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ABSTRACT

Approximately 13% of children aged 12-17 are diagnosed with major depressive disorder
(MDD). This is particularly troubling since according to the World Health Organization, suicide
is the second leading cause of death in individuals aged 15-29, suggesting that there is much left
to be understood about the underlying neurocircuitry regulating symptoms of MDD. Previous work
has shown that extracellular regulated kinase 2 (ERK2) activity in mesolimbic reward structures
such as the ventral tegmental area (VTA), is important in mediating stress- and antidepressant-
responding. The VTA receives regulatory input from the lateral habenula (LHb) however little is
known about how ERK2 is expressed in the LHb after stress.

To better understand this mechanism, rt-PCR, used to assess changes in mRNA, and
western blot, used for protein analysis, was done for ERK2 and showed that both mRNA and
protein levels of ERK2 in the LHB were modulated after stress or antidepressant exposure. To
assess if ERK2 modulation could buffer stress-induced deficits, adolescent rats were given micro
infusions of wtERK2 to increase ERK?2 expression in the LHb, and then exposed to the stress and
anxiety-eliciting tasks. Increasing ERK?2 in the LHb, through a viral-mediated approach, promoted
antidepressant-like responses as seen through increased time spent in the open arms of the elevated
plus maze and less time immobile in the forced swim test. A separate group of rats was placed
through chronic unpredictable stress and then received site-specific infusions of wtERK2 prior to
behavioral testing, in an attempt to reverse stress-induced deficits. Similar to infusions in naive
animals, increasing ERK2 in the LHb was sufficient to promote antidepressant-like responses,
when compared to GFP-exposed rats. This data suggests that increasing ERK2 in the LHb
promotes resilience to stress and can reverse stress-induced deficits. Overall this data highlights
the importance of LHb second-messenger signaling in mediating resilience to stress-eliciting

stimuli.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

As one of the leading causes of disability in the world (Kessler, 2012), major depressive
disorder (MDD) is an immensely costly and burdensome illness (Kessler, 2012). MDD afflicts up
to 20% of the world’s population (Manji, Drevets, & Charney, 2001; Nestler, Barrot, DilL.eone,
Eisch, Gold, & Monteggia, 2002a), and nearly 10% of adolescents suffer from MDD (Lewinsohn,
Rohde, Seeley, & Fischer, 1993). Sadly, adolescent rates of depression have increased over the
last 10 years, yet very little has been done to address antidepressant availability and efficacy in
pediatric populations (Birmaher, Brent, & Benson, 1998; PharmD, PhD, & MSPH, 2009). This is
particularly troubling because nearly 50% of adolescents who suffer from MDD do not respond to
currently approved treatments (Maalouf, Atwi, & Brent, 2011), and according to the World Health
Organization, suicide is the second leading cause of death in afflicted individuals aged 15-29
(World Health Organization, 2015).

Even though MDD has been a public health concern for many years, its etiology and
pathophysiology remain poorly understood. There is an abundance of data describing just one
particular mechanism or specific pathway that mediate certain aspects of MDD, however, a better
understanding of the predisposing factors, potentiating processes, and overall mechanisms of
MDD is still lacking. Additionally, most evidence of the mechanisms underlying MDD processes
and antidepressant efficacy come from studies in adults, making it extremely difficult to address
and treat juvenile mood disorders (Birmaher, 1998; Emslie & Mayes, 2001; Coyle et al., 2003).
Taken together, this highlights the need for newer, more efficacious treatment options for this
population.

The mechanisms by which antidepressants exert their therapeutic effect varies widely
between the different classes of antidepressants (ADs) and is still a major topic of ongoing
research. Different classes of ADs may act via modulation of more than one neurotransmitter, such
as serotonin, norepinephrine, or dopamine, among others, and influence the release/reuptake of
that transmitter, ultimately increasing its bioavailability (Arborelius et al., 1996; Arnone et al.,
2018). Most if not all ADs eventually work through binding to particular receptors to initiate
subsequent intracellular signaling cascades. At the clinical level, most AD take weeks to months

to have a therapeutic effect, and some patients have to try several different ADs to find one that



works at all (Gupta, Gersing, Erkanli, & Burt, 2015). Unfortunately, some commonly prescribed
antidepressants, such as selective serotonin reuptake inhibitors (SSRIs), have been shown to have
negative side effects that coincide with their therapeutic efficacy (Cheung, Emslie, & Maynes,
2004). Fluoxetine (FLX), the only approved SSRI approved for the treatment of pediatric
depression, tends to increase weight gain, promote mood swings, and even increase anxious or
impulsive tendencies (Gupta et al., 2015). Despite its negative side-effects, FLX does alleviate
some depression-related symptoms in adolescents and when taken responsibly, promotes
remission of MDD (MD et al., 2015; Shehab, Brent, & Maalouf, 2016; Warner-Schmidt, Vanover,
Chen, Marshall, & Greengard, 2011).

Ketamine (KET) is an N-methyl-D-aspartate (NMDA) receptor antagonist that has recently
gained much attention due to its ability to elicit rapid antidepressant effects when compared to
traditional medications (N. Li et al., 2011). In stark contrast to traditional antidepressants which,
as stated, take weeks to months to be effective, patients receiving just one infusion of KET report
to have sustained reductions in depressed mood (Murrough et al., 2013), and it has been effective
in patients suffering from treatment resistant depression (TRD) (Price, Nock, Charney, & Mathew,
2009) (Price et al., 2014). Importantly, KET has also been shown to be safe for use in adolescent
and pediatric populations (Dale, Somogyi, Li, Sullivan, & Shavit, 2012; Nugent et al., 2013;
Papolos, Teicher, Faedda, Murphy, & Mattis, 2013). Given KET’s rapid and sustained
antidepressant action, especially in TRD, it is a very promising candidate tool to uncover the neural
mechanisms underlying MDD as well as elucidate more effective therapeutic strategies in
adolescent populations.

The mechanisms by which antidepressants exert their therapeutic effects is still a major
topic of ongoing research. By identifying where in the brain drugs such as FLX- and KET-induced
biological changes occur we can advance our understanding of depression and discover potentially
novel therapeutic targets in the process. Most research delineating brain mechanism mediating
depression has focused on the hippocampus (HIPP) and prefrontal cortex (PFC), and these regions
have been directly implicated in mediating various aspects of depression (Yetnikoff, Lavezzi,
Reichard, & Zahm, 2014). More recently, research efforts have focused on the mesolimbic reward
pathway (Nestler, Barrot, DiLeone, Eisch, Gold, & Monteggia, 2002a). This reward pathway is
known for playing a major role in controlling goal-directed behavior and mood under normal

conditions (Naranjo, Tremblay, & Busto, 2001; Nestler & Carlezon, 2006; Wise, 1996). The key



brain substrates that comprise this circuit include the nucleus accumbens (NAc), the HIPP, the
amygdala (Amy) and the PFC, which all receive input from the ventral tegmental area (VTA)
(Duman & Monteggia, 2006). Post-mortem tissue of individuals with depression or those whom
have committed suicide show atrophy in some of these brain regions, which is accompanied by
dysregulated signaling of key depression-related molecules, such as brain derived neurotrophic
factor (BDNF) (Berton et al., 2006).

The VTA is comprised of mainly dopamine-secreting neurons, however recent studies
show evidence for glutamate-, GABA-, and CRH-releasing neurons as well (Yoo et al., 2016). The
mesolimbic reward circuit is bi-directionally modulated by the VTA and its target structures to
maintain proper functioning in response to stress, and also in the modulation of antidepressant
efficacy (Krishnan et al., 2007; Luo, Tahsili-Fahadan, Wise, Lupica, & Aston-Jones, 2011).
Current evidence suggests that treatment with KET rapidly changes the structure and enhances the
functioning of synapses within the mesocorticolimbic pathway (Murrough et al., 2013). Studies
have demonstrated that some of the mechanisms underlying KET’s antidepressant effects may
depend on rapid activation of the mammalian target of rapamycin (mTOR) pathway, including
increases in extracellular signal-regulated kinase (ERK), protein kinase B (PKB/Akt), and brain-
derived neurotrophic factor (BDNF) within the HIPP, changes in glutamatergic synaptic strength
in the NAc, and leads to an increase in new spine formation within the PFC (Abdallah et al., 2016;
Autry et al., 2011; N. Li et al., 2010; Murrough et al., 2013).

Although the VTA has direct control over NAc, PFC, and HIPP, it is important to note that
VTA activity is modulated by other structures, one of which is the habenular complex (Mameli,
2013). Specifically, the lateral portion of this complex, the lateral habenula (LHb), has been shown
to be important in mediating behavioral responses to both positive and negative stimuli (Stamatakis
& Stuber, 2012; Stamatakis et al., 2013). The LHb is a glutamatergic hub which is suspected to
inhibit VTA activity by directly increasing inhibitory tone through local VTA GABAergic
modulation (Quina et al., 2014). This hypothesized LHb-induced inhibition would ultimately lead
to reduced dopamine output by the VTA, thus promoting depressive-like behaviors (Meng et al.,
2011). Interestingly, lesions to the LHb have been shown to attenuate anxiety- and depressive-like
behaviors in rodents exposed to stress (Gill, Ghee, Harper, & See, 2013; Winter, Vollmayr,
Djodari-Irani, Klein, & Sartorius, 2011). Given the evidence supporting the LHb involvement in

mediating depressive-like behavior, it is likely that antidepressants may elicit some of their actions,



at least in part, through the LHb. Indeed, a recent study has demonstrated that KET, for example,
reverses stress-induced hyperactivity of neurons within the LHb (Y. Yang et al., 2018). However,
little is known about how KET influences second messenger signaling within the LHb, and even
less is known about the role of ERK2 signaling within the habenula. This is important because
there is evidence for a close relationship between ERK2 activity and antidepressant responses
(Trentani, Kuipers, Horst, & Boer, 2002; Valjent, Pages, Herve, Girault, & Caboche, 2004; Warren
et al., 2014), making ERK?2 a likely target candidate for mediating antidepressant responses within
the LHb. Therefore, the main goal of my dissertation is to determine the LHb’s potential role in
the antidepressant effects induced by KET. My decision to investigate the LHb was based on
findings indicating: a) its sensitivity to stress, and mediates stress-induced depressive
symptomology, b) modulates input to the VTA, and therefore the mesocorticolimbic system, c)
mediates stress-induced neuronal hyperactivity, which KET can reverse (Y. Yang et al., 2018),
and d) it might contribute to, or even be the region that underlies KET’s induced synaptic plasticity
in other brain regions.

