubated with 100 µL antibody-biotin complex 

(ABC) solution in the dark at 37°C for 30 minutes. The wells were aspirated and washed 

five times with 1 x PBS, then incubated with 90 µL TMB substrate in the dark at 37°C for 

30 minutes, followed by 100 µL TMB stop solution, and immediately read for absorbance 

at 450 nm using a microplate reader. ABC and TMB solutions were warmed to 37°C prior 

to incubation. 

Statistical Analysis 

Data are expressed as mean ± standard error of the mean. Multiple groups were 

compared using one-way analysis of variance (ANOVA), with Holm-Sidak’s post-hoc test, 

Inter-measure relationships were evaluated using Pearson product-moment correlation. 

Significance was set a priori at <0.05, and indicated in figures with *. Statistical analyses 

were conducted using SigmaStat software. 
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Experiment 2 

The intent of this experiment was to replicate Experiment 1 without a stress 

challenge, and to evaluate baseline CORT before and after the restraint and treatment 

periods using urinalysis. We hypothesized that aCRS would reduce weight gain during the 

restraint period, reduce sucrose preference, impair recognition memory, and increase 

immobility in the FST. We also hypothesized that both standard antidepressants (fluoxetine 

and desipramine) would ameliorate behavioral and physiological differences in aCRS rats. 

Experimental Design 

Experiment 2 was performed in the order illustrated by Fig.6. Adolescent female 

rats were restrained for an hour daily beginning PND 33±1 and ending PND 47±1, a total 

of 14 consecutive days. Restraint occurred as described in Experiment 1. The restraint 

period was followed by a 14-day treatment period that included daily injections with saline, 

desipramine, or fluoxetine. A 24-hour SPT on PND 59±1 preceded the final battery of 

behavioral assays. Due to software failure, no EPM was performed. The LCA, NOR, OLT, 

and FST occurred PND 61±1 as described in the Pilot section. Immediately following the 

FST, rats were sacrificed through rapid decapitation and trunk blood and brain tissues were 

collected.  

 

Fig.6: Restraint occurred PND 33-46±1 for RSAL, RDES, and RFLX rats. Daily SC injections of saline 

or antidepressants were given PND 47-60±1. Sucrose preference testing occurred PND 60±1. Other be-

havioral tests occurred PND 61±1. All animals were weighed and handled daily, and urine was passively 

collected PND 33±1, 47±1, and 60±1. 

Figure 6: Experiment 2 Timeline 
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Animals 

Twenty female SD rats were shipped exact-age PND 19 or 22 and randomly 

assigned to NRSAL, RSAL, RFLX, or RDES (n=5 for all groups). Care and handling were 

as described in Experiment 1.  

Urine Collection and Analysis 

Urine was collected for evaluation of changes in CORT over treatment periods, as 

an alternative to stressful and inefficient blood collection. Urine CORT levels have been 

shown to correspond to serum CORT130 and to fluctuate in response to stress130,131. Urine 

was passively collected PND 32±1, PND 47±1, and PND 60±1, marking the day before the 

first restraint, the day of the first injection, and the day of the final injection, respectively. 

Each rat was placed into the open field arena for fifteen minutes, and spots of urine were 

pipetted into microtubes and stored at -80°C for later creatinine and CORT analysis. 

Urinary creatinine was analyzed using DetectX® Urinary Creatinine Detection Kit 

(Arbor Assays, Ann Arbor, MI). Samples were diluted to 1:20 concentration with deionized 

water, and 50 µL of samples, and standards were added to the appropriate wells (50 µL 

deionized water for control wells) in duplicate. Wells were incubated with 100 µL 

DetectX® creatinine reagent at room temperature for 30 minutes, then immediately read 

for absorbance at 490 nm using a microplate reader. 

Urinary CORT was analyzed as previously described, using DetectX® 

Corticosterone Enzyme Immunoassay Kit (Arbor Assays, Ann Arbor, MI), with the 

following modifications: Samples were not incubated in dissociation reagent. Samples 

were diluted 1:20 with assay buffer. Sample concentration calculations included 

normalization against creatinine concentration. 
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Anhedonia: Sucrose Preference Test 

Rats were trained for sucrose preference from 5:00 pm PND 58±1 until 8:00 am 

PND 59±1. The SPT began 8:00 am PND 60±1 and ended at 8:00 am PND 61±1, but was 

otherwise performed as previously described. 

Statistical Analysis 

Data are expressed as mean ± standard error of the mean. Multiple groups were 

compared using one-way analysis of variance (ANOVA), with Holm-Sidak’s post-hoc test. 

Inter-measure relationships were evaluated using Pearson product-moment correlation. 

Significance was set a priori at <0.05, and indicated in figures with *p<0.05 and **p<0.01. 

Statistical analyses were conducted using SigmaStat software. 

Experiment 3 

The intent of this experiment was to circumvent potential confounding of altered 

neurodevelopment due to the pharmacological mechanism of desipramine during late 

adolescence. Thus, we allowed an additional seven-day maturation period prior to 

beginning the treatment period. However, as animals given fluoxetine in Experiments 1 

and 2 displayed large variability in behavioral measures, we deemed it a poor choice for a 

positive control, and used only desipramine for a standard antidepressant. Further, we 

 
Fig.7: Restraint occurred PND 35-48±1 for RSAL and RDES rats. Daily SC injections of saline or 

desipramine were given PND 56-69±1. Sucrose preference testing and food intake measurement occurred 

PND 48±1, 54±1, and 68±1. Other behavioral tests occurred PND 70±1. All animals were weighed and 

handled daily, and urine was passively collected PND 35±1, 49±1, 54±1, and 69±1. 

Figure 7: Experiment 3 Timeline 
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intended to minimize potential shipping stress in juvenile rats (which we speculated might 

confound our results) by shipping all exact-age rats on the same PND, but multiple cohorts. 

To evaluate whether weight gain differences were a consequence of anorexia or stress-

induced metabolic changes, we measured food consumption at the end of each 

experimental period. To evaluate the short- and long-term effects of aCRS on recognition 

memory and sucrose preference, we performed those assays after the restraint period, after 

the maturation period, and after the treatment period. 

We hypothesized that aCRS would reduce weight gain, but not food intake, during 

the restraint period, reduce sucrose preference, impair recognition memory, and increase 

immobility in the FST. We also hypothesized that desipramine would ameliorate 

behavioral and physiological differences in aCRS rats.  

Experimental Design 

Experiment 3 was performed in the order illustrated by Fig.7. Adolescent female 

rats were restrained for an hour daily beginning PND 35±1 and ending PND 48±1, a total 

of 14 consecutive days. Restraint occurred as described in Experiment 1. The restraint 

period was followed by a 7-day maturation period, and then a 14-day treatment period that 

included daily injections with saline or desipramine. Object recognition tests were 

performed PND 50±1 (after the restraint period), PND 55±1 (before the first injection), and 

PND 70±1 (the final day of the experiment). Urine was collected PND 34±1 (before the 

first restraint), PND 49±1 (after the final restraint), PND 54±1 (before the first injection), 

and PND 69±1 (the day of the final injection). SPT were performed PND 48±1 (the day of 

the final restraint), PND 55±1 (the day before the first injection), and PND 68±1 (the day 

prior to the final injection). The EPM, LCA, NOR, OLT, and FST occurred PND 70±1 as 
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described in the Pilot section. Immediately following the FST, rats were sacrificed through 

rapid decapitation and trunk blood and brain tissues were collected. 

Animals 

Eighteen rats were shipped PND 23±1 in two blocks of nine on consecutive weeks. 

One rat was in the second block was dead upon arrival, and the remaining rats weighed 

significantly less than the rats of the first block, but otherwise appeared healthy. However, 

one rat was euthanized after escaping restraint and suffering an injury falling from the 

colony room rack. Rats were randomly assigned to treatment groups upon arrival, and after 

mortalities NRSAL (n=5), RSAL (n=6), and RDES (n=5). Care and handling were as 

described in Experiment 1.  

Weight Gain and Food Intake 

For consistent comparison, weights were taken at 8:00 am PND 35±1 (before the 

first restraint), PND 49±1 (the day following the final restraint), PND 56±1 (before the first 

injection), and PND 69±1 (the day before the final injection).  

Food consumption was measured for 24 hours beginning after the final restraint on 

PND 48±1, before the first restraint on PND 55±1, and before the final injection on PND 

68±1, and corresponded to the morning weights of the rats after each experimental period. 

Food consumption was measured by placing the rat into a clean cage with new bedding 

and a pre-weighed portion of food in excess of what could be consumed in one day. 

Twenty-four hours later, the remaining food was weighed, including pieces buried in 

bedding, and the difference recorded. 
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Anhedonia: Sucrose Preference Test 

Sucrose preference was evaluated PND 48±1 (after the final restraint), PND 55±1 

(before the first injection), and PND 68±1 (before the final injection), and performed as 

described in Experiment 1.  

One-Trial Recognition Memory 

Object recognition tests were performed PND 50±1 (two days after the final 

restraint), PND 55±1 (the day before the first injection), and PND 70±1 (the day of 

behavioral testing). Different objects were used for each repetition of the NOR, and 

different locations were used for each repetition of the OLT. Object recognition tests were 

otherwise performed as described in the Pilot section. 

Blood and Tissue Collection and Analysis 

Blood and tissue collections were performed as described in Experiment 1, and 

included dissection and weighing of the uterus (UTI). To remove the uteri, the surrounding 

adipose tissue and ovaries were gently removed, and the uteri were cut directly above the 

cervix. The uteri were immediately weighed without draining the contained fluid. 

Statistical Analysis 

Object recognition tests were evaluated using two-way ANOVA with repeated 

measures for the variables group (NRSAL, RSAL, RDES) and period (restraint, 

maturation, treatment). Other statistical analysis were performed as described in 

Experiment 1. Inter-measure relationships were evaluated using Pearson product-moment 

correlation. Significance was set a priori at p<0.05, and was indicated in figures with 

*p<0.05, **p<0.01, ***p<0.001 vs NRSAL, and †p<0.05 vs RSAL.  
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Experiment 4 

The intent of this experiment was to replicate Experiment 3 (which had been 

disrupted by unexpected renovation of the colony rooms) without confounding stressors, 

and to perform two-way analysis of two independent variables (restraint and desipramine). 

Additionally, to minimize confounding of urinary CORT evaluation, sucrose preference 

was limited to a single evaluation not coinciding with urinary collections. Further, we 

compared HIP weights, to evaluate whether aCRS models volumetric reductions observed 

in MDD patients. We evaluated HIP and FCX BDNF to determine whether serum BDNF 

was comparable to the BDNF in those structures. 

We hypothesized that aCRS would reduce weight gain, but not food intake, during 

the restraint period, reduce sucrose preference, impair recognition memory, and increase 

immobility in the FST, as well as reduce HIP weight. We hypothesized that serum BDNF 

would correlate with HIP and FCX BDNF. We also hypothesized that desipramine would 

ameliorate behavioral and physiological differences in aCRS rats.  

Experimental Design 

Experiment 4 was performed in the order illustrated by Fig.8. Adolescent female 

rats were restrained for an hour daily beginning PND 34±1 and ending PND 47±1, a total 

Fig.8: Restraint occurred PND 34-49±1 for RSAL and RDES rats. Daily SC injections of saline or 

desipramine were given PND 55-68±1. Sucrose preference testing occurred PND 63±1. Other behavioral 

tests occurred PND 70±1. Food intake was measured PND 47±1, 54±1, and 67±1. All animals were 

weighed and handled daily, and urine was passively collected PND 34±1, 48±1, 56±1, and 68±1.  

 

Figure 8: Experiment 4 Timeline 

PND 55-68 
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of 14 consecutive days. Restraint occurred as described in Experiment 1. The restraint 

period was followed by a 7-day maturation period, and then a 14-day treatment period that 

included daily injections with saline or desipramine. Urine was collected PND 34±1 

(before the first restraint), PND 48±1 (after the final restraint), PND 55±1 (before the first 

injection), and PND 68±1 (the day of the final injection). A single SPT was performed 

PND 64±1 (the day of the tenth injection), as described in Experiment 3. Center avoidance 

in the OFT was evaluated and fecal boli passed during the pre-exposure to the FST were 

counted PND 68±1. The EPM, LCA, NOR, OLT, and FST occurred PND 69±1 as 

described in the Pilot section. Immediately following the FST, rats were sacrificed through 

rapid decapitation and trunk blood was collected, and brain and uteri were dissected and 

collected. 

Animals 

We placed our order with Charles River (Wilmington, MA) prior to impregnation 

of dams in an attempt to minimize possible confounding by homogeneity of litter mates, 

differences in maternal care, and to ensure exact age at shipping, and exact age at testing. 

Twenty-five female SD rats were ordered shipped exact-age PND 22, and shipped weekly 

over four consecutive weeks in blocks of 9, 8, 6, and 2 animals. While blocks of 9, 9, and 

6 were intended, the second block suffered a mortality during shipping and a fourth block 

of 2 animals was included to ascertain that n≥6 for each treatment group. No more than 

two littermates were included in each block to maintain heterogeneity. Blocks were shipped 

three per section in divided crates. Each block was evaluated for health and weight upon 

arrival, and single mortality aside, the blocks were not different. Upon arrival, rats were 
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randomly assigned to NRSAL (n=6), Not Restrained-Desipramine (NRDES, n=6), RSAL 

(n=6), or RDES (n=7).  

Weight Gain and Food Intake 

Weight gain comparisons were performed PND 34±1 (before the first restraint), 

PND 48±1 (the day following the final restraint), PND 55±1 (before the first injection), 

and PND 68±1 (the day before the final injection), as described in Experiment 4. 

Food consumption was measured for 24 hours PND 47±1 (following the final 

restraint), PND 54±1 (the day before the first injection), and PND 67±1 (the day prior to 

the last injection), and correspond to the 8:00 am weights used for weight gain 

comparisons. Food consumption measurements were performed as described in 

Experiment 3. On two occasions, a weekend vivarium attendant failed to read signage 

indicating no interference, and added food to the pre-weighed portion. The affected data 

points were excluded from food intake analysis so that for NRSAL during the maturation 

and treatment periods, n=5, and the n value for NRDES during the treatment period is n=6. 

Anxiety: Open Field Test and Elevated Plus Maze 

The OFT is an established novel environment paradigm used to measure anxiety-

like behaviors in rodents80. A commonly measured anxiety-like behavior is traversing the 

perimeter of the open field, rather than crossing the center area. The OFT was performed 

between 8:00 and 8:45 AM on PND 68±1 (the day of the final injection) in the open field 

arena previously described. Beam breaks were analyzed for time spent in a 17.8 x 17.8 cm 

center area using Activity Monitor software (Med Associates, St. Albans, VT). Time spent 

in the center area was interpreted as non-anxiety-like behavior. The chambers were cleaned 

with 7% IPA between sessions. 
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The EPM was performed first in a battery of behavioral assays on PND 69±1, as 

described in the Pilot section. 

One-Trial Recognition Memory 

Object and location recognition tests were performed as described in Experiment 

1, but were analyzed using HVS Image Tracking and Analysis software using zones 

defined as the area contained within a 3 cm perimeter around the objects. The rats were 

marked in black on the head and snout using permanent marker to accommodate contrast 

tracking. To habituate the rats to the scent of the marker, marks were placed 24 hours prior 

to the assay, and again at the start of the intertrial interval.  

Forced Swim Test (FST) 

The FST was performed as described in the Pilot section, but one RDES animal 

was excluded from FST analysis due to recording software failure, thus for the RDES 

group, n=6 for the FST. 

Blood and Tissue Collection and Analysis 

Blood and tissues were collected as described in Experiment 3. FCX and HIP were 

weighed and homogenized with 10 mL/g tissue extraction buffer made from protease 

inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) and Invitrogen tissue extraction reagent 

(Thermo Fischer Scientific, Waltham, MA), then centrifuged at 10,000 rpm for five 

minutes at 4°C. Supernatents were transferred to microtubes and stored at -80°C for future 

analysis.  

Whole protein was quantified with Pierce BCA Protein Assay Kit (Thermo Fisher 

Scientific, Waltham, MA). After dilution of samples, 25 µL of samples and standards were 

added to the appropriate wells of 96-well microplates in triplicate (and tissue buffer to 
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control wells), followed by 200 µL working reagent. After mixing on a shaker at room 

temperature for 30 minutes, the plates were sealed and incubated at 37°C in the dark for 30 

minutes. After cooling to room temperature, the plates were read for absorbance at 562 nm 

using a plate reader.  

HIP and FCX BDNF were evaluated as described for serum BDNF in Experiment 

1, but rather than diluting by volume, 60 µg whole protein was diluted in sample diluent 

buffer to create sample solutions. 

Statistical Analysis 

Data are expressed as the mean ± standard error of the mean (SEM). Multiple 

groups were compared by two-way analysis of variance (ANOVA) for two independent 

variables (restraint status, treatment) using SigmaStat 3.5 software followed by Holm-

Sidak’s post hoc test. Weight gain and food intake were compared by three-way repeated 

measures ANOVA for three independent variables (age, restraint status, treatment) using 

SPSS Statistics software followed by Holm-Sidak’s post hoc test. However, the repeated 

measures ANOVA primarily described the differential growth rates intrinsic to early, 

middle, and late adolescence, thus the periods were also evaluated independently using 

two-way ANOVA as described above. Inter-measure relationships were evaluated using 

Pearson product-moment correlation. Significance was set a priori at p<0.05 and was 

indicated in figures with *p<0.05, **p<0.01, ***p<0.001, or ††p<0.01 and †††p<0.001 vs 

RSAL. 

Sample size. Appropriate sample size per group was determined via Mead’s 

resource equation method for a blocked experimental design 132. Mead’s resource equation 

for blocked designs is defined as E=N-b-T, where E is error degrees of freedom (df), N (n-



   42 
 

 
 

1) is total df, b (blocks-1) is blocking df, and T (t-1) is treatments df. E=10-20 indicates an 

optimal use of resources, while E<10 indicates insufficient resources, and E>20 indicates 

more than sufficient resources 132. The resource equation for this study, where the resource 

in question is the number of animals used, was as follows: E=24-3-3, where E=18, N=24, 

b=3, and T=3. Therefore, it can be rationally asserted that the n values used for this study 

provided a sufficient estimate of error without unnecessary animal usage. 

Statistical power. Statistical power for two-way ANOVAs were analyzed via 

values calculated by SigmaStat, and for the three-way repeated measure ANOVA by SPSS, 

where 1-β>0.80 was considered sufficient (β being the probability of a false negative error 

132. It is important to note that, when utilizing a two-way ANOVA, some individual power 

analyses may be less than sufficient (1-<0.80). This is due to the occurrence of significant 

interactions between variables that result in a nested layout, meaning that fewer than all 

levels of one variable arise within each level of the other variable 133. 
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CHAPTER 4 

RESULTS 

Pilot 

 

 

 

Figure 9: Weight Gain 

 

Figure 10: Sucrose Preference 

 

Figure 11: Elevated Plus Maze 

Fig.9: R rats gained significantly less 

weight than NR rats during the restraint 

period (p=0.0012). 

 

Fig.10: R rats displayed significantly less 

sucrose preference than NR rats on days 1 

(p=0.011) and 2 (p=0.025). 

 

Fig.11: No differences in time spent in 

open or closed arms during the EPM were 

observed between groups.  
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Weight Gain 

Restrained rats gained significantly less weight than control rats during the restraint 

period (15.4% less, p=0.012), but no differences were observed between groups during the 

maturation period (Fig.9).  

Sucrose Preference 

Restrained rats displayed overall reduced sucrose preference vs control rats (3.5% 

less, F1,35=9.779, p=0.011), due to significantly reduced preference on day 1 (p=0.025) and 

day 2 (p=0.046), but not on day 4 (p=0.064). No significant interactions were observed 

between day and restraint status, and day of test did not significantly influence sucrose 

preference (Fig.10).  

Object Location Recognition 

Restrained rats displayed significantly impaired discrimination between novel and 

familiar locations vs control rats (18.0% reduced, p=0.043) (Fig.13), but no impairment in 

object recognition (Fig.12).  

 

 
Fig.12: No differences were observed in novel 

object discrimination between groups. 

Fig.13: R rats displayed significantly less 

ability to discriminate between novel and fa-

miliar locations (p=0.043). 

Figure 12: Novel Object Recognition Figure 13: Object Location Recognition 
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Forced Swim Test 

Restrained rats displayed significantly more immobility in the FST vs control rats 

(57.6% more, p=0.002) (Fig.14). No other differences were observed. 

Corticosterone 

Restrained rats displayed significantly lower plasma CORT following acute FST 

stress vs control rats (10.0% less, p=0.048) (Fig.15). 

Other Assays 

No differences in EPM (Fig.11) or locomotor activity (Table 1) were observed 

between groups.  

 

 

 
Fig.14: R rats were significantly more immobile 

than NR rats (p=0.002). 

 
 

Fig.15: R rats displayed significantly less 

plasma CORT immediately following an 

acute stressor (p=0.048). 

Figure 14: Forced Swim Test Figure 15: Plasma Corticosterone 

 

 Distance Traveled (cm) Ambulatory Counts Stereotypic Counts 

NR 1646±117 803±78 1383±37 

R 1771±134 839±76 1403±66 
 

Table 1: No differences in locomotor activity were observed between groups.  

Table 1: Pilot Locomotor Activity 
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Correlation Analysis 

Restraint period weight gain correlated with sucrose preference (r=0.658, p=0.020), 

and novel object discrimination (r=-0.723, p=0.008). Distance traveled correlated with 

ambulatory counts (r=0.950, p<0.001). Discrimination between novel and familiar 

locations correlated with immobility (r=-0.634, p=0.027), and climbing in the FST 

(r=0.654, p=0.021). Immobility correlated with swimming in the FST (r=-0.774, p=0.003), 

and with plasma CORT (r=-0.606, p=0.037). Correlation data charted in Appendix C.1. 

Experiment 1 

 

Figure 16: Weight Gain 

 

Figure 17: Sucrose Preference 

 

Figure 18: Elevated Plus Maze 

Fig.16: No differences in weight gain were 

observed among groups. 

 

Fig.17: No differences in sucrose prefer-

ence were observed among groups. 

 

Fig.18: No differences in time spent in 

open or closed arms were observed among 

groups. 
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Forced Swim Test 

A difference in swimming was detected between groups using one-way ANOVA 

(F3,26=4.239, p=0.016) (Fig.21). Post-hoc analysis found that RSAL rats swam 

significantly less than NRSAL (67.0% less, p=0.002), but not RFLX or RDES rats. 

Variability introduced by RFLX obfuscated differences in immobility between RSAL, 

RDES, and NRSAL rats. However, by excluding the RFLX group, ANOVA analysis 

detected a significant difference in immobility among groups (F2,19=4.477, p=0.027). Post-

hoc analysis found that RSAL rats were significantly more immobile than NRSAL (106.3% 

more, p=0.017), but no other pairwise differences.  

 

Figure 19: Novel Object Recognition 

 

Figure 20: Object Location Recognition 

 

Figure 21: Forced Swim Test 

Fig.19: No difference in object recognition 

was observed among groups. 

Fig.20: No difference in object location 

recognition was observed among groups. 

 

Fig.21: RSAL rats were significantly more 

immobile (p=0.017) and swam 

significantly less (p=0.002) than NRSAL 

rats, but were not different from RFLX or 

RDES rats. 
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Other Assays 

No differences in weight gain (Fig.16), SPT (Fig.17), EPM (Fig.18), LCA (Table 

2), NOR (Fig.19), OLT (Fig.20), serum CORT (Fig.22), or serum BDNF (Fig.23) were 

observed among groups using ANOVA or t-test as appropriate.  

Correlation Analysis 

Treatment period weight gain correlated with sucrose preference (r=0.141, 

p=0.032). Distance traveled correlated with time spent in open arms (r=0.474, p=0.013), 

ambulatory counts (r=0.957, p<0.001), and stereotypic counts (r=0.654, p<0.001). 

Stereotypic counts correlated with ambulatory counts (r=0.544, p=0.003). Novel object 

discrimination correlated with number of fecal boli passed (r=-0.385, p=0.048). Immobility 

 Distance Traveled (cm) Ambulatory Counts Stereotypic Counts 

NRSAL 958±87 680±71 1317±49 

RSAL 1074±117 786±112 1345±72 

RDES 925±77 671±61 1303±82 

RFLX 903±61 657±49 1291±60 
 

Table 2: No differences in locomotor activity were observed among groups.  

Table 2: Experiment 1 Locomotor Activity 

  

Figure 23: Serum BDNF 

Fig.23: No differences in serum BDNF 

were observed among groups. 

Figure 22: Serum Corticosterone 

Fig.22: No differences in serum CORT 

were observed among groups. 
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correlated with swimming (r=-0.913, p<0.001), and climbing in the FST (r=-.440, 

p=0.022), and to serum CORT (r=-0.432, p=0.025). Serum BDNF correlated with serum 

CORT (r=0.458, p=0.016). Correlation data illustrated in Appendix C.2. 

Experiment 2  

Weight Gain 

Using t-test analysis, restrained rats (RSAL, RFLX, and RDES) gained 

significantly less (24.2% less) weight than NRSAL rats during the restraint period 

(t18=4.291, p<0.001) (Fig.24). No other differences in weight gain were detected among 

groups. 

Locomotor Activity 

Evaluation with ANOVA detected a significant difference among groups in 

distance traveled (cm) (F3,19=4.528, p=0.018). Post-hoc comparisons found that RFLX 

(p=0.005) and RDES (p=0.009) traveled significantly less distance than NRSAL, but were 

not different from RSAL (Table 3). NRSAL and RSAL were not different from each other. 

  

Figure 25: Sucrose Preference 

Fig.25: No differences in sucrose preference 

were observed among groups. 

Figure 24: Weight Gain 

Fig.24: aCRS (RSAL, RDES, RFLX) rats 

gained significantly less weight than 

NRSAL rats during the restraint period 

(p<0.001). No other differences were 

observed among groups. 
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Similarly, ANOVA detected significant differences among groups in ambulatory 

counts (F3,19=4.470, p=0.018) and stereotypic counts (F3,19=4.161, p=0.023). Post-hoc 

comparisons found that RFLX (p=0.005) and RDES (p=0.009) displayed fewer ambulatory 

counts than NRSAL, but were not different from RSAL, and that RFLX (p=0.007) 

displayed fewer stereotypic counts than NRSAL, but were not different from RSAL or 

RDES. NRSAL and RSAL were not different from each other, and RDES was not different 

from NRSAL or RSAL in stereotypic counts (Table 3).  

Forced Swim Test 

There were significant differences among groups in immobility (F3,19=4.357, 

p=0.020) and swimming (F3,19=4.497, p=0.018) during the FST (Fig.28). Post-hoc analysis 

found that RSAL rats were significantly more immobile (193.8% more, p=0.003), swam 

significantly less (95.2% less, p=0.004), and climbed significantly less (86.2% less, 

p=0.018) than NRSAL rats, but were not different from RFLX or RDES rats. RFLX and 

RDES rats were not different from NRSAL rats.  

Other Assays 

No differences were seen in SPT (Fig.25), NOR (Fig.26), OLT (Fig.27), urinary 

(Fig.29) or serum CORT (Fig.30), or serum BDNF (Fig.31).  

 Distance Traveled (cm) Ambulatory Counts Stereotypic Counts 

NRSAL 1897±270 1556±242 1457±16 

RSAL 1453±224 1152±224 1434±86 

RDES 1095±111** 818±99** 1209±41 

RFLX 1013±92** 735±77** 1310±58** 
 

Table 3: RFLX (p=0.005) and RDES (p=0.009) rats traveled significantly less distance than NRSAL, 

but were not different from RSAL rats. RFLX (p=0.005) and RDES (p=0.009) rats displayed 

significantly fewer ambulatory counts than NRSAL, but not RSAL rats. RFLX rats displayed 

significantly fewer stereotypic counts than NRSAL rats, but were not different from RSAL or RDES. 

NRSAL and RSAL were not different from each other. RFLX and RDES were not different from each 

other. 

 

Table 3: Experiment 2 Locomotor Activity 
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Correlation Analysis 

Weight gain during restraint correlated with stereotypic counts (r=0.450, p=0.047). 

Distance traveled correlated with ambulatory counts (r=0.998, p<0.001), stereotypic counts 

(r=0.612, p=0.004), and to serum CORT (r=0.560, p=0.010). Ambulatory counts correlated 

with serum CORT (r=0.560, p=0.010). Stereotypic counts correlated with ambulatory 

counts (r=0.628, p=0.003), and to serum BDNF (r=0.485, p=0.030). Number of fecal boli 

passed correlated with immobility (r=0.459, p=0.042) and climbing in the FST (r=-0.478, 

p=0.033). Immobility correlated with swimming (r=-0.924, p<0.001), and climbing in the 

FST (r=-0.725, p<0.001). Treatment period change in urinary CORT correlated with 

 

Figure 26: Novel Object Recognition 

 

Figure 27: Object Location Recognition 

 

Figure 28: Forced Swim Test 

Fig.26: No differences object recognition 

were observed among groups. 

 

Fig.27: No differences in location 

recognition were observed among groups. 

 

Fig.28: RSAL rats were significantly more 

immobile (p=0.003), swam less (p=0.004), 

and climbed less (p=0.018) than NRSAL, 

but not RFLX or RDES rats. No other 

differences were observed. 
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restraint period change in urinary CORT (r=-0.512, p=0.036), and to object location 

discrimination (r=-0.634, p=0.006). Correlation data charted in Appendix C.3. 

 

Experiment 3 

Weight Gain 

Using t-test analysis, no differences in weight gain were observed during the 

restraint period, but during the maturation period (from final restraint session to first 

injection), aCRS rats (RSAL and RDES) gained significantly more weight than control rats 

 

Figure 29: Urinary Corticosterone 

 

Figure 30: Serum Corticosterone 

 

Figure 31: Serum BDNF 

Fig.29: No differences in urinary CORT 

were observed among groups. 

 

Fig.30: No differences in serum CORT 

were observed among groups. 

 

Fig.31: No differences in serum BDNF 

were observed among groups. 



   53 
 

 
 

(61.8% more, p=0.024) (fig.32). No other differences were observed, and no differences in 

food intake were observed (Fig.33).  

 Distance Traveled (cm) Ambulatory Counts Stereotypic Counts 

NRSAL 1476±136 1203±141 1157±27 

RSAL 1141±125 903±117 1202±86 

RDES 1083±87 818±74 1206±93 
 

Table 4: No differences in locomotor activity were observed among groups. 

Table 4: Experiment 3 Locomotor Activity 

  

Figure 35: Elevated Plus Maze 

Fig.35: No differences in time spent in open 

or closed arms were observed among groups. 

Figure 34: Sucrose Preference 

Fig.34: No differences in sucrose preference 

were observed among groups. 

  

Figure 33: Food Intake 

Fig.33: No differences in food intake were 

observed among groups. 

Figure 32: Weight Gain 

Fig.32: aCRS rats (RSAL and RDES) 

gained significantly more weight than 

NRSAL rats during the maturation period 

(p=0.024). No other differences were 

observed among groups. 
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Object Location Recognition 

Period (restraint, maturation, treatment) significantly influenced novelty 

discrimination during OLT (F2,47=3.445, p=0.036), but no significant interactions between 

variables or differences among groups were observed (Fig.37).  

Forced Swim Test 

Significant differences in immobility (F2,14=6.186, p=0.014) and swimming 

(F2,14=6.123, p=0.015) were detected among groups during FST (Fig.38). Post-hoc analysis 

found that RSAL rats were significantly more immobile than NRSAL (262.9% more, 

p=0.009) and RDES rats (212.5% more, p=0.012), and swam significantly less than 

NRSAL (71.5% less, p=0.006) and RDES rats (66.8% less, p=0.021). NRSAL and RDES 

rats were not different from each other.  

Other Assays 

No differences in fecal boli (Fig.39), SPT (Fig.34), EPM (Fig.35), LCA (Table 4), 

NOR (Fig.36), UTI weight (Fig.43-44), urinary (Fig.41) or serum CORT (Fig.42), or serum 

BDNF (Fig.40) were observed.  

 

  

Figure 37: Object Location Recognition 

Fig.37: No differences in object location 

recognition were observed among groups. 

Figure 36: Novel Object Recognition 

Fig.36: No differences in novel object 

discrimination were observed among groups. 
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Correlation Analysis 

Restraint period weight gain correlated with restraint period food intake (r=0.641, 

p=0.007), treatment period food intake (r=0.639, p=0.008), restraint period location 

discrimination (r=0.526, p=0.036), distance traveled (r=0.563, p=0.023), and ambulatory 

counts (r=0.550, p=0.027). Restraint period food intake correlated with treatment period 

 

Figure 38: Forced Swim Test 

 

Figure 39: Fecal Boli 

 

Figure 40: Serum BDNF 

Fig.38: RSAL rats were significantly more 

immobile than NRSAL (**p=0.009) and 

RDES rats (†p=0.012) and swam 

significantly less than NRSAL 

(**p=0.006) and RDES rats (†p=0.021). 