Given these findings, I hypothesize that antidepressant exposure will influence ERK2
activity within the LHb, and that direct regulation of ERK2 will modulate depression- and anxiety-
related behaviors, and that this brain region plays a direct impact on antidepressant efficacy. To
test these hypotheses, I will first assess the long-term behavioral effects of chronic stress exposure
and compared the stress-induced behavioral profile to that of adolescent rodents exposed to FLX
or KET. I will then use rtPCR and Western Blot to compare and contrast the biochemical effect of
stress and antidepressant exposure on ERK2-related signaling within the LHb. Given the evidence
that ERK2 also acts within the VTA, I will also investigate the consequences of these insults in
the VTA. Lastly, I will directly manipulate ERK2 within the LHb, using viral vectors, to
functionally determine its role in stress and antidepressant-induced phenotypes during

adolescence.



CHAPTER 11
BEHAVIORAL CONSEQUENCES OF STRESS OR ANTIDEPRESSANT EXPOSURE
DURING ADOLESCENCE

Introduction

Approximately 13% of children aged 12-17 are diagnosed with major depressive disorder
(MDD) (Avenevoli, Swendsen, He, Burstein, & Merikangas, 2015). This is particularly troubling
because suicide is the second leading cause of death in individuals aged 15-29 according to the
World Health Organization. This suggests that there is much left to be understood about the
underlying neurocircuitry regulating symptoms of MDD. Early life MDD can be highly
debilitating, and its lasting negative consequences, such as increasing risk for conduct and
substance abuse disorders, greater likelihood of relapse, and increase susceptibility to post
traumatic stress disorder (PTSD), can extend into adulthood (Y. Chen & Baram, 2015; DSc,
MRCPsych, & PhD, 2012). Stress and maladaptive coping mechanisms are suggested to be among
the major precipitating factors in developing MDD (Juster, McEwen, & Lupien, 2010). Early life
stress has been shown to have long lasting negative effects resulting in dysregulated functionality
in activity of the hypothalamic pituitary axis (van Bodegom, Homberg, & Henckens, 2017), a
major component of the stress response, and a key element of the feedback mechanism necessary
for appropriate signaling of the stress hormone, corticotrophin releasing hormone (CRH)
[corticotrophin releasing factor (CRF) in rodents; Authement et al., 2018; Inda, Armando, Santos
Claro, & Silberstein, 2017] . Early life stress has also been shown to change the volume of key
brain regions such as the prefrontal cortex and the hippocampus, responsible for executive function
and emotional processing, respectively (Syed & Nemeroff, 2017; King, Humphreys, Camacho, &
Gotlib, 2018). This change in volume and the subsequent changes in connectivity between these
brain areas could be a potential contributor to the affective abnormalities seen in MDD. Animal
models of early life stress have been instrumental in delineating the neurobiology of stress,
however they often focus on prenatal maternal stressors or postnatal maternal separation which
rely heavily on disruption of social bonds (Alcantara, Parise, & Bolafios-Guzman, 2017), however
human adolescents often undergo social and emotional stress that go beyond this type of insult
(Teicher, Samson, Polcari, & McGreenery, 2006). Gaining a better understanding of the pathology

of MDD may be facilitated through modeling of stress exposure experienced during adolescence.



Medications approved for use in children are severely limited, with fluoxetine (FLX), a
selective serotonin reuptake inhibitor (SSRI), being the only pharmacotherapy approved for use in
children and adolescents (Birmaher et al., 1998). A vast majority of what is known about the
effectiveness and the side-effects of SSRIs, such as FLX, has been derived from studies in adult
populations, while research on the effectiveness and long-term effects of FLX exposure during
periods prior to adulthood, is critically lacking (Birmaher et al., 1998; PharmD et al., 2009). In
general, it has been reported that the therapeutic efficacy of FLX treatment often coincides with
unfavorable side-effects ranging from weight gain to sexual dysfunction (Wernicke, 2005). Aside
from unwanted side effects, two major setbacks have been identified for FLX: true clinical efficacy
is usually reached after about 3-4 weeks of treatment, and about half of young individuals that are
prescribed FLX are non-responsive to treatment and require multiple adjunctive
pharmacotherapies (Cipriani et al., 2016; Maalouf et al., 2011; Zhou et al., 2015).

Recently, the non-competitive NMDA receptor antagonist, ketamine (KET), has received
attention due to its ability to act as a rapid acting, long lasting treatment, for adult MDD, and has
been found to be particularly efficacious in individuals deemed treatment resistant (Diazgranados
et al., 2010; Rot, Zarate, Charney, & Mathew, 2012). KET is often administered in a clinic, and
while it is rapid acting and its antidepressant effects can be seen to last for multiple days, patients
often must return to the clinic for subsequent treatments in order to maintain antidepressant
effectiveness. This practice parallels findings in animal studies showing that chronic, as opposed
to acute, treatment with KET results in antidepressant effects that lasts up to two months (Parise
et al., 2013) suggesting the possibility that chronic administration of KET, similar to FLX, may be
more efficacious in patients with MDD. As often is the case, most of the current studies with KET
have been done in adult patients, and although its use in adolescents has not been approved, there
is reason to believe KET treatment for juvenile depression can be just as effective as FLX
(Murrough et al., 2013; Sanacora et al., 2016). Basic research provides the means to assess the
potential effectiveness of drugs for therapeutics, thus the following set of experiments were
designed to establish the behavioral outcome of chronic unpredictable stress (CUS) in adolescent
rats and to further compare the short and long-term behavioral effects of chronic exposure to KET

or FLX during the adolescent period.



Methods
Materials and Tests

Animals. Male Sprague-Dawley rats were obtained from Charles River (Wilmington, MA).
Rats arrived at postnatal day (PD) 28 and were allowed to habituate to the facility for 5-7 days.
The age of experimental manipulations in adolescent rats (PD 35) was selected because it
roughly approximates adolescence in humans (Spear, 2000). Rats were housed in clear
polypropylene boxes containing wood shavings in an animal colony maintained at 23-25°C on a
12 h light/dark cycle in which lights were on between 0700 and 1900 hours. Food and water
were provided ad libitum.

Chronic unpredictable stress. The chronic unpredictable stress (CUS) paradigm is usually
carried out for 2-4 weeks (4 weeks in adolescents) and consists of exposing rats to one stressor/day
in a randomized manner, such that the animal does not have time to acclimate to the stress schedule
and predict the stressor. This is an important detail as controllability of stressors has been shown
to have an impact of the deleterious effects of stress (Christianson et al., 2014). Stressors consisted
of alternating periods of food or water deprivation (overnight), continuous cage shaking (1h on an
automatic shaker), forced swim stress (15 min, in 18°C water), continuous overnight illumination
(12 h), overnight cage-flooding (12 h), exposure to cold temperature (1h at 4°C), and acute restraint
stress (40 min) using plastic DecapiCones (restraint bags) (Iniguez et al., 2010; Overstreet, 2011).

Sucrose Preference. The sucrose preference test consisted of a two-bottle choice procedure
in which rats were given the choice between consuming water and a sucrose solution. This
paradigm has been used extensively to assess the effects of stress-induced anhedonia (Nestler,
Barrot, DiLeone, Eisch, Gold, & Monteggia, 2002b). Rats were habituated to drink water from
two bottles for 5 days. At the start of the experiment, they were exposed to ascending
concentrations of sucrose (0.0%, 0.25%, and 0.5%) for two days per sucrose concentration. Water
and sucrose consumption was measured at 9 A.M. and 7 P.M. each testing day. The position of the
sucrose bottle (left or right) was counterbalanced between groups and changed daily. Preference
for sucrose over water [sucrose/(sucrose + water)] was used as a measure for rats’ sensitivity to
reward.

Elevated Plus Maze. The elevated plus maze (EPM) is a behavioral assay commonly used

to measure anxiety-like behavior (Montgomery, 1955b). The EPM apparatus is elevated



approximately 3 feet off the ground and consists of two perpendicular intersecting runways (6cm
X 25cm); one runway has no walls (open arms) while the other arm has fully encompassing walls
on either side of the runway (closed arms; 25 cm tall). Rats are placed into the center of the
intersecting runways and can freely explore the arena for 5 min. Rats tend to prefer the safety of
the closed arms but will eventually begin to explore the open arm runway. Increased time spent in
the closed arms is interpreted as increased anxiety-like behavior.

Forced Swim Test. The forced swim test (FST) is a task commonly used to assess
antidepressant efficacy; however, the FST has high predictive validity and is used as a behavioral
task to assess learned helplessness (Reed, Happe, Petty, & Bylund, 2008a). Mice/rats are
individually placed into containers filled with cold water (23 + 2°C). The containers are filled such
that the animal cannot touch the bottom is forced to swim to stay afloat. Eventually, the animal
adopts an immobile posture, characterized by motionless floating and the cessation of struggling
behaviors. The latency to adopt an immobile posture and the total time spent immobile thereafter
are recorded. Rodents with lower latency to immobility or more time spent immobile reflect a
depressive-like phenotype.

Drugs and administration schedule. Ketamine (KET) or fluoxetine (FLX) were obtained
from Butler Schein Animal Health (Dublin, OH) in an injectable solution (100 mg/ml) or Spectrum
Pharmaceuticals (Irvine, CA), respectively. KET (10 mg/kg) was diluted in sterile physiological
saline (0.9% sodium chloride) and administered intraperitoneally (IP) at a volume of 1 mL/kg.
FLX (10 mg/kg) was dissolved in sterile water and administered IP at a volume of 1mL/kg. Rats
were administered treatment twice per day for 15 days from PD 35-49. Behavioral testing to assess
reactivity to stressful stimuli was done both at 24hrs [short-term (ST)] and 1 month [long-term
(LT)] after drug treatment. Assessments were done in separate groups of rats and for the LT group,
testing began at PDS8O0.

Statistical Analyses. Behavioral data were analyzed using mixed-design (between and
within variables) ANOVA followed by Fisher Least Significant Difference (LSD) post hoc tests.
When appropriate, Student’s ¢ tests were used to determine statistical significance of planned
comparisons. Data are expressed as the mean = SEM. In all cases, statistical significance was

defined as p< 0.05.



Results
Stress-induced changes in depression and anxiety-like behaviors

Forced Swim Test (FST). The FST was used as the last stressor of the CUS paradigm and
was scored as an assessment of deficit. As the last stressor of the CUS paradigm, CUS-rats and
their control (CON) counterparts were exposed to a final 5-minute FST (n = 20/group; Figure
2.1A-B). An unpaired Student’s ¢ -test revealed significant differences as a function of stress-
exposure, in both latency to adopt an immobile posture (t3s = 3.798, p = 0.0005) and the total time
spent immobile (tzg = 2.661, p = 0.0113). CUS-exposed rats took less time to adopt an immobile
posture compared to non-stress controls (i.e., gave up faster) (p < 0.05; Figure 2.1A). Similarly,
exposure to CUS promoted longer time spent immobile for the duration of the FST (p<0.05; Figure
2.1B). Avoidance of the open arms in the CUS-exposed rats exemplifies an exaggerated
anxiogenic response to a novel environment.