NRSAL and RDES were not different 

from each other. 

 

Fig.39: No difference in number of fecal 

boli was observed among groups. 

 

Fig.40: No difference in serum BDNF was 

observed among groups. 
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food intake (r=0.544, p=0.029), and climbing during the FST (r=-0.721, p=0.002). 

Maturation period food intake correlated with treatment period food intake (r=0.776,  

p<0.001). Treatment period weight gain correlated with maturation period sucrose 

preference (r=-0.697, p=0.006), treatment period sucrose preference (r=0.559, p=0.030), 

immobility (r=0.518, p=0.048) and swimming during the FST (r=-0.556, p=0.031), and 

maturation period change in urinary CORT (r=-0.595, p=0.015).  

Restraint period sucrose preference correlated with time spent in the open arms of 

the EPM (r=0.518, p=0.040). Maturation period sucrose preference correlated with 

maturation period location discrimination (r=0.641, p=0.014), immobility (r=-0.601, 

p=0.030) and swimming during the FST (r=0.598, p=0.031). Treatment period sucrose 

preference correlated with treatment period location discrimination (r=0.592, p=0.020) and 

serum CORT (r=0.548, p=0.034).  

Maturation period location discrimination correlated with distance traveled 

(r=0.559, p=0.024), ambulatory counts (r=0.561, p=0.024), immobility (r=-0.537, 

  

Figure 42: Serum Corticosterone 

Fig.42: No difference in serum CORT 

observed among groups. 

Figure 41: Urinary Corticosterone 

Fig.41: No differences in change in urinary 

CORT were observed among groups. 
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p=0.039) and swimming in the FST (r=0.550, p=0.034), and restraint period (r=-0.621, 

p=0.013) and treatment period change in urinary CORT (r=0.675, p=0.008).  

Distance traveled correlated with ambulatory counts (r=0.990, p<0.001), time spent 

in the open arms of the EPM (r=0.554, p=0.032), immobility (r=-0.564, p=0.049), and 

swimming in the FST (r=0.603, p=0.017), to serum CORT (r=0.599, p=0.014), and to 

uterine weight (r=0.530, p=0.035). Ambulatory counts correlated with immobility (r=-

0.517, p=0.049), swimming (r=0.554, p=0.032), serum CORT (r=0.627, p=0.009), and 

uterine weight (r=0.559, p=0.025). Immobility correlated with climbing (r=-0.534, 

p=0.040) and swimming in the FST (r=-0.972, p<0.001).  

Serum CORT correlated with uterine weight (r=0.501, p=0.048). Serum BDNF 

correlated with restraint period (r=0.643, p=0.010) and maturation period change in urinary 

CORT (r=-0.507, p=0.045), and with uterine weight (r=0.508, p=0.045). Correlation data 

charted in Appendix C.4. 

  

Figure 44: Uterine Weight Distribution 

Fig.44: Uterine weights were not normally 

distributed. 

Figure 43: Mean Uterine Weight 

Fig.43: No difference in mean uterine 

weight was observed among groups. 
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Experiment 4 

Weight Gain and Food Intake 

Weight gain evaluated with a three-way repeated measures ANOVA for age, 

restraint status, and treatment did not meet the criteria for sphericity (Χ2=7.858, df=2, 

p=0.020, ε=0.720). Food intake evaluated with a three-way repeated measures ANOVA 

for age, restraint status, and treatment met the criteria for sphericity. The within-subjects 

effect of age on weight gain were significant (F2,34=309.656, p<0.001), 1-β=1.00), and 

there were significant interactions between age and restraint status (F2,34=14.644, p=0.001, 

1-β=0.97), and age and treatment (F2,34=11.107, p=0.001, 1-β=0.95), but not age, restraint 

 

Figure 45: Weight Gain 

 
Figure 47: Sucrose Preference 

 

Figure 46: Food Intake 

Fig.45: aCRS rats (RSAL and RDES) gained 

significantly less weight during the restraint 

period than non-aCRS rats (NRSAL and 

NRDES) (p<0.001). Desipramine rats 

(NRDES and RDES) gained significantly less 

weight during the treatment period than the 

saline rats (NRSAL and RSAL) (p<0.001). No 

other differences were observed. 

 

Fig.46: Desipramine rats (NRDES and RDES) 

ate significantly less food during the treatment 

period than the saline rats (NRSAL and RSAL) 

(p=0.020). No other differences were observed. 

 

Fig.47: No difference in sucrose preference 

was observed among groups. 
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status, and treatment. The within-subjects effect of age on food intake were significant 

(F2,34=9.787, p=0.001, 1-β=0.97), but there were no significant interactions. These results 

are unsurprising, as the restraint period and the treatment periods occurred at different ages, 

and rats grow at different rates during early, middle, and late adolescence. As no 

interactions between age, restraint status, and treatment were detected in either measure, 

weight gain and food intake were reanalyzed using two-way ANOVA to detect differences 

among groups for each treatment period. 

When comparing weight gained during the restraint period using two-way 

ANOVA, aCRS rats (RSAL and RDES) gained significantly less weight than non-aCRS 

rats (NRSAL and NRDES) (21.3% less, F1,24=20.627; p<0.001; 1-β=0.99) (Fig.45). While 

aCRS rats tended to eat less than non-aCRS rats during this time, the difference was not 

significant (Fig.46).  

During the maturation period, there were no differences among the groups in weight 

gain or food intake. However, during the treatment period, desipramine rats (NRDES and 

RDES) gained weight at a significantly lower rate than saline rats (NRSAL and RSAL) 

(36.4% less, F1,24=29.767; p<0.001; 1-β=1.00) (Fig.45). Desipramine rats ate significantly 

less than saline rats during the treatment period (10.3% less, F1,22=6.476; p=0.02; 1-

β=0.60), although the power of this analysis is low (Fig.46). Note that the food intake 

measurements for four animals were excluded due to accidental overfeeding by a weekend 

vivarium attendant, so that for maturation period food intake RDES n=6, the maturation 

and treatment periods NRSAL n=5, and NRDES n=6 during the treatment period.  
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Object Recognition 

A significant interaction between restraint status and treatment was observed in the 

ability to discriminate between novel and familiar objects (F1,24=5.576, p=0.028). Post-hoc 

analysis found that RSAL rats displayed significantly impaired discrimination compared 

to NRSAL rats (24.7% reduced, p=0.011), but no other differences were observed among 

groups (Fig.51).  

Fecal Boli 

The main effect of treatment (saline or desipramine) increased number of fecal boli 

passed during pre-exposure to the FST (F1,24=5.575, p=0.028), as well as a significant 

interaction between restraint status and treatment (F1,24=8.817, p=0.007). Post-hoc analysis 

  

Figure 49: Elevated Plus Maze 

Fig.49: No differences were observed in 

time spent in open or closed arms of the 

EPM among groups. 

Figure 48: Open Field Test 

Fig.48: No difference was observed in time 

spent in center area of the open field arena 

among groups. 

 Distance Traveled (cm) Ambulatory Counts Stereotypic Counts 

NRSAL 1321±162 919±94 1442±57 

NRDES 1639±157 874±118 1371±97 

RSAL 1624±76 739±30 1289±69 

RDES 1726±126 821±78 1217±85 
 

Table 5: No differences in locomotor activity were observed among groups. 

 

Table 5: Experiment 4 Locomotor Activity 
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found that RSAL rats passed significantly fewer fecal boli than NRSAL (29.6% fewer, 

p=0.035) and RDES rats (40.9% fewer, p=0.001). NRDES rats were not different from 

NRSAL or RDES rats.  

Forced Swim Test  

A significant interaction between restraint status and treatment was observed in 

immobility in the FST (F1,23=7.824, p=0.011). Post-hoc analysis found that RSAL rats were 

significantly more immobile than NRSAL (131.5% more, p=0.002) and RDES rats 

(267.7% more, p<0.001) (Fig.53). A significant interaction between restraint status and 

treatment was observed in swimming in the FST (F1,23=4.703, p=0.042). Post-hoc analysis 

 

Figure 50: Novel Object Recognition 

 
Figure 52: Fecal Boli 

 

Figure 51: Object Location Recognition 

Fig.50: RSAL rats displayed significantly 

impaired object recognition vs NRSAL rats 

(p=0.011). No other differences were observed. 

 

Fig.51: No differences were observed in object 

location recognition among groups. 

 

Fig.52: RSAL rats passed significantly fewer 

fecal boli than NRSAL (*p=0.035) and RDES 

rats (††p=0.001). 
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found that RSAL rats swam significantly less than NRSAL (58.6% less, p=0.001) and 

RDES rats (63.4% less, p<0.001). A significant interaction between restraint status and 

treatment was observed in climbing in the FST (F1,23=4.860, p=0.039), but no differences 

observed among groups. NRDES rats were 

not different from NRSAL or RDES rats 

(Fig.53).  

Other Assays 

No differences in sucrose preference 

(Fig.47), OFT (Fig.48), EPM (Fig.49), 

locomotor activity (Table 5), urinary 

(Fig.54) or serum CORT (Fig.55), uterine 

weight (Fig.56-57), or HIP weight (Fig.58) 

were observed among groups.  

 

 

Figure 53: Forced Swim Test 

Fig.53: RSAL rats were significantly more 

immobile than NRSAL (**p=0.002) and 

RDES rats (†††p<0.001), and swam 

significantly less than NRSAL (**p=0.001) 

and RDES rats (†††p<0.001). No other 

differences were observed among groups. 
  

  

Figure 55: Serum Corticosterone 

Fig.55: No differences were observed in 

serum CORT among groups. 

Figure 54: Urinary Corticosterone 

Fig.54: No differences were observed in 

change in urinary CORT among groups. 
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Correlation Analysis 

Restraint period weight gain correlated with restraint period food intake (r=0.571, 

p=0.003), immobility (r=-0.526, p=0.008) and swimming in the FST (r=0.566, p=0.005), 

and serum BDNF (r=-0.432, p=0.031). Restraint period food intake correlated with uterine 

weight (r=0.418, p=0.038). Maturation period weight gain correlated with treatment period 

weight gain (r=0.481, p=0.015), maturation period food intake (r=0.458, p=0.028), and 

  

Figure 57: Uterine Weight Distribution 

Fig.57: Uterine weights were not normally 

distributed. 

Figure 56: Mean Uterine Weight 

Fig.56: No difference was observed in 

uterine weight among groups. 

  

Figure 59: Serum and Brain BDNF 

Fig.59: No differences were observed in 

total BDNF among groups. 

Figure 58: Hippocampus Weight 

Fig.58: No difference was observed in HIP 

weight among groups. 
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serum CORT (r=0.511, p=0.009). Treatment period weight gain correlated with treatment 

period food intake (r=0.730, p<0.001), sucrose preference (r=0.526, p=0.008), and fecal 

boli passed (r=-0.415, p=0.039). Treatment period food intake correlated with sucrose 

preference (r=0.532, p=0.011) and uterine weight (r=0.600, p=0.002). 

 Sucrose preference correlated with HIP BDNF (r=-0.484, p=0.016). Number of 

fecal boli passed correlated with location discrimination (r=-0.409, p=0.042). Location 

discrimination correlated with serum CORT (r=-04.32, p=0.031). Time spent in open arms 

of EPM correlated with serum BDNF (r=-0.524, p=0.007). Distance traveled correlated 

with ambulatory counts (r=0.832, p<0.001) and stereotypic counts (r=0.503, p=0.010), and 

with time spent in open arms of the EPM (r=0.484, p=0.014). Immobility in the FST 

correlated with number of fecal boli passed (r=-0.533, p=0.007), climbing (r=-0.460, 

p=0.024) and swimming in the FST (r=-0.965, p<0.001), and serum BDNF (r=0.540, 

p=0.006). Swimming correlated with number of fecal boli passed (r=0.504, p=0.012), and 

serum BDNF (r=-0.507, p=0.012). Correlation data charted in Appendix C.5. 



  

65 
 

 

 

 

CHAPTER 5 

DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS 

The aCRS model of depression is novel in that it is a developmental stress model 

intended for use in freely cycling females. While aCRS has not been evaluated in males, 

and may eventually be shown effective in both sexes, it was developed as an alternative to 

the ovx rat model of depression, which is the only non-postpartum depression model 

specific to females. Administering E2 or progesterone to ovx rats allows for investigation 

of the behavioral modifications of the individual hormones, but not the influence of the 

reproductive cycle as a whole. Additionally, ovx rats may respond to antidepressants 

differently than intact, freely cycling rats134,135, further reducing the applicability of 

therapeutic research conducted in the ovx model of depression. While aCRS rats also 

respond differently to antidepressants than control rats, they better represent the human 

condition in non-aged, reproductively capable females.  

The dearth of female representation in behavioral studies is partially consequence 

of the cyclic nature of female sex hormones86, in that researchers traditionally tend to not 

use female subjects. The rat estrus cycle can be generally divided into three stages: 

proestrus, estrus, and diestrus86. During proestrus, E2 and progesterone spike and recede, 

precipitating the estrus stage, which occurs approximately 12 hours after proestrus, and 

during which the effects of transcription regulation modulate some behaviors. Compared 

to diestrus, rats in proestrus85,89 and estrus display fewer anxiety-like behaviors in the 



   66 
 

 
 

EPM85,89, but there is evidence that estrus cycle does not significantly influence FST 

behaviors in freely cycling rats72,90. In our study, aCRS robustly increased immobility in 

the FST without altering anxiety-like behaviors in the EPM or OFT. Also, uterine weight 

(an estimation of estrus cycle) was not correlated with depressive-like behaviors.  

The repeated correlations between uterine weight and locomotor activity 

(Appendix C.4,5) are consistent with the literature86. However, the relationships between 

restraint and treatment period food intake (Appendix C.5) are interesting. Treatment period 

food intake was measured two days prior to uterine dissection. If the animals were 

undergoing normal four-day cycles, then an animal experiencing estrus during the 

measurement of treatment period food consumption would be expected to be in diestrus at 

the time of uterine dissection86,136. As rats in estrus display reduced food consumption136, 

the correlation between reduced treatment period food intake and low uterine weight two 

days later is expected. However, treatment period food intake was also reduced by 

desipramine in Experiment 4 (Fig.46), a result consistent with previous publications128. 

Given that desipramine reduced food intake by the same amount in both aCRS and non-

aCRS rats (Fig.46), it is reasonable to infer that desipramine-specific appetite reductions 

(and subsequent attenuation of weight loss) are attributable to desipramine and independent 

of restraint status. However, when comparing the distribution of uterine weights by 

treatment group (Fig.57), very little difference is visible between NRSAL and NRDES 

groups, or between RSAL and RDES groups, but NRDES and RDES groups appear to be 

distributed very differently (Fig.57). NRSAL and NRDES rats had evenly distributed 

uterine weights ranging between approximately 200 and 900 mg, with median uterine 

weights of approximately 500 and 400 mg, respectively. RSAL and RDES rats had uterine 
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weights ranging between approximately 150 and 750 mg, and median uterine weights of 

approximately 250 mg. Furthermore, the entire third quartile for both RSAL and RDES 

groups was less than 350 mg. This suggests that the correlation between reduced treatment 

period food consumption and low uterine weight cannot be considered a consequence of 

desipramine-related anorexia, or that estrus cycling was disrupted by chronic desipramine. 

Despite this, there is evidence presented in the literature that desipramine reduces 

behavioral changes associated with estrus137, and that freely cycling female rats are less 

responsive to desipramine’s antidepressant effects than ovx rats138.  

The non-normal distribution of uterine weights suggests (Fig.44, 57) that aCRS rats 

do not cycle normally, an assertion supported by the correlations between restraint period 

weight gain and food intake (rats that ate less food gained less weight), and restraint gain 

food intake and uterine weight at time of dissection (rats that ate less food had lower uterine 

weights at time of dissection) (Appendix C.4, 5). Although the mechanism responsible for 

the seeming reduction in uterine weight is unclear, chronic desipramine did not influence 

uterine weight in aCRS or control rats (Fig.43, 56). One possibility worth exploring might 

be reduced production of E2 and/or progesterone, resulting in disrupted or attenuated estrus 

cycles. Another possible mechanism might be reduced response to sex hormones due to 

downregulation of the corresponding receptors. Future investigations into the aCRS model 

should include estrus cycle monitoring and evaluation of circulating E2, progesterone, and 

estrogen receptors. 