Elevated Plus Maze (EPM). Twenty-four hours after the last day of stress exposure, CUS
and their CON counterparts (n = 20/group; Figure 2.1C-D) were exposed to the EPM. An unpaired
Student’s 7 -test revealed significant differences in time spent in the open (t3s = 2.56, p = 0.014)
and closed arms (t3s = 2.78, p = 0.008) of the EPM, as a function of stress exposure. CS-exposed
rats spent significantly less time in the open arms of the EPM when compared to non-stress controls
(p <0.05; Figure 2.1C). Similarly, exposure to CS resulted in an increase in the time rats spent in
the closed arms of the EPM (p <0.05; Figure 2.1D). Avoidance of the open arms in the CS-exposed
rats exemplifies an exaggerated anxiogenic response to a novel stress-inducing environment.

Stress-induced changes in sucrose preference. After exposure to CUS, rats were tested for
sucrose preference (n = 20/group; Figure 2.1E). A two-way ANOVA revealed a significant effect
of stress condition (F1,19= 13.43 p = 0.0003) and sucrose concentration (F3,19=57.63 p =0.0001)
and a significant interaction (£3,19= 5.226 p = 0.0018) between the two variables. Rats exposed to
CUS drank less sucrose (0.125%, 0 .25%, and 0.5%) compared to non-stressed controls (p < 0.05;
Figure 2.1E). No differences were seen in water consumption between CUS- and control rats.
Short-term effects of FLX exposure on depression and anxiety-like behaviors

Elevated Plus Maze (EPM). Twenty-four hours after the last day of drug treatment,
fluoxetine (FLX)-exposed adolescent rats and their saline (SAL)-exposed counterparts (n =
10/group; Figure 2.2A-B) were exposed to the EPM. An unpaired Student’s ¢ -test revealed

significant differences, as a function of drug exposure, in the time rats spent in the open (tis=2.118,



p = 0.0483) and closed arms (tis= 3.093 p= 0.006) of the EPM. FLX-exposed rats spent
significantly less time in the open arms of the EPM when compared to SAL pre-treated rats
(p<0.05; Figure 2.2A). Similarly, exposure to FLX promoted an increase in the time rats spent in
the closed arms of the EPM (p<0.05; Figure 2.2B). This is not unexpected as previous work from
our group and others, has shown that exposure to FLX induces an increase in anxiety-like behavior
(Iniguez, Alcantara, et al., 2014a).

Forced Swim Test (FST). After being exposed to the EPM, FLX-exposed rats and their
SAL counterparts were administered the FST (n= 10/group; Figure 2.2C-D). An unpaired
Student’s 7 -test revealed significant differences, as a function of drug exposure, in both latency to
immobility (tis= 4.98, p<0.0001) and total immobility in the FST (tis= 2.504, p= 0.0221). FLX-
exposed rats took longer to give up (adopt an immobile posture) compared to SAL pre-treated rats
(»<0.05; Figure 2.2C). Similarly, exposure to FLX promoted a decrease in the overall time that
rats spent immobile in the FST (p<0.05; Figure 2.2D).
Long-term effects of FLX exposure on depression and anxiety-like behaviors

Elevated Plus Maze (EPM). A separate group of adolescent rats were administered FLX
from PD 35-49. Four weeks after the last day of drug treatment fluoxetine (FLX)-exposed
adolescent rats and their saline (SAL)-exposed counterparts (n=10/group; Figure 2.2E-F) were
tested in the EPM. An unpaired Student’s #-test revealed a significant difference in time spent in
the open arms of the EPM (tis= 2.453, p= 0.0246, Figure 2.2E) however there was no significant
differences between FLX or SAL exposed rats in the time spent in the closed arms (tis= 3.093 p=
0.006, Figure 2.2F) of the EPM.

Forced Swim Test (FST). After being exposed to the EPM, FLX-exposed rats and their
SAL counterparts were administered the FST (n= 10/group; Figure 2.2G-H). An unpaired
Student’s #-test revealed significant differences in the latency to immobility (tis=4.361, p=0.0004)
and total immobility in the FST (tis= 3.824, p= 0.0012), as a function of drug exposure. FLX-
exposed rats took longer to give up compared to SAL pre-treated rats (p<0.05; Figure 2.2G).
Similarly, exposure to FLX promoted a decrease in the overall time that rats spent immobile in the
FST (p<0.05; Figure 2.2H).
Short-term effects of KET exposure on depression and anxiety-like behaviors

Elevated Plus Maze (EPM). Twenty-four hours after the last day of chronic drug treatment,
ketamine (KET) exposed adolescent rats and their saline (SAL) exposed counterparts (n=10/group;
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Figure 2.3A-B) were exposed to the EPM. An unpaired Student’s ¢ -test revealed significant
differences in time spent in the open (tis= 2.205, p= 0.0407) and closed arms (tis= 2.134, p=
0.0327) of the EPM, as a function of drug exposure. KET-exposed rats spent significantly more
time in the open arms of the EPM when compared to SAL pre-treated rats (p<0.05; Figure 2.3A).
Similarly, exposure to KET promoted a decrease in the time rats spent in the closed arms of the
EPM (p<0.05; Figure 2.3B). Interestingly, KET exposure in rats resulted in a reduction of anxiety
compared to those exposed to FLX during adolescence.

Forced Swim Test (FST). After being exposed to the EPM, KET-exposed rats and their
SAL-exposed counterparts were administered the FST (n=10/group; Figure 2.3C-D). An unpaired
Student’s ¢ -test revealed significant differences in latency to immobility (tis= 5.572, p<0.0001)
and total immobility in the FST (tis= 3.792, p= 0.0013) as a function of drug exposure. KET-
exposed rats took longer to adopt an immobile posture compared to SAL pre-treated rats (p<0.05;
Figure 2.3C). Similarly, exposure to KET promoted a decrease in the overall time that rats spent
immobile in the FST (p<0.05; Figure 2.3D).

Long-term effects of KET exposure on depression and anxiety-like behaviors

Elevated Plus Maze (EPM). A separate group of adolescent rats were administered KET
from PD 35-49. Four weeks after the last day of drug treatment, KET-exposed rats and their saline
(SAL) -exposed counterparts (n=10/group; Figure 2.2E-F) were tested in the EPM. An unpaired
Student’s ¢ -test revealed significant differences in time spent in the open (tis= 2.314, p= 0.0327)
and closed arms (tis=2.633, p=0.0169) of the EPM, as a function of drug exposure. KET-exposed
rats spent significantly more time in the open arms of the EPM when compared to SAL pre-treated
rats (p<0.05; Figure 2.3E). Similarly, exposure to KET promoted an increase in the time rats spent
in the closed arms of the EPM (p<0.05; Figure 2.3F).

Forced Swim Test (FST). After being exposed to the EPM, KET-exposed rats and their
SAL counterparts were administered the FST (n=10/group; Figure 2.3G-H). An unpaired Student’s
t -test revealed significant differences in latency to immobility (tis= 3.885, p<0.001) and total
immobility in the FST (tis= 3.203, p= 0.0049) as a function of drug exposure. KET-exposed rats
took longer to adopt an immobile posture, compared to SAL pre-treated rats (p<0.05; Figure 2.3G).
Similarly, exposure to KET promoted a decrease in the overall time that rats spent immobile in the

FST (p<0.05; Figure 2.3H).
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Discussion

Although treatment for MDD is available, treating adolescents is challenging as evidence-
based therapeutic approaches are lacking, and decisions regarding treatment are largely based on
data from adults. Even more troubling is the fact that close to 50% of adolescents who suffer from
MDD are non-responsive to available treatments, and only fluoxetine (FLX) is currently approved
for the treatment of pediatric MDD. Animal models are therefore critical for establishing
neurobiological mechanisms and to inform clinical research. Although still far from ideal, animal
models of depression have evolved over the years and though not perfect, they are now better at
being able to more specifically identify subsets of depression-related phenotypes and also to model
more complex mood-related disorders such as bipolar or mania (Alcantara et al., 2017) (Ritov,
Boltyansky, & Richter-Levin, 2015; Ma et al., 2017; Logan & McClung, 2016). Of particular
interest are animal models that can identify the mechanism of potentially harmful insults that can
impede the proper development of stress coping mechanisms, particular during adolescence (Cz¢h,
Fuchs, Wiborg, & Simon, 2016). Therefore, the goals of the studies outlined in this chapter were
to establish the behavioral outcome of chronic unpredictable stress (CUS) in adolescent rats, and
to delineate in parallel the short and long-term behavioral effects of chronic exposure to KET or
FLX during the adolescent period.

Studies using adult rats have shown that CUS induces a robust and persistent depressive-
like phenotype (C. Hu et al., 2017). This phenotype is often exemplified by an increase in
behavioral despair which is measured through various tasks, such as failure to escape a shock in a
learned helplessness model, increased total immobility in the forced swim test (FST), increased
avoidance to novel or anxiety-invoking environments or objects, and a decreased in the intake of
palatable substances such as sucrose or saccharine (i.e., anhedonia). Here, I demonstrate that
similar to adult rats, CUS exposure during adolescence is capable of inducing anhedonia, as seen
through a reduction in sucrose preference, and this was accompanied by increases in anxiety-like
behavior (i.e., less time spent in the open arms of the EPM), and an increase in behavioral despair
(i.e., decreased latency to immobility/ increased total immobility in the FST). Although I found
similarities between how adult and adolescent rats respond to stress, it is important note that there
is evidence delineating differences in how adult and adolescent rodents react to stressful
environments and ultimately manifest depression-like behaviors. For example, adolescent rats