E2 inhibits glucocorticoid-dependent negative feedback of the HPA axis via ERα31, 

meaning that ERα activity impairs downregulation of HPA-axis reactivity by chronically 

elevated CORT. Unsurprisingly, uterine weight positively correlated with serum CORT 
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(Appendix C.5), despite no significant differences observed in uterine weight (Fig.43, 56), 

urinary CORT (Fig.41, 54), or serum CORT (Fig.42, 55). However, we expected number 

of fecal boli passed during acute stress to correlate positively with serum CORT, but no 

significant correlation was observed between the two measures. Colonic hypersecretion is 

a function of stress-induced CRF1 activation125 via the HPA-axis and downstream actions 

of serotonin at gastrointestinal 5-HT3 and 5-HT4 receptors139. CRF1 also elevates 

circulating CORT via ACTH. The apparent lack of relationship between serum CORT and 

fecal boli passed in response to acute stress suggests dysregulation of the CNS CRF1 

receptor and/or the gastrointestinal serotonergic receptors in aCRS rats. Significant 

differences were observed in number of fecal boli passed during a 15-minute swim 

(Fig.52), but not in urinary (Fig.54) or serum CORT (Fig.55). Interestingly, RSAL rats 

passed significantly fewer fecal boli than NRSAL rats, indicating reduced colonic response 

to acute stress, but RDES rats passed significantly more fecal boli, indicating 

hyperreactivity (Fig.52). Additionally, RDES rats tended toward increased serum CORT, 

suggesting that aCRS alters the development and regulation of the CNS-gut pathway, and 

that desipramine increases the functionality of the abnormally developed pathway. 

Developmental differences might be found in CRF1 expression of the CNS or in 

gastrointestinal 5-HT receptor expression, and future investigations into the aCRS model 

should include these pathways. 

Despite R and RSAL rats consistently displaying robust depressive-like behavior 

in the FST (Fig.14, 21, 28, 38, 53), no significant differences were observed in serum 

BDNF (Fig.23, 31, 40, 59) or BDNF in the HIP or FCX (Fig.59). Unexpectedly, serum 

BDNF correlated positively with immobility and restraint period change in urinary CORT 
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(Appendix C.5). In this, our results are not consistent with much of the literature3,39,55,56. 

Furthermore, serum BDNF did not correlate with HIP or FCX BDNF, and was most 

disproportionate in RSAL rats, which displayed 64.6% more BDNF in serum than in the 

FCX, and 57.1% more BDNF in the serum than the HIP (Fig.59). Interpreted in the context 

provided by the literature, in which HIP neurons rapidly transform proBDNF to mBDNF60, 

and proBDNF is overexpressed in MDD patients60–62 and associated with depressive-like 

behaviors in rats63, RSAL rats may have an elevated serum proBDNF/mBDNF ratio. 

However, while chronic stress has been shown to increase proBDNF in adult rats63, we 

were unable to find reports of investigations into the consequences of adolescent stress on 

proBDNF or mBDNF expression. Unfortunately, we used a commercial BDNF ELISA 

unable to distinguish between proBDNF and mBDNF, and so can only speculate to 

recommend targets of future investigations. 

HIP BDNF correlated with sucrose preference (Appendix C.5), but was unrelated 

to all other measures. With the exception of the Pilot study (Fig.10), no differences were 

observed in sucrose preference, and considerable variability was observed among groups 

and between experiments (Fig.17, 25. 34, 47). While disappointing, these results are 

consistent with literature and demonstrate the unreliability of the SPT as a measure of 

depressive-like behavior in female rats66,72. 

During the pilot study R rats displayed impaired location discrimination (Fig.13) 

but not object recognition (Fig.12) compared to NR rats. Subsequent experiments did not 

replicate these results. During experiment 1, RSAL rats tended to be less able to 

discriminate between novel and familiar locations, but this trend was not significant 

(Fig.20), possibly due to confounding by the stress challenge. During experiment 2, all 
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groups seemed universally impaired in both object (Fig.26) and location recognition 

(Fig.37). Experiment 3 was disrupted by unexpected electrical and structural renovations 

in the vivarium and colony rooms, and all the animals were exposed to intermittent 

environmental dysregulation, introducing confounding factors into the interpretation of the 

results. Additionally, the electrical renovations of the colony rooms did not include the dim 

lighting required to preserve the visual acuity of albino rats123. As shown in Fig.37, all 

groups in experiment 3 were unable to discriminate between novel and familiar locations 

by the final day of the experiment (Tnovel/Ttotal≈0.50), but were able to discriminate between 

novel and familiar objects (Fig.36; Tnovel/Ttotal≥0.50). We assumed that the universal 

impairments in location recognition were an artifact of stress from the vivarium renovation 

until we analyzed the results from Experiment 4. Experiment 4 was structured to prevent 

confounding by factors identified in previous experiments, such as stress challenge and 

early weaning. Despite RSAL’s impairment in this assay, all groups in Experiment 4 were 

able to discriminate between novel and familiar objects (which were distinguishable by 

shape, Fig.50, Tnovel/Ttotal≥0.50) but displayed a complete inability to discriminate between 

novel and familiar locations of identical objects (Fig.51, Tnovel/Ttotal≈0.50). This suggests 

that the rats suffered progressive degeneration of visual acuity from the bright lighting in 

the colony rooms, and were effectively blind. As one-trial recognition tests began by 

placing the rats in the center of the arena, the rats were unable to use visual cues to 

distinguish between novel and familiar locations. 

The behavioral differences displayed by NRDES and RDES animals in the FST are 

consistent in that swimming, but not climbing, behaviors were affected (Fig.21, 28, 38, 

53). However, they are inconsistent with most of the available literature, which 
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predominantly reports the effects of subacute desipramine in male or ovx rats. The single 

publication on the effect of desipramine on FST behaviors in freely cycling rats measured 

the behaviors of Wistar rats during daily 5-minute swims for 42 consecutive days in a 

shallow FST chamber, and a scoring system incompatible with the standard modified 

method137. The literature that has differentiated between active behaviors in the FST has 

consistently reported significantly more climbing behaviors elicited by desipramine69–71. 

While most of the studies reported increased climbing used subacute dosing (three doses 

in 24 hours prior to testing), one used a chronic dosing regimen with a final dose given 30 

minutes prior to testing69, and another used a chronic dosing regimen via osmotic pump70. 

Our studies vary from these dosing regimens in that desipramine was administered 

chronically SC, and the final dose was given 19-24 hours prior to testing. Previous research 

has established that the antidepressant-like effects of chronic desipramine persist for days 

after the final dose, and correspond to downregulation of NET in the HIP and cerebral 

cortex140,141. Unfortunately, whether the persistent reduction in immobility was attributable 

to increased swimming or increased climbing was not specified, and only male SD rats 

were used140,141. Furthermore, the studies found no effect of 5 mg/kg/day desipramine in 

otherwise healthy male rats140,141. This is consistent with our NRDES group, and suggests 

that our RDES rats may be more sensitive to desipramine than control rats. However, 

desipramine administered prior to the FST reportedly increases climbing behavior, even at 

doses too low to decrease immobility70. The lack of increased climbing by NRDES and 

RDES rats suggests that desipramine-related climbing reported in previous studies69,71 is 

the consequence of an acute response rather than an antidepressant effect.  
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With the exception of the antidepressant groups of Experiment 2 (antidepressant-

related reduction of mobility has occasionally been reported, but not explained138), there 

were no differences in the EPM or LCA behaviors among groups. However, we observed 

a positive correlation between open arm time in the EPM and distance traveled in the LCA. 

Distance traveled and open arm time are parallel measures of exploratory behaviors, thus 

this correlation is expected. Furthermore, positive correlations were observed between all 

the LCA measures. This was not surprising because these are all measures of locomotor 

activity, therefore, the motor behaviors are not mutually exclusive.  

Summary, Future Directions 

Thorough evaluation of the strengths and weaknesses of the aCRS model is 

necessary for a comprehensive interpretation of the data presented in this dissertation. We 

have shown that the aCRS model satisfies both face and predictive validity criteria. Robust 

and reproducible depressive-like behavior, but not anxiety-like behavior, is observed in 

adult female rats exposed to aCRS. Moreover, depressive-like behavior is attenuated by 

chronic treatment with the antidepressant desipramine. We have also demonstrated that 

aCRS increases depressive-like behaviors in freely cycling, young adult rats that have not 

been surgically altered or selectively bred – conditions that resemble the human 

demographic most likely to experience depression. However, the entire post-adolescent 

lifespan of the rats was not evaluated in the experiments presented here, so it unknown as 

to how far into adulthood depressive-like behaviors would still be observed after restraint. 

Additionally, while the aCRS model does satisfy both face and predictive validity criteria, 

our measures of construct validity (CORT and BDNF) were highly variable and 

inconsistent between experiments, as well as with the literature. There is only data available 
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in female subjects. This was by design for this study, as females are not extensively utilized 

in preclinical depression research. However, data for male subjects will also need to be 

gathered in order to have an inclusive representation of both sexes. 
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APPENDIX A 

EQUIPMENT 

 

   

1: Elevated Plus Maze 

2: Open Field Arena 

3: Forced Swim Test 
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APPENDIX B 

OBJECTS USED IN ONE-TRIAL RECOGNITION TESTS 
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APPENDIX C 

CORRELATION ANALYSES 
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1: Pilot  

1: A) Restraint period weight gain correlated with sucrose preference 

(p=0.020), and B) object discrimination (p=0.008). C) Distance trav-

eled correlated with ambulatory counts (p<0.001). D) Immobility cor-

related with location discrimination (p=0.027), E) swimming 

(p=0.003), and F) plasma CORT (p=0.037). G) Climbing correlated 

with location discrimination (p=0.021). 
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2: Experiment 1 

Fig.25: A) Treatment period weight gain correlated with sucrose 

preference (p=0.032). B) Distance traveled (cm) correlated with 

time spent in the open arms of the EPM (p=0.013), C) stereotypic 

counts (p<0.001), and D) ambulatory counts (p<0.001). E) 

Ambulatory counts correlated with stereotypic counts (p=0.003). 

F) Fecal boli correlated with novel object discrimination 

(p=0.048). G) Immobility correlated with swimming (p<0.001), 

H) and climbing in the FST (p=0.022), and with I) serum CORT 

(p=0.025). J) Serum BDNF correlated with serum CORT 

(p=0.016). 
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4: A) Restraint period weight gain correlated with restraint period food intake (p=0.007), B) 

ambulatory counts (p=0.027), C) distance traveled (p=0.023), D) restraint period location recognition 

(p=0.036), and E) treatment period food intake (p=0.008). F) Restraint period food intake correlated 

with climbing (p=0.002) and G) treatment period food intake (p=0.029). H) Maturation period food 

intake correlated with treatment period food intake (p<0.001). I) Treatment period weight gain 

correlated with maturation period sucrose preference (p=0.006), J) treatment period sucrose 

preference (p=0.030), K) immobility (p=0.048) and L) swimming in the FST (p=0.031), and M) 

maturation period change in urinary CORT. N) Maturation period location recognition correlated with 

distance traveled (p=0.024), O) ambulatory counts (p=0.024), P) immobility (p=0.039) and Q) 

swimming in the FST (p=0.034), R) restraint period change in urinary CORT (p=0.013), and S) 

treatment period change in urinary CORT (p=0.008). T) Maturation period location recognition 

correlated with maturation period sucrose preference (p=0.014) U) Treatment period location 

discrimination correlated with treatment period sucrose preference (p=0.020). V) Time spent in the 

open arms of the EPM correlated with restraint period sucrose preference (p=0.040). W) Distance 

traveled correlated with time spent in the open arms of the EPM (p=0.032), X) ambulatory counts 

(p<0.001), Y) serum CORT (p=0.034), and Z) uterine weight (p=0.025). AA) Immobility in the FST 

correlated with distance traveled (p=0.017), BB) ambulatory counts (p=0.049), CC) climbing 

(p=0.040) and DD) swimming in the FST (p=0.032), and EE) maturation period sucrose preference 

(p=0.030). FF) Swimming in the FST correlated with distance traveled (p=0.017) and GG) 

ambulatory counts (p=0.032). HH) Swimming in the FST correlated with maturation period sucrose 

preference (p=0.031). II) Uterine weight correlated with serum CORT (p=0.048) and JJ) serum 

BDNF (p=0.045). KK) Serum BDNF correlated with restraint period change in urinary CORT 

(p=0.010) and LL) maturation period change in urinary CORT (p=0.045). MM) Serum CORT 

correlated with treatment period sucrose preference (p=0.034) and NN) ambulatory counts (p=0.009). 

OO) Uterine weight correlated with ambulatory counts (p=0.025). 
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5: A) Restraint period weight gain correlated with restraint period food intake (p=0.003), B) 

immobility (p=0.008) and C) swimming in the FST (p=0.005), and D) serum BDNF (p=0.038). E) 

Restraint period food intake correlated with uterine weight (p=0.038). F) Maturation period weight 

gain correlated with treatment period weight gain (p=0.015), G) maturation period food intake 

(p=0.028), and H) serum CORT (p=0.009). I) Treatment period weight gain correlated with treatment 

period food intake (p=0.039), J) sucrose preference (p=0.008), and K) fecal boli passed (p=0.039). 

L) Treatment period food intake correlated with uterine weight (p=0.002) and M) sucrose preference 

(p=0.011). N) Object location recognition correlated with number of fecal boli passed (p=0.042), and 

O) serum CORT (p=0.031).  P) Time spent in the open arms of the EPM correlated with serum BDNF 

(p=0.007). Q) Distance traveled correlated with ambulatory counts (p<0.001), R) stereotypic counts 

(p=0.010), and S) time spent in the open arms of the EPM (p=0.014). T) HIP BDNF correlated with 

serum preference (p=0.016). U) Immobility correlated with number of fecal boli passed (p=0.007), 

V) climbing (p=0.024) and W) swimming in the FST (p<0.001), and with X) serum BDNF (p=0.006). 

Y) Swimming in the FST correlated with number of fecal boli passed (p=0.012) and Z) serum BDNF 

(p=0.012). 
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MERCER UNIVERSITY 

INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE 

APPLICATION FOR THE USE OF ANIMALS IN RESEARCH TEACHING AND TRAINING 
 

  
 
INSTRUCTIONS:  PLEASE TYPE. This document 
was prepared in Word as a form. Please enter 
information in the space indicated. All fields will adjust to 
allow spacing as needed. 
 
ANSWER ALL QUESTIONS AS COMPLETELY AS 
POSSIBLE. The information provided should address a 
specific project in its entirety. 
 
Acquire all necessary signatures before submitting to the 
Office of Research Compliance. 
ORC_Research@Mercer.edu 

For IACUC use only: 
 
Animal Protocol Number  A1403006_01 
 
Designated Reviewers: Drs. W. Jenkins & Uchakin 
 
Date Received     03/04/2014 
 
Date Approved 
 
 Biohazard  ___         HazChem ___        Radiation  ___ 
 
Approved by:  IBC ___       HCC  ___        RSC ___ 

 
 

Principal Investigator 
Renée L. Hayslett 

Title/Rank 
Assistant Professor 

Date 
3/4/14 

Campus Telephone  
678-547-6249 

Department 
Pharmaceutical Sciences 

Campus Address 
Atlanta Campus, Duvall 111 

Email Address 
Hayslett_rl@mercer.edu 

Campus FAX 
678-547-6423 

Project Title: Investigating the regulation of mood and cognition in an adolescent restraint stress model of depression
All Sponsoring Agencies (including Mercer University)  
Name and Mailing Address: 
Mercer University 
1400 Coleman Avenue 
Macon, GA 

Anticipated Starting Date of Project   
April 1, 2014 
Anticipated Completion Date   
March 31, 2017 

 
For which purpose will this animal activity protocol be conducted? 
 

(X)  Research (  ) Teaching (  ) Training 
 
Which status applies to this application? 
 

(X)  New (first submission of this animal activity protocol) 
 

(  )  Continuation without changes: Previous Animal Activity Protocol #   
 

(  )  Continuation with changes: Previous Animal Activity Protocol #   
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1. a.  Summary for the IACUC database.  In no more than two short sentences and with lay terminology, state the specific 
purpose(s) of the study.  This summary appears on IACUC agenda and minutes, on reports to the Institutional Official, and in 
the IACUC database.  Consequently, it must be reasonably representative of the study and easily understandable to community 
as well as professional members of the IACUC and University administration who are not familiar with your study area. 