show a significantly greater increase in levels of corticosterone (CORT) in response to acute
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restraint stress compared to adult rats (Romeo, 2013). Although CORT levels go back to
comparable adult concentrations after about 2 hours, it is possible that adolescents are more
sensitive to repeated stress insults which may be driven by this heighted initial spike in CORT.
This would suggest that repeated exposure to stressors during early life may eventually lead to
more devastating long-term behavioral disturbance. In addition, adolescent rats exposed to
restraint stress show higher resistance to the extinction of fear memories, as compared to their
adult counterparts (Barbayannis et al., 2017). This suggests that in adolescent rats, initial
physiological responsiveness to stress may induce neurobiological adaptations that potentiate the
lasting impact of negative experiences and therefore affect future responses to stressful stimuli.
Similar to stress models, studies assessing the appropriateness, the efficacy, and the
potential consequences of antidepressant medication exposure in adolescents is much needed.
Although there are pharmacotherapies available, these are not ideal and the need for safer and
more efficacious treatments is still present. Stress-related behavioral assays such as the FST, have
shown to be useful in identifying the potential of effective antidepressants for adolescent use. For
example, adolescent rats exposed to the selective serotonin reuptake inhibitors, FLX and
escitalopram, but not tricyclic antidepressants, show improved scores (i.e., decreased immobility)
in the FST (Reed, Happe, Petty, & Bylund, 2008a). This result parallels findings reported in
clinical pediatric literature promoting the efficacy of SSRI administration for juvenile depression.
However, it should be noted that FLX is still prescribed with caution given reports showing that
in some cases it also promotes increases in anxiety, impulsivity and suicidality (Gupta et al., 2015).
Interestingly, my data show that adolescent rats exposed to chronic FLX exhibit increased anxiety-
like behavior as seen through a reduction in time spent in the open arms of the elevated-plus maze
(EPM). My work demonstrates that this anxiogenic response is seen 24 h after the last drug
treatment and that it persists into adulthood (postnatal day 80). Interestingly, previous work from
my laboratory also shows that re-exposure to a sub-chronic schedule of FLX during adulthood can
rescue the anxiogenic responses to the EPM (i.e., increase time spent in the open arms) (iniguez,
Warren, & Bolafos-Guzman, 2010). The biological basis underlying this phenomenon remains to
be elucidated, but it suggests that FLX-exposed rodents may develop a physiological and/or
behavioral dependence to FLX. This concept is not without precedence as there is emerging
evidence suggesting that discontinuation of the use of SSRIs leads to withdrawal symptoms such

as increased irritability, sleep disturbances, depression relapse, and many symptoms that have been
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equated to that of withdrawal from drugs of abuse (Black, Shea, Dursun, & Kutcher, 2000; Fava,
Gatti, Belaise, Guidi, & Offidani, 2015). Although not ideal, it has been suggested that in order to
manage the withdrawal symptoms of SSRI discontinuation, patients be temporarily put on FLX
then tapered off in order to minimize the side effects of withdrawal (Benazzi, 2008). This practice
supports the idea that SSRIs promote behavioral dependence and it is conceivable that some
individuals may be on SSRI treatment for longer than necessary just to prevent the emergence of
unfavorable symptoms (i.e. withdrawal) (Bennazi, 1998). Despite the negative side effects
associated with chronic FLX exposure, my data suggest that FLX is effective at ameliorating
behavioral despair, and it can promote long-term reductions in reactivity to stress-eliciting stimuli.
More specifically, I find that adolescent rats treated with FLX take significantly longer to give up
in the FST compared to their saline-treated counterparts and show less total immobility for the
entirety of the test. This effect persists well into adulthood. While this finding is in accordance
with other basic and clinical literature of the antidepressant efficacy of FLX (Gupta et al., 2015),
the anxiety-inducing side effects of repeated SSRI exposure highlight the need for a better
alternative pharmacotherapy for pediatric depression.

To this end, I assessed the effects of short- and long-term KET exposure on mood-related
behaviors in adolescent rats, as compared to FLX. Interestingly, chronic KET exposure did not
induce the same anxiogenic responses as I observed as a consequence of FLX exposure. Twenty-
four hours after the last drug administration, KET-exposed rats tend to spend more time in the
open arms of the EPM suggesting that KET treatment does not promote increases in anxiety as
observed after FLX treatment. I noted a similar trend (i.e., anxiolytic response) 1 month after the
cessation of KET treatment. KET has been proposed for the treatment of generalized anxiety or
social anxiety disorder (GAD/SAD, respectively) (J. H. Taylor et al., 2018). Individuals suffering
from GAD/SAD show relief of their anxiety symptoms and a general improvement of their social
life, however, infusions took place once or twice weekly and over the course of 3 months (Glue et
al., 2018). Nevertheless, these patients appeared to be in remission from symptoms. Studies using
a chronic KET regimen are not widely available and require further studies in humans. KET-
exposed adolescent rats also show improvement in the FST as compared to their saline-exposed
counterparts. Specifically, both twenty-four hours and 1 month after drug treatment, KET-exposed
rats show an increase in latency to immobility and a decrease in total immobility (i.e.,

antidepressant-like responses). This is in contrast to work done in mice which shows that an acute
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infusion of KET improves swimming behavior in the FST 24 h after drug administration, however
when tested again at 1-week post-infusion, immobility scores return to control levels (Autry et al.,
2011). Previous work suggests that this KET-induced reduction in depression- and anxiety-like
behavior is seen even up to two months after drug exposure (Parise et al., 2013). This supports the
idea that chronic, as opposed to acute, KET administration may be more beneficial due to its
capability of promoting sustained behavioral improvement in depression-related tasks. Although
this behavioral outcome is similar to that seen in FLX-exposed rats, the differences in anxiety-
related behavior suggest that KET may be a potential alternative to SSRI treatment in juveniles.
Although there is a concern that KET can be abused and used as a dissociative drug, and it’s
considered a drug of abuse, it should be noted that the doses I used here to promote an
antidepressant response do not seem to promote behaviors indicative of increased abusive liability
(Parise et al., 2013). Others have shown that it is capable to induced conditioned place preference
with KET (Du et al., 2017; Guo et al., 2016) however, these studies are limited.

Overall the results of my experiments show that the CUS model of stress used during
adolescence is capable of inducing a depressive-like phenotype when rats are tested in adulthood.
Interestingly, adolescent rats exposed to FLX or KET exhibit short- and long-term stress resilient
phenotypes, however FLX seems to promote an anxiety phenotype that appears to last over the life
of the animals, whereas KET does not promote similar anxiogenic responses. Moving forward [
will compare the biochemical profile of these two antidepressants in an attempt to identify a

common gene that could be modulating the antidepressant aspect of these drugs.
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Figure 2.1 Behavioral effects of Chronic unpredictable stress exposure in adolescence.
Adolescent rats exposed to 4 weeks of chronic stress had a decrease in latency to immobility (A)
and an increase in total immobility (B) in the FST. Chronic stress-exposed rats also spent less
time in the open arms (C) and more time in the closed arms (D) of the EPM. Sucrose preference

was also reduced as a function of stress exposure (E). *Significantly different from non-stressed
controls (p<0.05)

16



Short-term Long-term

A) Elevated Plus Maze: B) Elevated Plus Maze: E) Elevated Plus Maze: F) Elevated Plus Maze:
100, OPENarms 200, Closed arms g0 Openarms 200 Closed arms
= T
801 T
150 J
_ T . - 60 1504 —T
© 604 © w T*' -
E - g 100 2 401 2 1001
= 401 = = =
201 %07 20 501
0 T T 0 T T 0 r r 0 . -
00 100 00 100 00 100 00 100
Fluoxetine (mg/kg) Fluoxetine (mg/kg) Fluoxetine (mg/kg) Fluoxetine (mg/kg)
C) Forced Swim Test D) Forced Swim Test G) Forced Swim Test H) Forced Swim Test
1007 . 2501 1007 . 2507
D < T —
£ 801 b @ 2004 T 2 801 = 2004 —T
3 z . 5 £ l
£ 604 3 1504 £ 601 2 150
E T e = £ T °
2 404 £ 1004 2 404 £ 1001
Iy Ko 0 s
c ° < S)
2 204 ~ 50 2 204 ~ 50
© [}
- —
0 T T 0 T T 0 T T 0 T T
0.0 10.0 0.0 10.0 0.0 10.0 0.0 10.0
Fluoxetine (mg/kg) Fluoxetine (mg/kg) Fluoxetine (mg/kg) Fluoxetine (mg/kg)

Figure 2.2 Short- and long-term behavioral effects of adolescent fluoxetine exposure. Adolescent
rats were exposed to 15 days of fluoxetine (FLX: 10.0 mg/kg) then test in the EPM and FST either
24hrs (short-term) or 1 month (long-term) after last drug administration. FLX-exposure reduced
time spent in the open arms both 24hrs (A) and 1 month (E) after drug treatment. Significant
changes in time spent in the closed arm were observed 24hrs (B) but not Imonth later (F). FLX
exposure promoted and increase in latency to immobility and a reduction in total immobility both
24hrs (C-D; respectively) and 1 month (G-H; respectively) after drug exposure. *Significantly
different from saline-exposed controls (p<0.05)
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Figure 2.3 Short- and long-term behavioral effects of adolescent ketamine exposure. Adolescent
rats were exposed to 15 days of ketamine (KET: 10.0 mg/kg) and then test in the EPM and FST
either 24hrs (short-term) or 1 month (long-term) after last drug administration. KET-exposure
reduced time spent in the open arms both 24hrs (A) and 1 month (E) after drug treatment. Similarly,
KET exposure reduced time spent in the closed arms of the EPM both 24hrs (B) and 1 month (F)
after drig exposure. KET exposure promoted and increase in latency to immobility and a reduction
in total immobility both 24hrs (C-D; respectively) and 1 month (G-H; respectively) after drug
exposure. *Significantly different from saline-exposed controls (p<0.05)
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CHAPTER III
BIOCHEMICAL PROFILE AFTER STRESS OR ANTIDEPRESSANT EXPOSURE
DURING ADOLESCENCE IN REWARD-RELATED BRAIN REGIONS

Introduction

There has been a significant rise in the diagnosis of mood disorders in children and
adolescents (Avenevoli et al., 2015). It has been estimated that about 13% of those between 12-17
years of age are diagnosed with major depressive disorder (MDD) (Van Droogenbroeck, Spruyt,
& Keppens, 2018; Merikangas et al., 2010). The World Health Organization reports suicide as the
second leading cause of death in individuals aged 15-29 suffering from MDD (World Health
Organization, 2015). Although treatments for MDD are available, they are only partially effective
and a large portion of adolescents are non-responsive to available treatments, suggesting that there
is much left to be understood about the underlying neurocircuitry regulating symptoms of MDD
(Cipriani et al., 2016). Stress is a primary factor in precipitating MDD thus necessitating thorough
assessments of how stress alters signaling of genes known to be associated with normal and
dysregulated mood during early developmental periods (King et al., 2018). One of the hallmark
symptoms of depression is a reduction in reward and motivation responding (Der-Avakian &
Markou, 2012; Rizvi, Pizzagalli, Sproule, & Kennedy, 2016) and this has led to an increased
interest in the study of the limbic dopamine (DA) pathway, as it related to the pathophysiology of
depression-related symptoms (Belujon & Grace, 2017; Nestler & Carlezon, 2006). Indeed, there
is evidence indicating that there are deficits in DA signaling in patients with MDD (Belujon &
Grace, 2017) and it is very likely that these deficits contribute to the changes in motivation and
reward valence experienced by individuals suffering with MDD in response to food, sex or social
contact (Leigh Gibson, 2006; Melis & Argiolas, 1995; Depue & Collins, 1999; Atzil et al., 2017).

The main dopaminergic hub of the mesolimbic reward pathway is the ventral tegmental
area (VTA), and the brain region that has received the most attention in mediating reward-related
behaviors is one of the principal connections of the VTA, the nucleus accumbens (NAc) (Carlezon
& Thomas, 2008; Galaj & Ranaldi, 2018). Although the VTA and NAc have been shown to play
critical roles in reward-responding, these brain areas receive considerable modulation, from other
brain regions such as the dorsal raphé nucleus, prefrontal cortex, hippocampus and the lateral

habenula (Bourdy & Barrot, 2012; Ikemoto, 2010; Yetnikoff et al., 2014; Amo et al., 2014;
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Stamatakis & Stuber, 2012). One growing area of research has been uncovering the contributions
of the lateral habenula (LHb) in mediating both depressive-like behavior (Stamatakis & Stuber,
2012; Ootsuka & Mohammed, 2015; Lawson et al., 2016) and, more recently, antidepressant
responding (Y. Yang et al., 2018). The LHb is a glutamatergic hub that is thought to be an
intermediary signaling region between forebrain and midbrain structures (Yetnikoff et al., 2014).
Importantly, the LHb has been shown to play a critical role in mediating activity of the VTA
through both direct and indirect control of local VTA GABAergic activity/signaling (Bourdy &
Barrot, 2012; Beier et al., 2015). The LHb has a prominent excitatory connection to the rostral
medial tegmentum (RMtg), a GABAergic structure, which then acts to inhibit DA neurons in the
VTA (Brown et al., 2017). Similarly, LHb projects onto the GABAergic subset of neurons within
the VTA (Morales & Margolis, 2017; Brinschwitz et al., 2010). Both of these connections
ultimately act to reduce DA output from the VTA (Brown et al., 2017; Sanchez-Catalan et al.,
2016), which has been suggested to lead to some of the depression-like behaviors seen after stress
exposure (Proulx, Hikosaka, & Malinow, 2014; Stamatakis & Stuber, 2012). The VTA itself also
has a unique population of GABA-releasing neurons that feedback to the LHb (Stamatakis et al.,
2013). It is suspected that LHb does not have a local regulatory network (Root, Mejias-Aponte,
Qi, & Morales, 2014), therefore this feedback from LHb output structures acts to reduce LHb
activity to help regulate inhibition and excitation of the LHb-mediated network (Morales &
Margolis, 2017). These interactions suggest that there is a complex reciprocal network of
communication between these VTA and LHb (Stamatakis et al., 2013).

Intracellular signaling mechanisms within these brain regions also play an important role
in MDD and one neurotrophic factor that has gotten much consideration in the pathology of MDD
is the neurotrophin, brain derived neurotrophic factor (BDNF) (Shirayama, Chen, Nakagawa,
Russell, & Duman, 2002; Eisch et al., 2003; Krishnan & Nestler, 2010). Postmortem tissue of
patients with depression has shown deficits in BDNF, and other work has shown that BDNF is an
important mediator of antidepressant responses, suggesting that this signaling cascade may be of
great interest in both stress-induced deficits and the alleviation of these deficits (Calabrese,
Molteni, Racagni, & Riva, 2009; Castrén & Kojima, 2017; Bjorkholm & Monteggia, 2016). The
extracellular signal-regulated protein kinase-1/2 (ERK2), a downstream target of BDNF
(Numakawa et al., 2010), has been highly implicated in mediating the deleterious effects of stress
(Einat et al., 2003; Gourley, Wu, & Taylor, 2008; Iniguez et al., 2010). Once BDNF binds to its
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receptor, tyrosine kinase receptor-B (Trk-B), it initiates activity of ERK2 via a Ras/Raf-dependent
mechanism (Tibbles & Woodgett, 1999). Research on how these genes are modulated in the LHb
after antidepressant treatment is minimal, however, there is evidence suggesting that deep brain
stimulation (DBS) can act in the LHb to promote antidepressant responses (Torres-Sanchez, Perez-
Caballero, & Berrocoso, 2017). Even more interesting is a clinical study showing that DBS
treatment in the lateral habenula also promotes BDNF activity (Hoyer, Kranaster, Sartorius,
Hellweg, & Gass, 2012) potentially mediating, at least in part, remission of depression symptoms.
Other studies have implicated the calcium calmodulin kinase (CaMK) family in the LHb as an
important regulator of depression-like behavior. Specifically, increasing CaMKII in the LHb
increases its synaptic activity and also promotes depression-like behavior (K. Li et al., 2013), while
inhibition of CaMKII signaling has shown to be protective against stress-induced behavioral
deficits (J. Li et al., 2017a). Interestingly, there is considerable cross talk between CaMKII and
BDNEF as it relates to antidepressant responding, these findings further suggest that ERK2 may be
the common downstream effector which may ultimately mediate antidepressant activity in the LHb
(Y. Hu, Liu, Liu, Dong, & Boran, 2014; Brod et al., 2017; Shioda, Sawai, Ishizuka, Shirao, &
Fukunaga, 2015).

Attempts at deciphering the molecular underpinnings of the antidepressant effects of FLX
or KET have been focused greatly on mechanisms of VT A-mediated activity within the prefrontal
cortex, hippocampus, or NAc (Schiena, Ostinelli, Gambini, & D’Agostino, 2015; Duman &
Monteggia, 2006; Fumagalli et al., 2005; Autry et al., 2011; Nestler, 2014). Because VTA activity
is also regulated by LHb, it is possible that the LHb may be an even more prominent biological
substrate for mediating depression and antidepressant-related behaviors. Given the evidence
indicating the role ERK2 plays in modulating depression-like behaviors within the mesolimbic
reward system (Dwivedi et al., 2001; X. Qi et al., 2009; Iniguez et al., 2010), it is reasonable to
postulate ERK?2 as a possible facilitator of these stress-related behaviors, however, no work has
been done to elucidate how ERK?2 is modulated after stress or antidepressant treatment within the
LHb. Therefore, the following experiments were conducted in order to reveal how stress, FLX,

and KET exposure modulate ERK2-related signaling within the LHb.
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Methods
Materials and Tests

Animals. Male Sprague-Dawley rats were obtained from Charles River (Wilmington, MA).
Rats arrived at postnatal day (PD) 28 and allowed to habituate to the facility for 5-7 days. The
age at the of experimental manipulations in adolescent rats (PD 35) was selected because it
roughly approximates adolescence in humans (Spear, 2000). Rats were housed in clear
polypropylene boxes containing wood shavings in an animal colony maintained at 23-25°C on a
12 h light/dark cycle in which lights were on between 0700 and 1900 hours. Food and water
were provided ad libitum.

Drug Treatment and Experimental Design. Ketamine (KET) was obtained from Butler
Schein Animal Health (Dublin, OH) in an injectable solution (100 mg/ml). KET was further
diluted with saline (0.9% saline) to achieve its desired concentration. Fluoxetine hydrochloride
was acquired from Spectrum Pharmaceuticals (Irvine, CA) and was dissolved in sterile water to
achieve its desired concentration. Adolescent rats were injected with 10 mg/kg KET or 10 mg/kg
FLX, or their respective vehicles, twice per day for 15 days (PD 35-PD 49). These doses are based
off of previous studies done in our lab that result in optimal behavioral outcomes (iniguez,
Alcantara, et al., 2014a; Parise et al., 2013). Rats were sacrificed 24h after last exposure to
treatment. All procedures were in strict accordance with the Guidelines for the Care and Use of
Mammals in Neuroscience and Behavioral Research (National Research Council, 2003).

Chronic Unpredictable Stress (CUS). Adolescent rats (PD 35 at start) were housed in
isolation and exposed to a single unpredictable stressor for 28 consecutive days. The stressors
included overnight cage flooding, food and water deprivation, restraint (2 h), overnight light
exposure, 45° tilted cages (24 h), cage shaking, lights on overnight, strobe light overnight, cold
exposure (4°C for 2 h), and FST. As a control, a group of adolescent rats were double housed and
did not receive any stressors during this time. All rats were sacrificed 24hrs after the last stress
session.

Quantitative real-time PCR. Tissue punches from the ventral tegmental area (VTA) or
lateral habenula (LHb) were collected and using the Illustra TriplePrep kit (GE Healthcare)
according to the manufacturer’s instructions RNA was isolated and stored at —80 °C until use.

cDNA was created using qScript cDNA synthesis kit (Quanta) using a C100 Thermal Cycler (Bio-
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Rad). Quantitative real-time PCR (rt-PCR) is performed in triplicates using 386 well PCR plates
using a CFX384 Real-Time Sytstem:C1000 Touch Thermal Cycler (Bio-Rad), according to the
manufacturer’s instructions. Threshold cycle [C(t)] values are measured using the supplied
software and analyzed with the AAC(t) method (Vialou et al., 2010; Warren et al., 2013). Rt-PCR
was performed for the following ERK2-related genes: ERK2 (Mapkl), ERK1 (Mapk3), MEK1
(Map2kl), POORSK (Mapkap-k1), CREB (Crebl), GSK3B (Gsk3b), AKT (4ktl), ELK]1 (ElklI),
and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) as a normalizing gene. Primer sequences
can be found in Table 3.1.

Western Blotting: Protein from VTA and LHD tissue punches was also extracted with the
Ilustra TriplePrep kit (GE Healthcare) according to the manufacturer’s instructions and stored at
—80 °C until use. Ten micro-grams of protein from each sample are treated with f-mercaptoethanol
and subsequently electrophoresed on precast 10 % gradient gels (Bio-Rad). All antibodies were
obtained from Cell Signaling (Beverly, Massachusetts). Blots were probed overnight at 4 °C with
antibodies against the phosphorylated forms of ERK1/2 and GAPDH. Separate membranes were
probed with antibodies against total ERK1/2 GAPDH. All primary antibodies were made to a
1:1,000 dilution (except for GAPDH which was diluted to 1: 20,000). Membranes were washed
several times with TBST and were incubated with peroxidase-labeled goat anti-rabbit IgG as the
secondary antibody (1: 10,000; Cell Signaling, Beverly, Massachusetts). Bands were visualized
with Clarity Western ECL Substrate (Bio-Rad), quantified using Image] (NIH), and then
normalized to GAPDH.