The purpose of this study is to validate and use a chronic stress animal model of depression to investigate 
brain systems implicated in the cause of depression and memory problems in women, and to explore 
potential treatments for major depressive disorder.       
 

b.   Objectives and relevance.  Briefly state, using easily understandable LAY TERMINOLOGY, the specific objectives of 
the study and their relevance in advancing scientific knowledge and human or animal health.  If any reviewer, including one 
whose primary concerns are nonscientific, cannot understand this section, the application will be returned.  A scientific 
abstract from a grant application using technical terms is not acceptable. 

Major depressive disorder (MDD), commonly known as depression, affects approximately 14.8 million 
American adults, or about 6.7 percent of the U.S. population aged 18 and older in a given year. This 
disorder is two times more prevalent in women than men, and is associated with chronic stress. Stressful 
events during developmental periods, such as abuse or neglect during childhood and adolescence, are risk 
factors for developing depression and memory deficits in adulthood. The gender difference observed in 
MDD patients appears to arise post-puberty, suggesting that ovarian hormones may be involved in the 
cause of depression. In fact, women with a history of depression are more likely to experience depressive 
symptoms after significant declines in estrogen levels, i.e. post-partum and peri-and post-menopause. In 
addition, estrogen has been shown to increase the antidepressant effects of some drugs. Furthermore, 
depressed individuals are more likely to begin smoking and continue smoking compared to non-depressed 
individuals. It has been proposed that depressed individuals smoke cigarettes in an attempt to self-
medicate. Therefore, the association of smoking and depression is particularly important among women.  
 
Depression, as well as declines in estrogen levels, are correlated with memory impairment and 
neurodegeneration. Traditional antidepressant medications such as SSRIs, e.g., Prozac, often have 
adverse affects, including impairing psychomotor control, which is important for tasks such as driving a car. 
Estrogen, nicotine, and their analogs, have been shown to enhance memory as well as stimulate cell 
proliferation in brain regions implicated in memory and mood regulation.  
 
The objectives of this study are: to use an adolescent chronic restraint stress model of depression to 
determine the effects of estrogenic agents (in the form of 17β-estradiol, a natural estrogen; and, selective 
estrogen receptor modulators: compounds that mimic actions of estrogen) and nicotinic agents (selective 
nicotinic receptor agents: compounds that mimic actions of nicotine), alone and in combination with each 
other, on depressive-like behavior and memory function in female rats. In addition, the effects of standard 
antidepressants will be observed in the behavioral experiments in order to serve as a positive control and a 
point of comparison. Other objectives are to evaluate the effects of the treatment of estrogenic and nicotinic 
agents to female rats on brain systems implicated in regulating mood (regions called frontal cortex, 
hippocampus, amygdala, hypothalamus, nucleus accumbens) and compare the results with standard 
antidepressant drugs. Identifying how estrogen and nicotine may contribute to or alleviate symptoms of 
depression can lead to a better understanding of the neurobiology of the disease as well as development of 
more effective therapies for depression. 
 
2. Animal usage.  In ¶a - c, describe how animals will be used in the study: 
 

a. Outline the general experimental design.  Describe all procedures, other than surgeries, to be conducted on the animals, 
and designate the frequency with which they will be performed.  (Surgeries should only be mentioned here as they relate to 
the study design.  Descriptions of surgeries, anesthetics, analgesics, injections, etc., are requested elsewhere.)  State the 
rationale for using a particular species and for each procedure. 

 
i. Female rats will be commercially purchased and will serve as the animal model. Rats are 

extensively used in behavioral research and are an appropriate model to use in neuroscience 
research, as described below. Chronic restraint stress is widely used as a depression model in 
rats by inducing painless psychological stress, leading to predictable behavioral and physical 
changes similar to those seen in depressed humans. Chronic stress, particularly during 
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developmental periods such as adolescence, has been shown to cause depressive 
symptomology in adulthood. This has been observed in humans and animals. Restraint methods 
will be a variation of Barha, et al, 2011. Beginning P32, female rats will be held in a restraint tube 
daily for 60 minutes for 12 consecutive days. The rats will be placed in well-ventilated restraining 
tubes small enough to prevent them from moving freely, but not small enough to create physical 
discomfort. The rats will be monitored for the duration that they are held in the restraint tube. A 
representative tube is pictured below. The restraint will occur in a novel holding cage between 
8am and 4pm. Unrestrained rats will remain in their home cage, but in the same room as their 
stressed counterparts, during the restraint times. Restraint will occur out of sight of unrestrained 
rats. The restraining tubes will be cleaned with 7% isopropyl alcohol between episodes of 
restraint.  

 
Rats will not be restrained during P45-P59, and this time may be used for chronic treatment with 
an established antidepressant such as fluoxetine and/or another test compound. Behavioral 
testing will begin on P60.  
 
Sections ii-viii below describe the behavioral assays that will be used in this model. 

ii. The sucrose preference test is a widely used and well validated measure of anhedonia, a 
symptom of depression. Rats typically show preference for sucrose solution, and failure to do so 
is considered anhedonic behavior. This test will be performed in the week preceding behavioral 
testing, prior to any disruptive events (such as blood collection or habituation to behavioral assay 
locations). To accustom the rats to the sucrose solution, two drinking bottles will be offered for 
48 hours, one with water and one containing 2% sucrose solution. The drinking bottles will then 
be refilled, weighed, and replaced. After four days, the bottles will be removed and reweighed, 
and the percent sucrose solution consumed will be calculated by dividing the sucrose solution 
consumed by the total fluid consumed. The bottles will be moved from one side of the cage to 
the other daily to control for place preference for drinking. 
 

iii. The open field test was designed to study exploratory activity in rats and measures locomotor 
activity. The animal will be placed in a clear plastic box (measuring 17”x17”) for 10 minutes and 
horizontal and vertical ambulatory counts will be recorded. The chamber will be cleaned with 7% 
isopropyl alcohol after each use. This test is commonly used in conjunction with the Forced 
Swimming Test (FST) to control for nonspecific actions of a drug treatment. If a drug regimen 
increases general activity of the rat, then this could lead to a false positive antidepressant effect 
in the FST. The rat has been used extensively in the open field test to measure locomotor 
activity. This test will be employed in acute (single drug administration) and chronic (repeated 
drug administration) behavioral studies. This test will be employed in acute (single drug 
administration) and chronic (repeated drug administration) behavioral studies. Rats will receive 
subcutaneous injections of various doses of drugs, or the combination of drugs and then be 
tested in the open field. 
 

iv.  The forced swimming test (FST) is used for screening of antidepressant drugs and for the 
analysis of the neurobiological bases of depression. In this paradigm, rats are forced to swim 
and eventually adopt a floating posture identified as immobility behavior, which is considered an 
index of ‘behavioral despair.’ The subject is placed into a clear plastic cylinder (60 cm height x 
17 cm diameter) containing 30OC water that is 30 cm deep, so that the rat cannot support itself 
by touching the bottom of the tank with its paws. Animals will be subjected to a 15-minute 
training session 24 hours before the behavioral test on P60. The test session on P60 lasts for 5 
minutes and will be videotaped for later scoring. Fresh water will be used for each animal. 
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Scoring of the FST employs a sampling technique, in which the behavior (swimming, climbing, 
immobile) of the animal is recorded in 5-second intervals. The behavior of the rat in this test has 
been extensively studied and implicates depressive-like characteristics that can be extrapolated 
to human traits. This test will be employed in acute (single drug administration) and chronic 
(repeated drug administration) behavioral studies. Rats will receive subcutaneous injections of 
various doses of drugs, or the combination of drugs, and then be tested in the FST.   
 

v. The elevated plus maze (EPM) is used to measure anxious behavior of rats. The apparatus 
consists of four arms, 49 cm long and 10 cm wide, elevated 50 cm off the ground. Two of the 
four arms are enclosed by walls (30 cm high). At the beginning of the experiment, the rat will be 
placed at the junction of the arms and the time spent on open and closed arms will be recorded. 
The session lasts for 5 minutes and will be recorded for later scoring. The apparatus will be 
cleaned with 7% isopropyl alcohol after each session. An increase in time spent on the open 
arms indicates anti-anxiety behavior. This test will be employed in acute (single drug 
administration) and chronic (repeated drug administration) behavioral studies. This test will be 
employed in acute (single drug administration) and chronic (repeated drug administration) 
behavioral studies. Rats will receive subcutaneous injections of various doses of drugs, or the 
combination of drugs and then be tested in the EPM.     
 

vi. The novel object recognition task (NOR) is used to measure object recognition memory in rats. 
The rat will be allowed to explore an open field apparatus (described in iii) with two identical 
objects for five minutes and then returned to its home cage for an inter-trial interval of 1, 2, or 3 
hours. The rat will then be allowed to explore for five minutes the open field apparatus with one 
of the objects previously encountered and a novel object. More time spent exploring the novel 
object compared to the familiar object indicates recognition of the familiar object. The session 
will be videotaped for later scoring. The apparatus and all objects will be cleaned with 7% 
isopropyl alcohol between each session. Scoring of the NOR requires summing the time spent 
exploring each object. This test has been extensively used in rats and is a measure of memory 
function. This test will be employed in chronic (repeated drug administration) behavioral studies. 
Rats will receive subcutaneous injections of various doses of drugs, or the combination of drugs 
and then be tested in the NOR. 
 

vii. The object location recognition task (OLT) is used to measure spatial memory in rats. The rat will 
be allowed to explore an open field apparatus (described in iii) with two identical objects for five 
minutes and then returned to its home cage for an inter-trial interval of 1, 2, or 3 hours. The rat 
will then be allowed to explore for five minutes the open field apparatus with both of the objects 
previously encountered, one of which will be placed in the same location as it was previously, 
and one of which will be placed in a novel location. More time spent exploring the object in the 
novel location compared to the object in the familiar location indicates recognition of the familiar 
location. The session will be videotaped for later scoring. The apparatus and all objects will be 
cleaned with 7% isopropyl alcohol between each session. Scoring of the OLT requires summing 
the time spent exploring each object. This test has been extensively used in rats and is a 
measure of memory function. This test will be employed in chronic (repeated drug 
administration) behavioral studies. Rats will receive subcutaneous injections of various doses of 
drugs, or the combination of drugs, and then be tested in the OLT. 
 

viii. The ladder rung walking task is used to measure subtle motor impairments by measuring foot 
placement errors. The apparatus consists of a horizontal ladder built from two pieces of clear 
plastic measuring 1 meter long and 20 cm high. The metal rungs of the ladder can be arranged 
in a regular pattern or an irregular pattern. The apparatus will be cleaned between each session. 
The rat will be placed onto one end of the horizontal ladder and allowed to walk across the 
ladder to return to its home cage. The session will be videotaped for future scoring. Scoring the 
ladder rung walking task is done by counting and rating missed and nearly-missed foot 
placements. The behavior of the rat in this test unmasks subtle impairment of forebrain-regulated 
motor control. This test will be employed in acute (single dose administration) and chronic 
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(repeated dose administration) behavioral studies. Rats will receive subcutaneous injections of 
various doses of drugs, or the combination of drugs, and then be tested in the ladder rung 
walking task. 

 
Collection of blood and brain tissue 

ix. Blood will be collected at various time points during experiments to determine plasma 
concentrations of drugs and endogenous compounds. 
 

x. Brain tissue will be collected to determine effects of drug treatment on brain systems in several 
brain regions that have been implicated in mood regulation (regions: frontal cortex, 
hippocampus, amygdala, hypothalamus, nucleus accumbens). Brain systems include nicotinic 
receptors, the site of action of nicotine, estrogen receptors, the site of action of estrogen, brain 
derived neurotrophic factor (BDNF), serotonin, norepinephrine and dopamine receptors. BDNF, 
serotonin, norepinephrine and dopamine receptors have been implicated in the pathophysiology 
of depression; furthermore, some standard antidepressant medications mediate their actions 
through these receptors. Brain tissue will be collected to measure mRNA and protein levels of 
these brain systems subsequent to drug administration. These neurochemical experiments will 
provide insight to the neurobiological effect of the administered agents. 

 
b. Provide a detailed listing of animal group sizes (both experimental and control groups).  State the rationale for the size of 

each group and for the number of groups to be studied.  Inclusion of a diagram or table is highly recommended.  The 
application will be returned if this information is not presented with clarity and concision. 

 
The requested number of animals in each experiment is based on statistical requirements to detect 
significant effects of treatment on behavioral or neurochemical parameters.  

Several groups for the estrogenic, nicotinic and antidepressant agents are necessary in order to detect 
differences in behavioral response that may occur depending upon the dose or amount of drug 
administered. The dose for each agent that provides the most robust response in behavioral 
experiments will be used for combination drugs treatments as well as in neurochemical assays to 
detect changes in brain chemistry. These neurochemical changes resulting from drug administration 
may suggest a mechanism for the observed behavioral response. 
 
 
Behavioral Pharmacology Studies 

 

Agents  

 

Experiment Groups 

 

Number of Rats 

None 2 groups (Unrestrained, Restrained) x 10/group 20 

Nicotinic Receptor Agents: 
Dose Response with 
MFCD08282461 

5 groups (1 vehicle control, 1 positive control (e.g. 
SSRI), 3 treatment) x 10/group 

50 

Nicotinic Receptor Agents: 
Dose Response with PNU-
282897 

5 groups (1 vehicle control, 1 positive control (e.g. 
SSRI), 3 treatment) x 10/group 

50 

Nicotinic Receptor Agents: 
Dose Response with 
methyllylcaconitine (MLA) 

4 groups (1 vehicle control, 3 treatment) x 
10/group 

40 

Nicotinic Receptor Agents: 
MFCD08282461+ 
Antagonism with 
methyllycaconitine (MLA) 

4 groups (1 vehicle control, 3 treatment) x 
10/group 

40 

Nicotinic Receptor Agents: 
PNU-282897 + Antagonism 
with MLA 

4 groups (1 vehicle control, 3 treatment) x 
10/group 

40 
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Nicotinic Receptor Agents: 
MFCD08282461 + SSRI 

4 groups (1 vehicle control, 3 treatment) x 
10/group 

40 

Nicotinic Receptor Agents: 
PNU-282897 + SSRI 

4 groups (1 vehicle control, 3 treatment) x 
10/group 

40 

Estrogen Receptor Agents: 
Dose Response with 17β-
estradiol 

5 groups (1 vehicle control, 1 positive control (e.g. 
SSRI), 3 treatment) x 10/group 

50 

Estrogen Receptor Agents: 
Dose Response with 
Diarylpropionitrile (DPN) 

5 groups (1 vehicle control, 1 positive control (e.g. 
SSRI), 3 treatment) x 10/group 

50 

Estrogen Receptor Agents: 
Dose Response with ICI 
182,780 

4 groups (1 vehicle control, 3 treatment) x 
10/group 

40 

Estrogen Receptor Agents: 
DPN + Antagonism with ICI 
182,780 

4 groups (1 vehicle control, 3 treatment) x 
10/group 

40 

Estrogen Receptor Agents: 
DPN + SSRI 

4 groups (1 vehicle control, 3 treatment) x 
10/group 

40 

Combination: 

MFCD08282461 + DPN 

5 groups (1 vehicle control, 4 treatment) x 
10/group 

50 

Combination: 

PNU-282897 + DPN 

5 groups (1 vehicle control, 4 treatment) x 
10/group 

50 

TOTAL  640 

 
 

c. If statistical analyses will be performed, identify the particular methods and state the rationale for using them. 
Analysis of the data from the proposed behavioral and neurochemical experiments will usually require 
analysis of variance (ANOVA), since most experiments use more than two groups and/or multi-factor 
designs. When significant differences are obtained with ANOVAs, Tukey’s post hoc test will be applied to 
conduct individual comparisons between groups. In the event that comparisons between only two groups 
are needed, appropriate t-tests will be used to assess significant differences. Statistical analyses will be 
performed using SigmaStat software. Analysis of variance (ANOVA) followed by Tukey’s post hoc test will 
be performed to detect significant differences among drug treatment groups for behavioral or 
neurochemical studies.  
 