Statistical Analyses. Behavioral data were analyzed using mixed-design (between and
within variables) ANOVA followed by Fisher Least Significant Difference (LSD) post hoc tests.
When appropriate, Student’s 7 tests were used to determine statistical significance of preplanned
comparisons. Data are expressed as the mean = SEM. In all cases, statistical significance was
defined as p< 0.05.

Results
Stress-induced alterations in gene expression within the ventral tegmental area (VTA) and the
lateral habenula (LHb)

Ventral Tegmental Area. Twenty-four hours after the last day of CUS, stress-exposed rats
and their non-stressed counterparts were sacrificed and tissue was collected for further processing.

mRNA was extracted from VTA tissue and then used to run quantitative real-time polymerase
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chain reaction assays (rtPCR). Student’s #-test revealed CUS induced changes in gene expression
as a function of stress exposure (n = 8/group; Figure 3.1A). Specifically, expression of ERK2(t14=
4.229, p<0.0008), GSK38 (tis= 6.466, p<0.001), and CREB (ti4= 2.553, p<0.023) was increased
in the VTA of CUS-exposed rats with AKT (tis= 3.969, p= 0.0014) as the only gene to be
decreased, compared to the non-stressed controls (CON). No significant change was observed for
ERKI (ti4=1.362, p=1.1946), p90RSK (t14= 0.337, p<0.001), MEK1 (t14= 0.6650, p=0.5169), or
ELK1 (ti4= 1.238, p=0.2362).

Lateral Habenula. Twenty-four hours after the last day of CUS, stress-exposed rats and
their respective controls were sacrificed and tissue was collected for further processing. mRNA
was extracted from VTA tissue and then used to run rtPCR. Student’s #-test revealed CUS-induced
changes in gene expression as a function of stress exposure (n=8/group; Figure 3.1B). Expression
of ERK1 (ti4=4.015, p= 0.0013), ERK2(t14= 2.286, p= 0.0397), MEK1 (t14= 2.304, p= 0.0371),
ELK1 (t14=2.117, p=0.05), and AKT (ti4=4.346, p=0.0007) was decreased as a function of stress
exposure. Expression of GSK38 (ti4=2.084, p<0.059) trended toward an increase however similar
to CREB (tis= 1.796, p= 0.09) and p90RSK (ti4= 0.8635, p= 0.4024), differences did not reach
statistical significance.

Stress-induced changes phospho-ERK?2 within the VTA and LHb of adolescent rats

Ventral Tegmental Area. Tissue punches were also used to extract protein from the VTA
in order to assess stress-induced changes in ERK1 and ERK2. Student’s #-test revealed differences
in protein expression between CUS-exposed rats and their CON counterparts (n= 8/group; Figure
3.1C). Specifically, increased phosphorylated levels of ERK1 (tis= 2.084, p= 0.0592) and ERK2
(tis= 2.583, p= 0.0217) were observed in the VTA as a function of stress exposure. Separate
membranes were probed for the total forms of ERK1 and ERK2 and no differences in protein
levels were detected (data not shown).

Lateral Habenula. Tissue punches from the LHb were also used to extract protein and
assess stress-induced alterations in ERK1 and ERK2. Student’s #-test revealed differences in
protein expression between CUS-exposed rats and their CON counterparts (n=8/group; Figure
3.1D). Specifically, phosphorylated levels of ERKI (t14=2.963, p=0.0119) and ERK?2 (t14=2.196,
p=0.0454) were decreased in the LHb as a function of stress exposure. Separate membranes were
probed for the total forms of ERK1 and ERK?2 and no differences in protein levels were observed

(data not shown).
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Alterations in gene expression within the VTA and LHb after adolescent administration of
chronic FLX

Ventral Tegmental Area. Twenty-four hours after the last day of fluoxetine (FLX)
treatment, FLX-exposed rats and their saline (SAL) counterparts were sacrificed and tissue was
collected for further processing. mRNA was extracted from VTA tissue and used to run rtPCR.
Student’s #-test revealed a significant difference in gene expression as a function of drug exposure
between FLX- and SAL-exposed controls (n= 8/group; Figure 3.2A). FLX administration resulted
in decreased expression of ERK2 (ti4= 2.884, p=0.0120), p90RSK (ti4= 2.104, p=0.027), MEK1
(tis= 4.186, p= 0.0009), GSK3b (ti4= 2.235, p= 0.0422), and CREB (ti4s= 3.186, p= 0.0066).
However, no significant drug-induced changes were seen in expression of ERK1 (ti4= 0.0843,
p=0.934), ELK1 (t14= 0.01278, p=0.9900), or AKT (ti4= 1.645, p=0.1194).

Lateral Habenula. Twenty-four hours after the last day of FLX treatment, FLX-exposed
rats and their SAL counterparts were sacrificed and tissue was collected for further processing
(Figure 3.2B). mRNA was extracted from LHb tissue and used to run rtPCR. Student’s z-test
revealed a significant difference in gene expression as a function of drug exposure between FLX-
and SAL-exposed controls (n=8/group; Figure 3.2B). Expression of ERK1 (t14=2.180, p=0.0468),
ERK2 (t14=2.737, p=0.0161), and GSK3b (t14=2.658, p=0.0187) was increased as a consequence
of FLX exposure. Similarly, p9ORSK (tis= 1.978, p= 0.0679) expression trended toward and
increase however did not reach statistical significance. Expression of MEK1 (ti4s= 0.1751, p=
0.8637) ELK1 (ti4= 0.9378, p= 0.3642) AKT (t14= 2.607, p= 0.7981) and CREB (t14= 1.159, p=
0.2673), did not differ significantly as a function of drug exposure.

Fluoxetine-induced changes phospho-ERK?2 within the VTA and the LHb of adolescent rats

Ventral Tegmental Area. Tissue punches were also used to extract protein from the VTA
in order to assess FLX-induced alterations in ERK1 and ERK2 protein levels. Student’s #-test
revealed differences in protein expression between FLX-exposed rats and their SAL pre-treated
rats (n=8/group; Figure 3.2C). Specifically, phosphorylated levels of ERK2 (ti14=2.279, p=0.0388)
were decreased in the VTA, whereas levels of phosphorylated ERK1 (tis= 0.8924, p= 0.3854)
showed no change as a function of FLX-exposure. Separate membranes were probed for the total
forms of ERK1 and ERK?2 and no differences in protein levels were observed (data not shown).

Lateral Habenula. Tissue punches were also used to extract protein from the VTA in order

to assess FLX-induced alterations in ERK1 and ERK?2. Student’s ¢-test revealed differences in
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protein expression between FLX-exposed rats and their SAL pre-treated counterparts (n=_8/group;
Figure 3.2D). Specifically, phosphorylated levels of ERK1 (ti4=2.963, p=0.0119) and ERK2 (ti4=
2.196, p= 0.0454) were increased in the LHD, as a function of drug exposure. Separate membranes
were probed for the total forms of ERK1 and ERK2 and no differences in protein levels were
observed (data not shown).

Gene expression within the VTA and LHb after adolescent administration of chronic KET

Ventral Tegmental Area. Twenty-four hours after the last day of ketamine (KET) treatment,
KET-exposed rats and their SAL-exposed counterparts were sacrificed and tissue was collected
for further processing. mRNA was extracted from VTA tissue and used to run rtPCR. Student’s #-
test revealed a significant difference in gene expression as a function of drug exposure between
KET- and SAL-exposed controls (n=8/group; Figure 3.3A). Exposure to KET decreased
expression of ERK2 (tis= 2.341, p= 0.0346), MEK1(t14= 3.028, p= 0.0105), and GSK3b (ti14=
2.486, p= 0.0273). A similar trend was seen in expression of p90RSK (tis= 1.904, p= 0.0776)
however group means did not differ enough to reach statistical significance. KET induced and an
increase in expression of ELK1 (t14=2.590, p=0.0214) however there were no significant changes
in expression seen in ERK1 (ti4= 0.6047, p= 0.5550), AKT (ti4= 0.7211, p= 0.4827), or CREB
(t1s= 0.2714, p=0.7901) mRNA.

Lateral Habenula. KET- and SAL-treated rats were sacrificed twenty-four hours after the
last day of drug treatment and tissue was collected for further processing. mRNA was extracted
from LHD tissue and used to run rtPCR. Student’s #-test revealed a significant difference in gene
expression as a function of drug exposure between KET- and SAL-exposed controls (n=8/group;
Figure 3.3B). Exposure to KET increased expression of ERK1 (t14=4.618, p=0.0004), ERK2 (ti4=
3.376, p=0.0045), p90RSK (t14=2.214, p=0.0439), MEK1 (t14=2.305, p=0.037), and ELK1 (t14=
2.290, p=0.038) in the LHb. KET-exposure resulted in decreased expression in AKT (ti4=2.341,
p=10.0346) however, it induced no significant change in the expression of GSK3b (ti4=0.1315, p=
0.8973) or CREB (t14= 1.1898, p=0.0917).

Ketamine-induced changes of phospho-ERK?2 within the VTA and LHb of adolescent rats

Ventral Tegmental Area. Tissue punches were also used to extract protein from the VTA
in order to assess KET-induced alterations in ERK1 and ERK2. Student’s #-test revealed
differences in protein expression between KET-exposed rats and their SAL pre-treated

counterparts (n= 8/group; Figure 3.3C). Specifically, phosphorylated levels of ERK1 (tis= 2.363,
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p=0.0331) and ERK?2 (ti4= 2.798, p= 0.0142) were decreased in the VTA, as a function of KET
exposure. Separate membranes were probed for the total forms of ERK1 and ERK2 and no
differences in protein levels were observed (data not shown).

Lateral Habenula. Tissue punches were also used to extract protein from the VTA in order
to assess KET-induced alterations in ERK1 and ERK2. Student’s #-test revealed differences in
protein expression between the KET-exposed rats and SAL-exposed controls (n=8/group; Figure
3.3D). Specifically, phosphorylated levels of ERK1 (ti4=2.202, p=0.0449) and ERK2 (t14=3.069,
p=0.0083) were significantly increased in the LHb, after chronic KET administration. Separate
membranes were probed for the total forms of ERK1 and ERK2 and no differences in protein
levels were observed (data not shown).