3. Alternatives, reduction, replacement, and refinement:   
 

a. Explain why you cannot use an alternative to the use of animals. 
Understanding the behavioral effects of neuroactive substances on animal models of depression 
requires experimental designs that can evaluate the effects of such drugs on representative symptoms. 
Such observations are only possible in established animal models. Moreover, understanding the 
neurochemical bases of drug effects also requires measurements of appropriate neurochemicals in 
specific brain regions of such animals. Therefore, there is no in vitro substitute. 
 

b. Explain why you cannot reduce the number of animals needed further than what you have specified. 
The requested number of animals in each experiment is based on statistical requirements to detect 
significant effects of treatment on behavioral or neurochemical parameters. 
 

c. Explain why you cannot replace your choice(s) of species with a lower species. 
Prior relevant research/data have been collected for this species. In addition, brain tissue to be harvested 
requires an animal of this size. Furthermore, rats offer an ideal model for investigating the neurochemical 
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bases of depression. Considerable neurochemical and behavioral data in rats are available. This affords an 
integration of the results of the current studies with those in the literature. 
 

d. Explain why you cannot refine your experimental procedures further to minimize pain or distress. 
The procedures that will cause some distress to the animals are chronic restraint, the forced swim test, the 
elevated plus maze, and the ladder rung walk. Chronic restraint stress is used to induce behavioral and 
physiological changes that model depression, and the other procedures are used to measure depressive-
like behaviors, anxiety-like behaviors, and motor control respectively. The animals will be subjected to 
these tests for the minimum amount of time that has been established as an accurate index of behavioral 
characteristics. 
 

e. State how or why this study does not unnecessarily duplicate previous experiments.   
Estrogen has been shown to decrease depressive-like behavior in the forced swim test and anxiety-like 
behavior in the elevated plus maze in female rats. Estrogen, estrogenic agents, nicotine, and nicotinic 
agents have also been shown to enhance memory. However, the effects of nicotine and other nicotinic 
agents on depressive behaviors in female rats have not been evaluated nor have the effects of the 
combination of nicotinic and estrogenic compounds. It is important to confirm the effects of estrogen agents 
in these behavioral paradigms utilizing an animal model of depression and to compare those results to 
nicotinic effects alone and in combination with estrogen agents. Furthermore, the effect of estrogens on 
various brain systems has not been fully elucidated and the effect of the combination of nicotinic agents 
and estrogens on discrete brain systems has not been explored. Therefore, the overall goal of this long-
term study can provide insight for the first time to the behavioral functions and physiological effects of 
estrogens and nicotinic agents in females in the context of depression.  
 

f. Identify the databases you searched to corroborate parts a - e above. 
 

 Date of the search:  PubMed and Google Scholar, on multiple search dates ranging from 12/14/09 
through 2/23/14 
 

Years covered by the search: 1975-present 
 

Key words used for the search: Depression, anxiety, smoking, cigarettes, females, ovarian hormones, 
estrogen, nicotine, rodents, forced swim test, open field test, elevated plus maze, antidepressants, 
memory, object recognition, sucrose preference, restraint, juvenile restraint, chronic stress, 
adolescent stress. 

 
4. Category of study by distress and pain level: 
 

Definitions 
 

Category C:  Non-Painful and Non-Stressful -- Studies, experiments and tests which will not cause any pain or 
distress in the animals or procedures causing only transitory discomfort (e.g., most injections, veni puncture, 
food/water deprivation for short periods). 

 
Category D:  Painful or Stressful Conducted with Analgesia/Anesthesia/Tranquilizers -- Painful procedures 
carried out on anesthetized animals which do not subsequently wake up from anesthesia ("Acute Studies") or 
painful or stressful procedures that are carried out using appropriate anesthesia or pain-relieving medication 
following which the animals will be allowed to recover. 

 
Category E:  Painful or Stressful Conducted without Pain or Stress Reliving Measures -- Painful and stressful 
procedures that are performed without the use of anesthetics, analgesics and tranquilizing medications or other 
measures to prevent and/or relieve pain and distress, or procedures that will induce pain or stress at a later time (e.g. 
immunization employing Freund's adjuvant), or painful or stressful procedures not amendable to relief by 
therapeutic measures. 
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In the table below, estimate the total number of animals to be used during this study according to the category of pain and 
distress defined above. For each applicable category, list each species and record the number of animals to be used in each year 
of the project.  These numbers must clearly correlate with those indicated in ¶2b, above. 
  

Species 
 

Category Year 1 Year 2 Year 3 
 

Project Total 
Rat C 320 220 100 640 

      
 
5. Surgery: 
 
 a. In separate paragraphs describe each surgical procedure for each species. Be sure to address preparation of the surgical 

facility, sterilization of instruments, and disinfection of the site of incision.  If pre and post op analgesia is withheld, give 
justification. 

    N/A  
  

b. Method and amount of anesthesia or analgesia 
 

Anesthesia/Analgesia  
Species 

 
 Drugs Dose/Frequency Route 

         Induction    
 Maintenance    
 Other drugs(e.g., 

paralytic agents) 
   

 
c. If animals will be anesthetized, how will the depth of anesthesia be determined and monitored? 

  N/A 
   

d. If animals will be allowed to recover from anesthesia, describe your procedures and techniques to maintain aseptic 
conditions. 
N/A 
  

e. If more than one surgery is to be performed on the same animal, state your justification for more than one survival surgery 
on the animal. 
N/A 

 
f. Describe post-operative care, including monitoring during recovery from anesthesia and treatment for pain.  Indicate any 

anticipated adverse effects and how the animal will be monitored for them. 
N/A 

 
g. Site(s) of operating and recovery rooms:  

N/A 
 

  
h. Surgeon’s name: N/A   Telephone:       Cell/Pager:   

 
i. Person responsible for immediate (in-loco) post-operative care: N/A 

 
 Name:  Telephone: Cell/ Pager:  

         
6. Non-surgical procedures: 
 

a. Describe all potentially painful or distressful non-surgical procedures  (e.g., behavioral training, food/water deprivation, 
painful stimuli, etc.).  In separate paragraphs describe each procedure for each species. 

Chronic restraint stress is used to induce painless psychological stress that results in behavioral and 
physical changes similar to those seen in depressed humans. This paradigm occurs during the light cycle, 
when rats are the least active. Rats are placed in well-ventilated restraining tubes small enough to prevent 
them from moving freely, but not small enough to create physical discomfort, for 60 minutes for 12 
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consecutive days. The restraining tubes will be cleaned with dilute (7%) isopropyl alcohol between 
episodes of restraint. 
 
The forced swimming test (FST) is used for screening of antidepressant drugs and for the analysis of the 
neurobiological bases of depression. In this paradigm, rats are forced to swim and eventually adopt a 
floating posture identified as immobility behavior, which is considered an index of ‘behavioral despair.’ The 
subject is placed into a clear plastic cylinder (60 cm height x 17 cm diameter) containing 30OC water that is 
30 cm deep, so that the rat cannot support itself by touching the bottom of the tank with its paws. The 
session lasts for 5 minutes and is videotaped for later scoring. Fresh water will be used for each animal. 
 
The open field test was designed to study exploratory activity in rats and measures locomotor activity. The 
animal will be placed in a clear plastic box (measuring 17”x17”) for 10 minutes and horizontal and vertical 
ambulatory counts will be recorded. The chamber will be cleaned after each use. This test is commonly 
used in conjunction with the Forced Swimming Test (FST) to control for nonspecific actions of a drug 
treatment. 
 
The elevated plus maze is used to measure anxious behavior of rats. The apparatus consists of four arms, 
49 cm long and 10 cm wide, elevated 50 cm off the ground. Two of the four arms are enclosed by walls (30 
cm high). At the beginning of the experiment, the rat will be placed at the junction of the arms and the time 
spent on open and closed arms will be recorded. The session lasts for 5 minutes and will be recorded for 
later scoring. The apparatus will be cleaned after each session. 
 
The novel object recognition task (NOR) is used to measure object recognition. The animal will be placed in 
a clear plastic box (measuring 17”x17”) for 5 minutes with two identical objects. After an inter-trial interval of 
1, 2, or 3 hours, the rat will be returned to the box with one of the identical objects and a novel object. The 
session lasts five minutes and is recorded for later scoring. The chamber will be cleaned after each use. 
 
The object location recognition task (OLT) is used to measure spatial memory. The animal will be placed in 
a clear plastic box (measuring 17”x17”) for 5 minutes with two identical objects. After an inter-trial interval of 
1, 2, or 3 hours, the rat will be returned to the box with both identical objects, one of which will be placed in 
a novel location and one of which will be placed in a familiar location. The session lasts five minutes and is 
recorded for later scoring. The chamber will be cleaned after each use. 

 
b. What provisions will be made to prevent and alleviate pain or distress (anesthetics/ analgesics/tranquilizers)? 

The animals will be subjected to these tests for the minimum amount of time that has been established as 
an accurate index of behavioral characteristics. 

  
c. If animals will be physically restrained, other than for routine caging and handling, describe the frequency and duration. 

The animals will be subjected to physical restraint for 60 minutes per day, for no more than 12 consecutive 
days. 
 

d. If animals will be chemically restrained, sedated or anesthetized (for procedures other than surgery), describe the 
regimens to be used. 

N/A 
 

e. If adverse effects on the animals are anticipated (e.g., excessive tumor development, painful inflammation, respiratory 
distress, etc.), state how the animals will be monitored and at what point the experiments will be terminated?  If death 
must be the endpoint, sound justification must be stated, including supportive literature citations. 

N/A 
 

f. Person who will monitor/observe the animals: 
 Name: Renee Hayslett          Telephone: 678-547-6249    Cell/ Pager: 404-825-9577 
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7. Euthanasia:  Identify the proposed method of euthanasia for each species.  The AVMA Euthanasia Committee Report of  
2013 should be followed.  Deviation from these guidelines may be approved upon written justification to the IACUC.  Copies 
of this report are available at the Office of Research Compliance.  

Species 
 

Agent Dose Route 
Rat   Guillotine* 
Rat CO2  Inhalation 

*Rats whose brain tissue is needed for neurochemical assays will be sacrificed by decapitation. It has been 
shown in rodent brain neurochemical studies that using chemicals to euthanize rats alters brain chemistry 
compared to decapitation without chemicals (Nakai et al, 2005). If brain tissue from rats is not needed for 
further analysis, then the rats will be euthanized with carbon dioxide in the CO2 chamber.  
 
Is cervical dislocation being used for the method of euthanasia? NO  If yes, give justification. 
 
8. Body fluid collection:  Identify the withdrawal of blood or any other body fluids. 
  

Species 
 

Fluid Amount Frequency Site/Method 
Rat Blood ≤0.2 mL Day 1 (P32) 

Day 13 
(P45) 
Day 28 
(P60)  

Tail vein 

Rat Blood Volume 
may vary 

1x at time of 
sacrifice 

Trunk blood after 
decapitation 

 
9. Substance administration:   
 

a. Identify all materials potentially infectious for humans to be administered to animals.  For each kind of material, state 
(i) the species to be treated, (ii) the treatment regimen, (iii) the hazards associated with introducing the material into 
animals, (iv) special arrangements recommended for housing the animals, and (v) special precautions that should be 
taken by animal caretakers.  Use in this protocol of materials potentially infectious for humans requires approval by 
the Institutional Biosafety Committee.  A copy of its approval statement must be submitted herewith. 
N/A 

 
b. Identify all materials potentially infectious for animals to be administered to animals.  For each kind of material, state 

(i) the species to be treated, (ii) the treatment regimen, (iii) the hazards associated with introducing the material into 
animals, (iv) special arrangements recommended for housing the animals, and (v) special precautions that should be 
taken by animal caretakers.  Use in this protocol of materials potentially infectious for animals requires approval by 
the Institutional Biosafety Committee.  A copy of its approval statement must be submitted herewith. 
N/A 

 
c. Identify, other than those specified above for anesthesia, analgesia, or euthanasia (questions 5 and 6), all hazardous 

chemicals, including mutagens, carcinogens, and toxins, to be administered to animals.  For each agent, state (i) the 
species to be treated, (ii) the treatment regimen, (iii) the hazards associated with introducing the agent into animals, (iv) 
special arrangements recommended for housing the animals, and (v) special precautions that should be taken by animal 
caretakers.  Use in this protocol of the specified hazardous chemicals requires approval by the Institutional 
Hazardous Chemicals Committee.  A copy of its approval statement must be submitted herewith 
N/A 

 
d. Identify all radioisotopes to be administered to animals.  For each isotope, state (i) the species to be treated, (ii) the 

treatment regimen, (iii) the hazards associated with introducing the isotope into animals, (iv) special arrangements 
recommended for housing the animals, and (v) special precautions that should be taken by animal caretakers.  Use in this 
protocol of radioactive materials requires approval by the Institutional Radiation Safety Committee.  A copy of its 
approval statement must be submitted herewith. 
N/A 

 
e. Identify, other than those specified above for anesthesia, analgesia, or euthanasia (questions 5 and 6), all other agents, 

including drugs, vehicles, gases, immunogens, and antibodies, to be administered to animals.  For each agent, state (i) the 
species to be treated, (ii) the treatment regimen, (iii) the hazards associated with introducing the agent into animals, (iv) 
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special arrangements recommended for housing the animals, and (v) special precautions that should be taken by animal 
caretakers.  The use of Freund's complete adjuvant requires adherence to the Mercer University Guidelines on 
Immunological Procedures Using Adjuvants. 
 

Vehicle: saline 
i. Rats  
ii. Daily s.c. injections for up to 14 days 
iii. No known hazard 
iv. Animals should be housed 1, 2, or 4 per cage 
v.  No special precautions necessary 
 
Vehicle: corn oil 
i. Rats  
ii. Daily s.c. injections for up to 14 days 
iii. No known hazard 
iv. Animals should be housed 1, 2, or 4 per cage 
v.  No special precautions necessary 
 
Estrogenic Agents, for example: 17β estradiol, diarylpropionitrile (DPN), ICI 182,780 
i. Rats  
ii. Daily s.c. injections for up to 14 days 
iii. No known hazard 
iv. Animals should be housed 1, 2, or 4 per cage 
v.  No special precautions necessary 
 
Nicotinic Agents, for example: nicotine, cytisine, mecamylamine, PNU-282897, methyllycaconitine 
(MLA), MFCD08282461 
i. Rats  
ii. Daily s.c.injections for up to 14 days 
iii. No known hazard 
iv. Animals should be housed 1, 2, or 4 per cage 
v.  No special precautions necessary 
 
Antidepressants, for example: fluoxetine, nortryptiline, duloxetine 
i. Rats  
ii. Daily s.c. injections for up to 14 days 
iii. No known hazard 
iv. Animals should be housed 1, 2 or 4 per cage 
v.  No special precautions necessary 

 
10. Animal husbandry: 
 

a. What is the proposed source of these animals? 
  ( X )Vendor   Name:  Charles River Laboratories   Location: Massachusetts, USA 

(  ) Another researcher  Name:  
(  ) In-house breeding   Location:  

 
b. Where is the proposed site for housing these animals? 
 T&RC Vivarium 

 
 
 
 
 

c. For each year of the protocol, identify the species to be used, and estimate their length of stay within the animal facility.  
Complete the information for each year of the protocol. 
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Species 

 
Yr 1, 2, or 3 
of Protocol 

 
Age at 

Acquisition 

 
Length of 

Stay 

Number 
Housed per 

day 

 
Number Housed per 

year 

Rat 1 25-28 days  5-6 weeks 40-50 320 

Rat 2 25-28 days  5-6 weeks 40-50 220 

Rat 3 25-28 days  5-6 weeks 40-50 100 
 
 
11. Training:  All individuals involved in an animal activity protocol must ensure to the IACUC that they are qualified and 

trained appropriately. 
 
a.  Professionals involved on this project: 

  
Name of Professional (PI, Co-PI) 

 
Most Recent Training Activity 

 
Date Completed 

Renee Hayslett, Ph.D (PI) Animal User and Caretaker Training–
University Disaster/Emergency Plan 

October 2013 

 
 

 
 

 
 

 
b. All technical individuals and students under your supervision who will be involved in this project.  As Principal 

Investigator, it is your responsibility to ensure that the individuals are qualified and trained to handle animals. 
  

Name of Technician / Student 
 

Most Recent Training Activity 
 

Date Completed 
Meghan Hibicke Animal User and Caretaker Training-

University Disaster/Emergency Plan 
October 2013 

 
Martha Graham Animal User and Caretaker Training-

University Disaster/Emergency Plan 
October 2013 

 
12. Do you or any member of your research team (including spouse and dependent children, individually or in  aggregate) have 
any of the following financial relationships with the study sponsor or a direct competitor of this sponsor?   NO   
 
Check YES or NO if any of the following apply: 

a. Payments of $5,000 or more including salary, consulting fees, royalty or licensing payments from intellectual property, 
honoraria and/or gifts received within the past 12 months or anticipated for the next 12 months (excluding salary and 
other payments for services from the University)     NO   

 
b. Equity interest worth $5,000 or more or equity interest greater than 1% of the business entity as determined by reference to 

its publicly listed price (excluding mutual funds)    NO 
 

c. Any equity interest if the value cannot be determined by reference to publicly listed prices (e.g., start-up companies) 
 NO 

d. Patent rights or royalties from such rights whose value may be affected by the outcome of the research, including royalties 
under any royalty-sharing agreements involving the University    NO    

 
e. Any other financial interest whose value may be affected by the outcome of the Research        NO 

 
 If you answered “yes” to any of the above questions, please explain:       
 
 
 
 
 
 
 
13. Signatures 
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a. You must acquire the signature of the Attending Veterinarian to indicate that he/she has reviewed and approved the 
animal usage, the design of the study, the surgical methodology, and the euthanasia described in this animal activity 
protocol. 