Discussion

Significant efforts have been devoted to understanding the mechanisms underlying major
depressive disorders. Much of this work has focused at deciphering the molecular underpinnings
of how drugs such as FLX and KET elicit their antidepressant activity within brain regions such
as the VTA and its influence on the prefrontal cortex, hippocampus, or NAc (Schiena et al., 2015;
Duman & Monteggia, 2006; Fumagalli et al., 2005; Autry et al., 2011; Nestler, 2014). However,
given evidence that the VTA activity is regulated by the LHb, it is conceivable that LHb may be
an important biological substrate for mediating depression/anti-depression-like behaviors. Given
evidence indicating the role of the extracellular regulated kinase 2 (ERK2) in modulating
depression-like behaviors within the VTA, I hypothesized that this kinase is also a facilitator of
stress and antidepressant response within the LHb. Thus, the goal of this chapter was to delineate
how stress, FLX, and KET exposure modulate ERK2-related signaling within the LHb.

Chronic stress has been shown to cause changes in intracellular signaling within brain
regions of the mesolimbic reward system (Ortiz, Fitzgerald, Lane, Terwilliger, & Nestler, 1996;
Musazzi, Tornese, Sala, & Popoli, 2017). The ventral tegmental area (VTA) in particular has been
the focus of many studies due to its capability of modulating key reward-related structures such at
the hippocampus, prefrontal cortex and nucleus accumbens (Duman & Monteggia, 2006;
Yetnikoff et al., 2014; Carlezon & Thomas, 2008). Recently, there has been some research
demonstrating that the lateral habenula (LHb) may also play an important role in the modulation
of depressive-like behaviors (Lawson et al., 2016). This is not surprising as the LHb has prominent

connections to the VTA and can therefore modulate its output which as a consequence modifies
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the activity of other mesolimbic structures. The importance of the LHb in relation to depression-
like behaviors is quickly emerging, and there is still much to be learned about the mechanisms that
ultimately promote these stress-induced changes in behavior. The ERK2 signaling pathway has
been implicated in mediating both stress-induced behavior and in the mechanism(s) of action of
commonly prescribed antidepressants, such as fluoxetine (FLX) (Iniguez, Alcantara, et al., 2014a;
Ritt et al., 2016). Specifically, work from our lab and others has shown that ERK?2 is mediated in
the VTA after chronic stress and that site specific modulation of ERK2 within the VTA or
hippocampus (Hipp) can promote susceptibility or resilience to stressful stimuli (Carrier & Kabbaj,
2012; Iniguez et al., 2010). Results from the current set of experiments replicate previous findings
demonstrating that ERK2 is increased in the VTA after chronic stress and now expand the current
literature to show that ERK2-related signaling is downregulated in the LHb after chronic stress
exposure during adolescence. Interestingly, this down regulation of ERK?2 signaling in the LHb
after stress exposure closely resembles how ERK2 is modulated in the hippocampus and the
prefrontal cortex (PFC) (Dwivedi & Zhang, 2016). Similar to Hipp and PFC expression, I find that
ERK2 is decreased in the LHDb after chronic stress exposure (X. Qi et al., 2009; X. Qi, Lin, Li, Pan,
& Wang, 2006). This is in contrast to the increase of ERK2 expression seen within the VTA after
stress (Iniguez et al., 2010). It is possible that these dissimilarities are due to the different cell
populations that make up the VT A and the LHb. While the VTA is a mainly dopaminergic nuclei,
the LHb, Hipp, and PFC are primarily glutamatergic structures (Beier et al., 2015; M. Lin, Hou,
Zhao, & Yuan, 2018). Given the differences in cell types found in these brain regions, it is also
possible that the differences observed after chronic stress exposure are due to the different varieties
of receptors that are found on the cell surface of these neurons. For example, it has been shown
that stress can have some of its deleterious effects through activation of glutamatergic receptors
(Nasca et al., 2015) however, different subtypes of these receptors are widely distributed and
different subtypes are concentrated to a particular region (Jeffrey R Cottrell, 2000; Petralia, Rubio,
& Wenthold, 1998). Activity initiated by different receptor subtypes could change how the
downstream effectors of these receptors are regulated (J. Q. Wang, Fibuch, & Mao, 2007).
Interestingly, I also find that exposure to either FLX or KET results in the opposite
regulation of ERK2 expression, as compared to stress exposure. This supports my hypothesis that
both of these medications can at least in part, induce their antidepressant action through a LHb-

ERK2 signaling-mediated mechanism. This is not without precedent as ERK2 has been highly
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implicated to be involved with underlying the antidepressant mechanism of FLX and KET in other
brain regions (X. Qi, Lin, Li, Li, Wang, Wang, & Sun, 2008a; Carrier & Kabbaj, 2012; Caffino et
al., 2017). Interestingly, ERK2 has also been shown to be regulated by alternative antidepressant
strategies. Specifically, electroacupuncture (EA) administered in cortical-related regions of rats
that have undergone CUS not only reverses depression-like behavior but also increases expression
of ERK2 while administration of an ERK-inhibitor blocks the antidepressant-like responses to EA
(W. Lietal., 2017b).

While it is clear that ERK2 plays a role in the antidepressant mechanism of both these
antidepressants it cannot be ignored that the finding from my work in Chapter 2 show that KET
and FLX differ on how they influence anxiety-like behavior. While there are many possible
explanations for this divergent drug-effect, within the scope of these experiments, GSK3b seems
like a likely candidate for mediating the anxiety-like behavior seen after stress or FLX exposure.
My data show that mRNA expression of GSK3([] is increased in the LHb after stress or FLX,
however it is unchanged by exposure to KET. In the clinical literature it is shown that individuals
with MDD who have a particular single nucleotide polymorphism (SNP) of GSK3(] score higher
on the Hamilton anxiety rating scale (S. Liu et al., 2012) suggesting a functional role for GSKI]-
related increases in anxious behavior. In animal models, there is evidence to suggest that maternal
separation, a commonly used depression-related paradigm, leads to less time spent in the center of
an open field (i.e. increased anxiety-like behavior), and also leads to increased expression of
GSK3b without affecting levels of pERK (Sachs et al., 2013). Alternatively, it would seem that
KET has a more prominent effect on ELK1 compared to FLX. In addition, it is possible that KET
reverses stress-induced reductions of ELK1 in order to promote antidepressant-like responses,
including attenuating anxious behaviors.

Overall, my research findings demonstrate that exposure to CUS during adolescence
induces differential changes in ERK2 expression and related signaling within the VTA and the
LHb. Stress increases ERK2 within the VTA, while it decreases it in the LHb. Similarly, FLX and
KET treatment have differential influence on ERK: both drugs decrease ERK2 in the VTA while
increasing ERK?2 levels within the LHb. The mechanistic circuitry underlying these differential
effects is not known. It is possible, as stated, that these findings may be mediated by the prominent
type of cell population within each of these brain regions (dopaminergic vs. glutamatergic). Future

characterizing the electrophysiological properties of these cell populations and experiments
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utilizing optogenetics and other cell-specific types of analysis, such as florescence activated cell

sorting (FACS), are needed to assess these possibilities.
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Table 3.1. qPCR primer sequences

| Primer Sequence

Gene Forward Reverse

Mapk3 5’-CAGCTGAGCAATGACCACA-3’ 5’-CTTAAGGTCGCAGGTGGTG-3’
Mapkl 5’-CACAGCACCTCAGCAATGA-3’ 5’-GTTCAGCAGGAGGTTGGA-3’
Mapkap-kl | 5'-ATGTGTGGCCAAGACTCCC-3' 5'-TGAACTCTGTCCAGTGGCA-3'
Map2kl 5'-TACAGTCACGGCGAGATCA-3' 5'-AGGCGACATGTAGGACCTT-3'
Akt 5’-GGCGTGGTCATGTACGAGA-3’ 5’-TGAGCTCGAACAGCTTCTC-3’
Elkl 5'-CCATGGCCCTCAGCTTTTA-3' 5'-TAGCAGCAGGGTAGGGCT-3'
GSK3B 5’-AGCCTATATCCATTCCTTG-3’ 5’-CCTCGGACCAGCTGCTTT-3’
Crebl 5’-GGCCTGCAGACATTAACCT-3’ 5’-TCCATCAGTGGTCTGTGCA-3’
Gapdh 5’-AGGTCGGTGTGAACGGATTT-3" | 5>-TGTAGACCATGTAGTTGAGGT-3’
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Figure 3.1 Changes in protein and gene expression in the ventral tegmental area and lateral
habenula after adolescent exposure to chronic unpredictable stress. 4 weeks of chronic stress
resulted in an increase in mRNA expression of ERK2, GSK3b, and CREB and reduced expression
of AKT in the VTA (A). In contrast Chronic stress decreased expression of ERK1/2, p90RSK,
MEKI1, ELKI, and AKT in the LHb (B). Similarly, stress-induced increase of phosphorylated
ERK?2 was observed in the VTA (C) while in the LHb (D) there was a decrease in regulation of
ERK1/2. *Significantly different from non-stressed controls (p<0.05)
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Figure 3.2 Changes in protein and gene expression in the ventral tegmental area and lateral
habenula after adolescent exposure to fluoxetine.15 days of exposure to fluoxetine (FLX;
10mg/kg) resulted in a decrease in mRNA expression of ERK2, POORSK, MEK1, GSK3b, AKT
and CREB in the VTA (A). In contrast in the LHb (B) FLX increased expression of ERK1/2, and
GSK3b. Similarly, FLX exposure decreased the phosphorylated levels of ERK2 in the VTA (C)
while in the LHb (D) there was an increase in regulation of ERK1/2. *Significantly different
from saline-exposed controls (p<0.05)
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Figure 3.3 Changes in protein and gene expression in the ventral tegmental area and lateral
habenula after adolescent exposure to ketamine. 15 days of exposure to ketamine (KET; 10mg/kg)
resulted in a decrease in mRNA expression of ERK2, POORSK, MEK1, and GSK3b, and increased
ELK1 in the VTA (A). In contrast in the LHb (B) KET exposure increased mRNA expression of
ERK1/2, p90RSK MEKI, and ELK while decreasing expression of AKT. Similarly, KET
exposure decreased the phosphorylated levels of ERK1/2 in the VTA (C), while in the LHb (D)
there was an increase in regulation of ERK1/2. *Significantly different from saline-exposed
controls (p<0.05)
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CHAPTER 1V
ROLE OF EXTRACELLULAR-REGULATED KINASE 2 IN MEDIATING STRESS-
RELATED BEHAVIOR WITHIN THE LATERAL HABENULA

Introduction

It has been demonstrated that the extracellular regulated kinase 2 (ERK?2) is a key mediator
of stress and antidepressant responses (Carrier & Kabbaj, 2012; Fumagalli et al., 2005; X. Qi, Lin,
Li, Li, Wang, Wang, & Sun, 2008a). These experiments have begun to elucidate how ERK?2 is
modulated in the lateral habenula after exposure to stress or antidepressants. These findings clearly
demonstrate that, similar to changes observed within VTA, ERK2 is also modulated within the
lateral habenula (LHD) after either chronic stress or antidepressant exposure. As the neuroscience
field moves forward, one of the most important goals is the establishment of causation linking
experimental manipulations/observations with functional output. Thus, the critical importance of
determining whether the alterations observed in mRNA or protein level lead to functionally
significant changes in behavior. The use of viral-mediated approaches has facilitated the
manipulation of specific genes within highly localized brain regions to determine their significance
into mediating specific behavioral effects. This approach has become widely available and it has
been previously used in our laboratory to determine the significance of specific gene proteins in
modulating behavioral effects in relation to stress and drugs of abuse (iguez et al., 2010; Warren
et al., 2011).