 

Attending Veterinarian:                      Date:  03/04/2014 
(Signature) 

 
b. As Principal Investigator, you must sign the following statement:  “I will conduct this animal activity protocol in 

accordance with  the NIH/NRC Guide for the Care and Use of Laboratory Animals, the PHS Policy on Humane Care and 
Use of Laboratory Animals, the Animal Welfare Act, and all applicable University policies.  I acknowledge full 
responsibility for this project, and I assure that students, staff, and other professionals involved in this project are 
qualified, or will be trained before the project is initiated, to conduct this animal activity protocol according to these 
guidelines.  I further assure that any application for funding of any project or program within which this animal activity 
protocol is a component shall faithfully reflect the description of the use of animals given herein.” 

 
This project will require additional:  Space   Equipment   Professional and/or staff time   Resources 
 
 
 

Principal Investigator: __ ___                            Date:  __3/4/2014_____________     
(Signature) 

 
The project is consistent with departmental objectives; adequate space, equipment, professional and staff time, and other resources 
as stated in this application will be made available if the research is approved 
 
 
Dean or Dean's Designee____________________________________________________ Date:_____________________ 
                          (Signature) 
 
If significant changes have been made to this protocol since the grant or contract was reviewed, the Dean/Dean’s Designee 
signature is required. 



 



 
 

102 
 

 

 

 

 

WORKS CITED 

1. U.S. Department of Health and Human Services, N. I. of M. H. NIMH » Depression. 

Depression (2016). Available at: 

https://www.nimh.nih.gov/health/topics/depression/index.shtml. (Accessed: 3rd December 

2016) 

2. Schmidt, H. D., Shelton, R. C. & Duman, R. S. Functional biomarkers of depression: 

diagnosis, treatment, and pathophysiology. Neuropsychopharmacology 36, 2375–2394 (2011). 

3. Grassi-Oliveira, R., Stein, L. M., Lopes, R. P., Teixeira, A. L. & Bauer, M. E. Low Plasma Brain-

Derived Neurotrophic Factor and Childhood Physical Neglect Are Associated with Verbal Memory 

Impairment in Major Depression—A Preliminary Report. Biol. Psychiatry 64, 281–285 (2008). 

4. Basso, M. R. & Bornstein, R. A. Relative memory deficits in recurrent versus first-episode 

major depression on a word-list learning task. Neuropsychology 13, 557–563 (1999). 

5. Porsolt, R. D., Le Pichon, M. & Jalfre, M. Depression: a new animal model sensitive to 

antidepressant treatments. Nature 266, 730–732 (1977). 

6. MacQueen, G. M. et al. Course of illness, hippocampal function, and hippocampal volume 

in major depression. Proc. Natl. Acad. Sci. 100, 1387–1392 (2003). 

7. Shors, T. Estrogen-mediated effects on depression and memory formation in females. J. 

Affect. Disord. 74, 85–96 (2003). 

8. Warden, D., Rush, A. J., Trivedi, M. H., Fava, M. & Wisniewski, S. R. The STAR*D Project 

results: a comprehensive review of findings. Curr. Psychiatry Rep. 9, 449–459 (2007). 

9. Kandi, P. & Hayslett, R. L. Nicotine and 17β-estradiol produce an antidepressant-like effect 

in female ovariectomized rats. Brain Res. Bull. 84, 224–228 (2011). 

10. Kandi, P., Hibicke, M. & Hayslett, R. L. Acute Cytisine and Diarylpropionitrile 

Independently and Additively Reduce Depressive-Like Behavior in Female Ovariectomized Rats. J. 

Pharm. Sci. Pharmacol. 2, 250–258 (2015). 

11. Chiba, S. et al. Chronic restraint stress causes anxiety- and depression-like behaviors, 

downregulates glucocorticoid receptor expression, and attenuates glutamate release induced by 

brain-derived neurotrophic factor in the prefrontal cortex. Prog. Neuropsychopharmacol. Biol. 

Psychiatry 39, 112–119 (2012). 



103 
 

12. Marais, L., van Rensburg, S. J., van Zyl, J. M., Stein, D. J. & Daniels, W. M. U. Maternal 

separation of rat pups increases the risk of developing depressive-like behavior after subsequent 

chronic stress by altering corticosterone and neurotrophin levels in the hippocampus. Neurosci. 

Res. 61, 106–112 (2008). 

13. Neumann, I. D. et al. Differential effects of periodic maternal separation on adult stress 

coping in a rat model of extremes in trait anxiety. Neuroscience 132, 867–877 (2005). 

14. Barha, C. K., Brummelte, S., Lieblich, S. E. & Galea, L. A. M. Chronic restraint stress in 

adolescence differentially influences hypothalamic-pituitary-adrenal axis function and adult 

hippocampal neurogenesis in male and female rats. Hippocampus 21, 1216–1227 (2011). 

15. Bourke, C. H. & Neigh, G. N. Behavioral effects of chronic adolescent stress are sustained 

and sexually dimorphic. Horm. Behav. 60, 112–120 (2011). 

16. Doremus-Fitzwater, T. L., Varlinskaya, E. I. & Spear, L. P. Social and non-social anxiety in 

adolescent and adult rats after repeated restraint. Physiol. Behav. 97, 484–494 (2009). 

17. Cruz, F. C., Marin, M. T., Leão, R. M. & Planeta, C. S. Behavioral and neuroendocrine effects 

of the exposure to chronic restraint or variable stress in early adolescent rats. Int. J. Dev. Neurosci. 

30, 19–23 (2012). 

18. Jin, F. et al. The longitudinal study of rat hippocampus influenced by stress: Early adverse 

experience enhances hippocampal vulnerability and working memory deficit in adult rats. Behav. 

Brain Res. 246, 116–124 (2013). 

19. Gallassi, R., Di Sarro, R., Morreale, A. & Amore, M. Memory impairment in patients with 

late-onset major depression: the effect of antidepressant therapy. J. Affect. Disord. 91, 243–250 

(2006). 

20. Porter, R. J., Gallagher, P., Thompson, J. M. & Young, A. H. Neurocognitive impairment in 

drug-free patients with major depressive disorder. Br. J. Psychiatry J. Ment. Sci. 182, 214–220 

(2003). 

21. Keene, M. S. et al. Differences in compliance patterns across the selective serotonin 

reuptake inhibitors (SSRIs). Curr. Med. Res. Opin. 21, 1651–1658 (2005). 

22. Rapkin, A. J., Mikacich, J. A., Moatakef-Imani, B. & Rasgon, N. The clinical nature and 

formal diagnosis of premenstrual, postpartum, and perimenopausal affective disorders. Curr. 

Psychiatry Rep. 4, 419–428 (2002). 

23. Steiner, M., Dunn, E. & Born, L. Hormones and mood: from menarche to menopause and 

beyond. J. Affect. Disord. 74, 67–83 (2003). 

24. Kravitz, H. M., Janssen, I., Lotrich, F. E., Kado, D. M. & Bromberger, J. T. Sex steroid 

hormone gene polymorphisms and depressive symptoms in women at midlife. Am. J. Med. 119, 

S87-93 (2006). 



104 
 

25. Walf, A. A. & Frye, C. A. A review and update of mechanisms of estrogen in the 

hippocampus and amygdala for anxiety and depression behavior. Neuropsychopharmacol. Off. 

Publ. Am. Coll. Neuropsychopharmacol. 31, 1097–1111 (2006). 

26. Williams, K. E., Marsh, W. K. & Rasgon, N. L. Mood disorders and fertility in women: a 

critical review of the literature and implications for future research. Hum. Reprod. Update 13, 

607–616 (2007). 

27. Yates, W. R., Meller, W. H., Lund, B. C., Thurber, S. & Grambsch, P. L. Early-onset Major 

Depressive Disorder in men is associated with childlessness. J. Affect. Disord. 124, 187–190 (2010). 

28. Zorn, J. V. et al. Cortisol stress reactivity across psychiatric disorders: A systematic review 

and meta-analysis. Psychoneuroendocrinology 77, 25–36 (2017). 

29. Holsen, L. M. et al. HPA-Axis Hormone Modulation of Stress Response Circuitry Activity in 

Women with Remitted Major Depression. Neuroscience 250, 733–742 (2013). 

30. Gonul, A. S. et al. Cortisol response patterns in depressed women and their healthy 

daughters at risk: Comparison with healthy women and their daughters. J. Psychiatr. Res. 85, 66–

74 (2017). 

31. Weiser, M. J. & Handa, R. J. Estrogen impairs glucocorticoid dependent negative feedback 

on the hypothalamic-pituitary-adrenal axis via estrogen receptor alpha within the hypothalamus. 

Neuroscience 159, 883–895 (2009). 

32. Murray, C. J. L. & Lopez, A. D. Measuring the Global Burden of Disease. N. Engl. J. Med. 

369, 448–457 (2013). 

33. Zobel, A. W. et al. Improvement of working but not declarative memory is correlated with 

HPA normalization during antidepressant treatment. J. Psychiatr. Res. 38, 377–383 (2004). 

34. Banasr, M. & Duman, R. S. Glial loss in the prefrontal cortex is sufficient to induce 

depressive-like behaviors. Biol. Psychiatry 64, 863–870 (2008). 

35. Hamidi, M., Drevets, W. C. & Price, J. L. Glial reduction in amygdala in major depressive 

disorder is due to oligodendrocytes. Biol. Psychiatry 55, 563–569 (2004). 

36. Neumann, I. D. et al. Animal models of depression and anxiety: What do they tell us about 

human condition? Prog. Neuropsychopharmacol. Biol. Psychiatry 35, 1357–1375 (2011). 

37. Becker, S. & Wojtowicz, J. M. A model of hippocampal neurogenesis in memory and mood 

disorders. Trends Cogn. Sci. 11, 70–76 (2007). 

38. Drevets, W. C., Price, J. L. & Furey, M. L. Brain structural and functional abnormalities in 

mood disorders: implications for neurocircuitry models of depression. Brain Struct. Funct. 213, 

93–118 (2008). 

39. Castrén, E. & Rantamäki, T. The role of BDNF and its receptors in depression and 

antidepressant drug action: Reactivation of developmental plasticity. Dev. Neurobiol. 70, 289–297 

(2010). 



105 
 

40. Bremner, J. D. et al. Hippocampal volume reduction in major depression. Am. J. Psychiatry 

157, 115–118 (2000). 

41. Bremner, J. D. et al. MRI and PET study of deficits in hippocampal structure and function 

in women with childhood sexual abuse and posttraumatic stress disorder. Am. J. Psychiatry 160, 

924–932 (2003). 

42. Barker, G. R. I. & Warburton, E. C. When Is the Hippocampus Involved in Recognition 

Memory? J. Neurosci. 31, 10721–10731 (2011). 

43. Mumby, D. G., Gaskin, S., Glenn, M. J., Schramek, T. E. & Lehmann, H. Hippocampal 

Damage and Exploratory Preferences in Rats: Memory for Objects, Places, and Contexts. Learn. 

Mem. 9, 49–57 (2002). 

44. Jessberger, S. et al. Dentate gyrus-specific knockdown of adult neurogenesis impairs 

spatial and object recognition memory in adult rats. Learn. Mem. Cold Spring Harb. N 16, 147–

154 (2009). 

45. Osterlund, M. K. Underlying mechanisms mediating the antidepressant effects of 

estrogens. Biochim. Biophys. Acta 1800, 1136–1144 (2010). 

46. Moser, M. B. & Moser, E. I. Functional differentiation in the hippocampus. Hippocampus 

8, 608–619 (1998). 

47. Campbell, S. & MacQueen, G. The role of the hippocampus in the pathophysiology of 

major depression. J. Psychiatry Neurosci. 29, 417–426 (2004). 

48. Bannerman, D. M. et al. Double dissociation of function within the hippocampus: spatial 

memory and hyponeophagia. Behav. Neurosci. 116, 884–901 (2002). 

49. Burt, D. B., Zembar, M. J. & Niederehe, G. Depression and memory impairment: a meta-

analysis of the association, its pattern, and specificity. Psychol. Bull. 117, 285–305 (1995). 

50. Hammond, R. S., Tull, L. E. & Stackman, R. W. On the delay-dependent involvement of the 

hippocampus in object recognition memory. Neurobiol. Learn. Mem. 82, 26–34 (2004). 

51. Barker, G. R. I., Bird, F., Alexander, V. & Warburton, E. C. Recognition Memory for Objects, 

Place, and Temporal Order: A Disconnection Analysis of the Role of the Medial Prefrontal Cortex 

and Perirhinal Cortex. J. Neurosci. 27, 2948–2957 (2007). 

52. Broadbent, N. J., Squire, L. R. & Clark, R. E. Spatial memory, recognition memory, and the 

hippocampus. Proc. Natl. Acad. Sci. U. S. A. 101, 14515–14520 (2004). 

53. Winters, B. D., Saksida, L. M. & Bussey, T. J. Object recognition memory: neurobiological 

mechanisms of encoding, consolidation and retrieval. Neurosci. Biobehav. Rev. 32, 1055–1070 

(2008). 

54. Kwon, D.-H. et al. Exercise ameliorates cognition impairment due to restraint stress-

induced oxidative insult and reduced BDNF level. Biochem. Biophys. Res. Commun. 434, 245–251 

(2013). 



106 
 

55. Roceri, M. et al. Postnatal repeated maternal deprivation produces age-dependent 

changes of brain-derived neurotrophic factor expression in selected rat brain regions. Biol. 

Psychiatry 55, 708–714 (2004). 

56. Wolkowitz, O. M. et al. Serum BDNF Levels Before Treatment Predict SSRI Response in 

Depression. Prog. Neuropsychopharmacol. Biol. Psychiatry 35, 1623–1630 (2011). 

57. Vythilingam, M. et al. Childhood Trauma Associated With Smaller Hippocampal Volume 

in Women With Major Depression. Am. J. Psychiatry 159, 2072–2080 (2002). 

58. Carlino, D., De Vanna, M. & Tongiorgi, E. Is Altered BDNF Biosynthesis a General Feature 

in Patients with Cognitive Dysfunctions? The Neuroscientist 19, 345–353 (2013). 

59. Teng, H. K. et al. ProBDNF Induces Neuronal Apoptosis via Activation of a Receptor 

Complex of p75NTR and Sortilin. J. Neurosci. 25, 5455–5463 (2005). 

60. Matsuoka, Y. et al. Serum pro-BDNF/BDNF as a treatment biomarker for response to 

docosahexaenoic acid in traumatized people vulnerable to developing psychological distress: a 

randomized controlled trial. Transl. Psychiatry 5, e596 (2015). 

61. Yoshida, T. et al. Decreased Serum Levels of Mature Brain-Derived Neurotrophic Factor 

(BDNF), but Not Its Precursor proBDNF, in Patients with Major Depressive Disorder. PLOS ONE 7, 

e42676 (2012). 

62. Zhou, L. et al. Upregulation of blood proBDNF and its receptors in major depression. J. 

Affect. Disord. 150, 776–784 (2013). 

63. Bai, Y.-Y. et al. ProBDNF Signaling Regulates Depression-Like Behaviors in Rodents under 

Chronic Stress. Neuropsychopharmacology 41, 2882–2892 (2016). 

64. Je, H. S. et al. ProBDNF and Mature BDNF as Punishment and Reward Signals for Synapse 

Elimination at Mouse Neuromuscular Junctions. J. Neurosci. 33, 9957 (2013). 

65. Brenes Sáenz, J. C., Villagra, O. R. & Fornaguera Trías, J. Factor analysis of Forced 

Swimming test, Sucrose Preference test and Open Field test on enriched, social and isolated 

reared rats. Behav. Brain Res. 169, 57–65 (2006). 

66. Dalla, C., Pitychoutis, P. M., Kokras, N. & Papadopoulou-Daifoti, Z. Sex Differences in 

Animal Models of Depression and Antidepressant Response. Basic Clin. Pharmacol. Toxicol. 106, 

226–233 (2010). 

67. Hong, S. et al. Social isolation in adolescence alters behaviors in the forced swim and 

sucrose preference tests in female but not in male rats. Physiol. Behav. 105, 269–275 (2012). 

68. Huynh, T. N., Krigbaum, A. M., Hanna, J. J. & Conrad, C. D. Sex differences and phase of 

light cycle modify chronic stress effects on anxiety and depressive-like behavior. Behav. Brain Res. 

222, 212–222 (2011). 

69. Detke, M. J., Johnson, J. & Lucki, I. Acute and chronic antidepressant drug treatment in 

the rat forced swimming test model of depression. Exp. Clin. Psychopharmacol. 5, 107–112 (1997). 



107 
 

70. Shah, A. & Frazer, A. Influence of acute or chronic administration of ovarian hormones on 

the effects of desipramine in the forced swim test in female rats. Psychopharmacology (Berl.) 231, 

3685–3694 (2014). 

71. Slattery, D. A. & Cryan, J. F. Using the rat forced swim test to assess antidepressant-like 

activity in rodents. ResearchGate 7, 1009–14 (2012). 

72. Kokras, N. & Dalla, C. Sex differences in animal models of psychiatric disorders. Br. J. 

Pharmacol. 171, 4595–4619 (2014). 

73. Kessler, R. C. et al. Lifetime Prevalence and Age-of-Onset Distributions of DSM-IV 

Disorders in the National Comorbidity Survey Replication. Arch. Gen. Psychiatry 62, 593–602 

(2005). 

74. Adams, G. C., Balbuena, L., Meng, X. & Asmundson, G. J. G. When social anxiety and 

depression go together: A population study of comorbidity and associated consequences. J. 

Affect. Disord. 206, 48–54 (2016). 

75. Cha, J. et al. Abnormal hippocampal structure and function in clinical anxiety and 

comorbid depression. Hippocampus 26, 545–553 (2016). 

76. Dindo, L. N., Recober, A., Haddad, R. & Calarge, C. A. Comorbidity of Migraine, Major 

Depressive Disorder, and Generalized Anxiety Disorder in Adolescents and Young Adults. Int. J. 

Behav. Med. 1–7 (2016). doi:10.1007/s12529-016-9620-5 

77. Hori, H. et al. Psychological coping in depressed outpatients: association with cortisol 

response to the combined dexamethasone/CRH test. J. Affect. Disord. 152–154, 441–447 (2014). 

78. Bowman, R. E., Ferguson, D. & Luine, V. N. Effects of chronic restraint stress and estradiol 

on open field activity, spatial memory, and monoaminergic neurotransmitters in ovariectomized 

rats. Neuroscience 113, 401–410 (2002). 

79. Lee, J.-H. et al. Depressive behaviors and decreased expression of serotonin reuptake 

transporter in rats that experienced neonatal maternal separation. Neurosci. Res. 58, 32–39 

(2007). 

80. Ohl, F. Testing for anxiety. Clin. Neurosci. Res. 3, 233–238 (2003). 

81. Walf, A. A. & Frye, C. A. The use of the elevated plus maze as an assay of anxiety-related 

behavior in rodents. Nat. Protoc. 2, 322–328 (2007). 

82. Treit, D., Menard, J. & Royan, C. Anxiogenic stimuli in the elevated plus-maze. Pharmacol. 

Biochem. Behav. 44, 463–469 (1993). 

83. Treit, D. & Fundytus, M. Thigmotaxis as a test for anxiolytic activity in rats. Pharmacol. 

Biochem. Behav. 31, 959–962 (1988). 

84. Wall, P. M. & Messier, C. Methodological and conceptual issues in the use of the elevated 

plus-maze as a psychological measurement instrument of animal anxiety-like behavior. Neurosci. 

Biobehav. Rev. 25, 275–286 (2001). 



108 
 

85. Marcondes, F. K., Miguel, K. J., Melo, L. L. & Spadari-Bratfisch, R. C. Estrous cycle 

influences the response of female rats in the elevated plus-maze test. Physiol. Behav. 74, 435–

440 (2001). 

86. Staley, K. & Scharfman, H. A woman’s prerogative. Nat. Neurosci. 8, 697–699 (2005). 

87. Bradshaw, H. B. & Allard, C. Endogenous Cannabinoid Production in the Rat Female 

Reproductive Tract Is Regulated by Changes in the Hormonal Milieu. Pharmaceuticals 4, 933 

(2011). 

88. Andreatini, R. & Leite, J. The effect of corticosterone in rats submitted to the elevated 

plus-maze and to to pentylenetetrazol-induced convulsions. Prog. Neuropsychopharmacol. Biol. 

Psychiatry 18, 1333–1347 (1994). 

89. Mora, S., Dussaubat, N. & Díaz-Véliz, G. Effects of the estrous cycle and ovarian hormones 

on behavioral indices of anxiety in female rats. Psychoneuroendocrinology 21, 609–620 (1996). 

90. Alonso, S. J., Castellano, M. A., Afonso, D. & Rodriguez, M. Sex differences in behavioral 

despair: relationships between behavioral despair and open field activity. Physiol. Behav. 49, 69–

72 (1991). 

91. Cora, M. C., Kooistra, L. & Travlos, G. Vaginal Cytology of the Laboratory Rat and Mouse 

Review and Criteria for the Staging of the Estrous Cycle Using Stained Vaginal Smears. Toxicol. 

Pathol. 43, 776–793 (2015). 

92. Zoladz, P. R. et al. Blunted corticosterone response to acute predator stress results in 

long-term spatial memory impairment. SOJ Psychol 1, 7 (2014). 

93. Conrad, C. D. et al. Acute stress impairs spatial memory in male but not female rats: 

influence of estrous cycle. Pharmacol. Biochem. Behav. 78, 569–579 (2004). 

94. Roozendaal, B. Stress and memory: opposing effects of glucocorticoids on memory 

consolidation and memory retrieval. Neurobiol. Learn. Mem. 78, 578–595 (2002). 

95. Hansson, A. C. et al. Corticosterone Actions on the Hippocampal Brain-Derived 

Neurotrophic Factor Expression are Mediated by Exon IV Promoter. J. Neuroendocrinol. 18, 104–

114 (2006). 

96. Jacobsen, J. P. R. & Mørk, A. Chronic corticosterone decreases brain-derived neurotrophic 

factor (BDNF) mRNA and protein in the hippocampus, but not in the frontal cortex, of the rat. 

Brain Res. 1110, 221–225 (2006). 

97. Al-Rahbi, B., Zakaria, R., Othman, Z., Hassan, A. & Ahmad, A. H. Enhancement of BDNF 

Concentration and Restoration of the Hypothalamic-Pituitary-Adrenal Axis Accompany Reduced 

Depressive-Like Behaviour in Stressed Ovariectomised Rats Treated with Either Tualang Honey or 

Estrogen. Sci. World J. 2014, e310821 (2014). 

98. Gibbs, R. B. Long-term treatment with estrogen and progesterone enhances acquisition 

of a spatial memory task by ovariectomized aged rats. Neurobiol. Aging 21, 107–116 (2000). 



109 
 

99. Kendler, K. S., Kuhn, J. W. & Prescott, C. A. Childhood sexual abuse, stressful life events 

and risk for major depression in women. Psychol. Med. 34, 1475–1482 (2004). 

100. Li, L.-H., Wang, Z.-C., Yu, J. & Zhang, Y.-Q. Ovariectomy results in variable changes in 

nociception, mood and depression in adult female rats. PloS One 9, e94312 (2014). 

101. Song, C. & Leonard, B. E. The olfactory bulbectomised rat as a model of depression. 

Neurosci. Biobehav. Rev. 29, 627–647 (2005). 

102. Will, C. C., Aird, F. & Redei, E. E. Selectively bred Wistar–Kyoto rats: an animal model of 

depression and hyper-responsiveness to antidepressants. Mol. Psychiatry 8, 925–932 (2003). 

103. Overstreet, D. H., Friedman, E., Mathé, A. A. & Yadid, G. The Flinders Sensitive Line rat: A 

selectively bred putative animal model of depression. Neurosci. Biobehav. Rev. 29, 739–759 

(2005). 

104. Drolet, G., Proulx, K., Pearson, D., Rochford, J. & Deschepper, C. F. Comparisons of 

Behavioral and Neurochemical Characteristics between WKY, WKHA, and Wistar Rat Strains. 

Neuropsychopharmacology 27, 400–409 (2002). 

105. Friedman, E., Berman, M. & Overstreet, D. Swim test immobility in a genetic rat model of 

depression is modified by maternal environment: A cross-foster study. Dev. Psychobiol. 48, 169–

177 (2006). 

106. Malkesman, O., Lavi-Avnon, Y., Maayan, R. & Weizman, A. A cross-fostering study in a 

genetic animal model of depression: Maternal behavior and depression-like symptoms. 

Pharmacol. Biochem. Behav. 91, 1–8 (2008). 

107. Nishi, K., Kanemaru, K. & Diksic, M. A genetic rat model of depression, Flinders sensitive 

line, has a lower density of 5-HT1A receptors, but a higher density of 5-HT1B receptors, compared 

to control rats. Neurochem. Int. 54, 299–307 (2009). 

108. Bergström, A., Jayatissa, M. N., Mørk, A. & Wiborg, O. Stress sensitivity and resilience in 

the chronic mild stress rat model of depression; an in situ hybridization study. Brain Res. 1196, 

41–52 (2008). 

109. Dalla, C. et al. Chronic mild stress impact: Are females more vulnerable? Neuroscience 

135, 703–714 (2005). 

110. Jaggi, A. S. et al. A review on animal models for screening potential anti-stress agents. 

Neurol. Sci. Off. J. Ital. Neurol. Soc. Ital. Soc. Clin. Neurophysiol. 32, 993–1005 (2011). 

111. Bowman, R. E. Stress-Induced Changes in Spatial Memory are Sexually Differentiated and 

Vary Across the Lifespan. J. Neuroendocrinol. 17, 526–535 (2005). 

112. Ariza Traslaviña, G. A., de Oliveira, F. L. & Franci, C. R. Early adolescent stress alters 

behavior and the HPA axis response in male and female adult rats: the relevance of the nature 

and duration of the stressor. Physiol. Behav. 133, 178–189 (2014). 



110 
 

113. McCormick, C. M., Robarts, D., Gleason, E. & Kelsey, J. E. Stress during adolescence 

enhances locomotor sensitization to nicotine in adulthood in female, but not male, rats. Horm. 

Behav. 46, 458–466 (2004). 

114. Pyter, L. M., Kelly, S. D., Harrell, C. S. & Neigh, G. N. Sex differences in the effects of 

adolescent stress on adult brain inflammatory markers in rats. Brain. Behav. Immun. 30, 88–94 

(2013). 

115. Ely, D. R. et al. Effect of Restraint Stress on Feeding Behavior of Rats. Physiol. Behav. 61, 

395–398 (1997). 

116. Pecoraro, N., Gomez, F., la Fleur, S., Roy, M. & Dallman, M. F. Single, but not multiple 

pairings of sucrose and corticosterone enhance memory for sucrose drinking and amplify remote 

reward relativity effects. Neurobiol. Learn. Mem. 83, 188–195 (2005). 

117. Van Haaren, F. & Meyer, M. E. Sex differences in locomotor activity after acute and 

chronic cocaine administration. Pharmacol. Biochem. Behav. 39, 923–927 (1991). 

118. Schindler, C. W. & Carmona, G. N. Effects of dopamine agonists and antagonists on 

locomotor activity in male and female rats. Pharmacol. Biochem. Behav. 72, 857–863 (2002). 

119. Craft, R. M., Clark, J. L., Hart, S. P. & Pinckney, M. K. Sex differences in locomotor effects 

of morphine in the rat. Pharmacol. Biochem. Behav. 85, 850–858 (2006). 

120. Elliott, B. M. & Grunberg, N. E. Effects of social and physical enrichment on open field 

activity differ in male and female Sprague–Dawley rats. Behav. Brain Res. 165, 187–196 (2005). 

121. Ennaceur, A. One-trial object recognition in rats and mice: methodological and theoretical 

issues. Behav. Brain Res. 215, 244–254 (2010). 

122. Ennaceur, A. & Delacour, J. A new one-trial test for neurobiological studies of memory in 

rats. 1: Behavioral data. Behav. Brain Res. 31, 47–59 (1988). 

123. Prusky, G. T., Harker, K. T., Douglas, R. M. & Whishaw, I. Q. Variation in visual acuity within 

pigmented, and between pigmented and albino rat strains. Behav. Brain Res. 136, 339–348 

(2002). 

124. Thomas, B. B. et al. Behavioral Evaluation of Visual Function of Rats Using a Visual 

Discrimination Apparatus. J. Neurosci. Methods 162, 84–90 (2007). 

125. Taché, Y., Martinez, V., Wang, L. & Million, M. CRF1 receptor signaling pathways are 

involved in stress-related alterations of colonic function and viscerosensitivity: implications for 

irritable bowel syndrome. Br. J. Pharmacol. 141, 1321–1330 (2004). 

126. RNDB » Sucrose Preference Test. Available at: http://rndb.clps.brown.edu/task/sucrose-

preference-test/. (Accessed: 30th January 2017) 

127. Detke, M. J., Rickels, M. & Lucki, I. Active behaviors in the rat forced swimming test 

differentially produced by serotonergic and noradrenergic antidepressants. Psychopharmacology 

(Berl.) 121, 66–72 (1995). 



111 
 

128. Nobrega, J. N. & Coscina, D. V. Effects of chronic amitriptyline and desipramine on food 

intake and body weight in rats. Pharmacol. Biochem. Behav. 27, 105–112 (1987). 

129. Elfving, B., Plougmann, P. H. & Wegener, G. Detection of brain-derived neurotrophic 

factor (BDNF) in rat blood and brain preparations using ELISA: Pitfalls and solutions. J. Neurosci. 

Methods 187, 73–77 (2010). 

130. Pruett, S. et al. Characterization of the Action of Drug-Induced Stress Responses on the 

Immune System: Evaluation of Biomarkers for Drug-Induced Stress in Rats. J. Immunotoxicol. 4, 

25–38 (2007). 

131. Pruett, S., Lapointe, J.-M., Reagan, W., Lawton, M. & Kawabata, T. T. Urinary 

corticosterone as an indicator of stress-mediated immunological changes in rats. J. 

Immunotoxicol. 5, 17–22 (2008). 

132. Seltman, H. J. in Experimental Design and Analysis 293–318 (2009). 

133. 3.2.3.3. Two-Way Nested ANOVA. Available at: 

http://www.itl.nist.gov/div898/handbook/ppc/section2/ppc233.htm. (Accessed: 6th December 

2016) 

134. Benmansour, S., Piotrowski, J. P., Altamirano, A. V. & Frazer, A. Impact of Ovarian 

Hormones on the Modulation of the Serotonin Transporter by Fluvoxamine. 

Neuropsychopharmacology 34, 555–564 (2008). 

135. Carrier, N. & Kabbaj, M. Sex differences in the antidepressant-like effects of ketamine. 

Neuropharmacology 70, 27–34 (2013). 

136. Asarian, L. & Geary, N. Sex differences in the physiology of eating. Am. J. Physiol. - Regul. 

Integr. Comp. Physiol. 305, R1215–R1267 (2013). 

137. Contreras, C. M., Martínez-Mota, L. & Saavedra, M. Desipramine restricts estral cycle 

oscillations in swimming. Prog. Neuropsychopharmacol. Biol. Psychiatry 22, 1121–1128 (1998). 

138. Fernandes, C., González, M. I., Wilson, C. A. & File, S. E. Factor Analysis Shows That Female 

Rat Behaviour Is Characterized Primarily by Activity, Male Rats Are Driven by Sex and Anxiety. 

Pharmacol. Biochem. Behav. 64, 731–736 (1999). 

139. Tache, Y. & Million, M. Role of Corticotropin-releasing Factor Signaling in Stress-related 

Alterations of Colonic Motility and Hyperalgesia. J. Neurogastroenterol. Motil. 21, 8–24 (2015). 

140. Zhao, Z., Zhang, H.-T., Bootzin, E., Millan, M. J. & O’Donnell, J. M. Association of Changes 

in Norepinephrine and Serotonin Transporter Expression with the Long-Term Behavioral Effects 

of Antidepressant Drugs. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 34, 

1467–1481 (2009). 

141. Zhao, Z. et al. Norepinephrine transporter regulation mediates the long-term behavioral 

effects of the antidepressant desipramine. Neuropsychopharmacology 33, 3190–3200 (2008). 

 