To assess the functional significance of gene proteins of interest, our laboratory takes
advantage of the gene transfer strategy using the herpes simplex virus (HSV) vector. Previous
experiments in our lab and others have validated the use of the HSV viral vector as a valuable tool
and we have maintained these conditions in order to assure specificity and reliability of gene
expression (Iniguez et al., 2010; Neve, Howe, Hong, & Kalb, 1997). As stated, this vector carries
the specific genes (or coding sequences) of interest: wildtype to increase the expression of
endogenous genes, or their respective dominant negative form (expression of mutated genes), or
the green fluorescence protein (GFP) as control. Expression of the HSV-encoded transgenes is
limited to an area of roughly 1 mm? around the injection site, and no expression is seen in either
efferent or afferent regions of the injected area (Neve et al., 1997; Russo et al., 2006). Among the

advantages afforded by the HSV vector system is that it is neurotropic (neuron-preferring),
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infection expression can be detected within hours (2-3), with maximal expression on day three

post-infusion, and expression is short-lived (about five days).
In the previous chapter I demonstrated that levels of ERK2 within the LHb

are differentially regulated by stress and antidepressant treatment: chronic stress decreases
ERK2 levels whereas chronic exposure to both fluoxetine and ketamine increases ERK2.
These biochemical findings set the stage to determine whether direct modulation of ERK2 levels
within the LHb is sufficient to induce increased sensitivity to stressful stimuli and induce a
depression-like phenotype or if ERK2 modulation is more likely to mimic an antidepressant
exposure profile. To this end, I employed two different approaches. First, naive, non-stressed
adolescent rats were microinfused with an HSV-wtERK2 which would increase expression of
ERK?2 or its dominant negative mutated form (HSV-dnERK2) which would result in
blunted expression of ERK2 expression in the LHb and exposed to a battery of aversive
stimuli to assess their sensitivity to stress. Another group of rats were exposed to chronic
unpredictable stress and then administered ERK2 in the LHb to determine whether it would
reverse stress-induced behavioral deficits (i.e., antidepressant-like responses).
Methods
Materials and Tests

Animals. Male Sprague-Dawley rats were obtained from Charles River (Wilmington,
MA). Rats arrived at postnatal day (PD) 28 and were allowed to habituate to the facility for 5-7
days. The age at the of experimental manipulations in adolescent rats (PD 35) was selected
because it roughly approximates adolescence in humans (Spear, 2000). Rats were housed in
clear polypropylene boxes containing wood shavings in an animal colony maintained at 23—
25°C on a 12 h light/dark cycle in which lights were on between 0700 and 1900 hours.

Food and water were provided ad libitum.

Experimental Design. Groupl: Adolescent (PD 35) male Sprague Dawley rats were
separated into either dnERK2, wtERK?2, or GFP (n=5-6 rats/group) groups and administered their
respective virus vectors (HSV-dnERK2, HSV-wtERK2, or GFP) into the LHb. On day 3 post-
surgery (PD 38), rats were placed in locomotor boxes for 1hr to assess any changes in locomotion
due to viral load. Rats were then exposed to the FST and EPM to measure their reactivity to mood-
and anxiety-related behavioral challenges. Group 2: Adolescent (PD 35) male Sprague Dawley

rats were exposed to 4 weeks of chronic unpredictable stress (CUS) and then assigned to either a

36



HSV-wtERK2 or HSV-GFP groups (n=5-6 rats/group; CUS-GFP, CUS-wtERK2). A separate
group of rats, which had not been exposed to stress but had been handled daily for 4 weeks, was
microinfused with HSV-GFP on surgery day and used as a control comparison to control for
potential surgery-induced deficits. On day 3 post-surgery rats were exposed to the FST and EPM
to measure reactivity to mood- and anxiety-related tasks.

Viral Vectors and Stereotaxic Surgery. Viral vectors for ERK2 have been constructed (as
previously described) and validated both in vivo and in vitro (Iniguez et al., 2010; Neve et al.,
1997; Robinson et al., 1996). All the behavioral assessments were conducted 3 days post-surgery
to ensure testing was performed during maximal viral expression. Rats showing expression in areas
outside of the target region (LHb) were excluded from the experiment. Virus microinfusions into
the LHb were performed using stereotaxic instruments. Rats were anesthetized with a
Ketamine/xylazine mixture (80/10 mg/kg, respectively), after which received bilateral viral
microinjections of 1.0 uL per side, at a rate of 0.1 pL/minute. Injections were delivered into
established coordinates for the LHb (anteroposterior (AP), —3.4 mm; lateral, +/-1.0 mm; and
dorsoventral (DV), —5.0 mm; at a 0° angle) using a 5 pL Hamilton syringe with a 33-gauge needle.
After surgery, the local anesthetic bupivacaine was applied directly along the wound edges to
minimize any potential postoperative discomfort.

Chronic unpredictable stress. As previously described, the CUS paradigm is usually
carried out for 2-4 weeks (4 weeks in adolescents) and consists of exposing rats to one stressor/day
in a randomized manner, such that the animal does not have time to predict the stressor or acclimate
to stress exposure over time. Chronic stress consisted of alternating periods of food or water
deprivation (overnight), continuous cage shaking (1h on an automatic shaker), forced swim stress
(15 min, in 18°C water), continuous overnight illumination (12 h), overnight cage-flooding (12 h),
exposure to cold temperature (1h at 4°C), and acute restraint stress (40 min) using plastic
DecapiCones (restraint bags) (Overstreet, 2011).

Locomotor Activity. Assessment of virus-induced changes in basal locomotor activity was
conducted in automated Truscan Coulbourn boxes (63cm x 63cm). Rats were placed in the boxes
and allowed to freely explore the square arena. This test was performed in order to assess for any
changes in locomotor activity to virus load and expression. Locomotor activity was measured by

beam breaks and reported as distance travelled (cm). Data are reported in 10-minute bins.
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Elevated Plus-Maze (EPM). As previously described, the EPM apparatus consists of two
perpendicular, intersecting runways (12 cm wide x 100 cm long) made from gray plastic. One
runway has tall walls (40 cm high), termed “closed arms,” while the other has no walls, termed
“open arms.” The arms are connected together by a central area, and the maze was elevated 1 m
from the floor. Testing was conducted between 0900 and 1300 under controlled light conditions
(~90 lux) as described previously (iniguez et al., 2009). At the start of the test, rats were positioned
in the central area, facing one of the open arms and allowed to explore freely for 5 min. Time in
either runway is determined by Noldus Ethovision XT and reported as raw time (seconds) that the
rat’s center point spent in the open or closed arms.

Forced Swim Test (FST). As previously described, once placed in the water filled tubes,
rats immediately engage in escape-like behaviors, but eventually adopt a posture of immobility in
which they make only the movements necessary to maintain their head above water. After 5 min
of forced swimming, rats were removed from the water, dried with towels, and placed in a warmed
enclosure for 30 min. All cylinders were emptied and rinsed between rats. Here, the latency to
become immobile, total immobility, and swimming, climbing, and immobility counts were
measured. Latency to immobility and total immobility were recorded during the 5 min test.
Latency to immobility was defined as the time at which the rat first initiated a stationary posture
that did not reflect attempts to escape from the water (Lucki, 1997). To qualify as immobility, this
posture had to be clearly visible and maintained for > 2.0 seconds.

Statistical Analyses. Behavioral data were analyzed using mixed-design (between and
within variables) ANOVA followed by Bonferroni post hoc tests. When appropriate, Student’s ¢
tests were used to determine statistical significance of preplanned comparisons (focused
comparisons; Rosenthal and Rosnow, 1985; Rosnow and Rosenthal, 1989). Data are expressed as
the mean + SEM. In all cases, statistical significance was defined as p< 0.05.

Results
Group 1

Elevated Plus Maze (EPM). On day 3 post-surgery, rats were tested in the EPM (n=5-
6/group; Figure 4.1A-B). A one-way ANOVA revealed significant differences in time spent in the
open (F(2,16=4.76; p<0.05) and closed arms (F(2,16=5.507; p<0.05) of the EPM as a function of
virus exposure. Rats microinfused with HSV-wtERK2 spent significantly more time in the open

arms of the EPM when compared to rats microinfused with HSV-GFP within the LHb (p<0.05;
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Figure 4.1 A). Similarly, HSV-wtERK2-infused rats spent significantly less time in the closed
arms of the EPM when compared to the HSV-dnERK2-microinfused group (p<0.05; Figure 4.1B).
Although there was a trend toward increased time in the closed arm of the EPM for the HSV-
dnERK?2 infused rats, it did not reach statistical significance when compared to the HSV-GFP
control rats. Overall, these results indicate that increasing ERK?2 levels within the LHb buffers the
negative effects induced by anxiety-eliciting circumstances.

Forced Swim Test (FST). Twenty -four hours after exposure to the EPM, rats were tested
in the FST (n=5-6/group; Figure 4.1 C-D). A one-way ANOVA revealed significant differences in
latency to immobility (F(2,16=4.791; p<0.05) and total immobility (F(2,16=7.523; p<0.05) as a
function of virus exposure. Rats microinfused with HSV-wtERK2 showed significantly longer
times to adopt an immobility posture (i.e., higher latency to immobility) when compared to rats
microinfused with HSV-GFP within the LHb (p<0.05; Figure 4.1C). Similarly, HSV-wtERK2-
infused rats spent significantly less time immobile for the entirety of the test when compared to
both the HSV-dnERK2- and HSV-GFP-infused groups, respectively (p<0.05; Figure 4.1 D). No
statistical significances were detected in either latency to immobility or total immobility when
comparing the HSV-GFP- and HSV-dnERK2-infused groups.

Locomotor Activity. As can be seen in Figure 1E, no significant changes in distance
traveled were observed between the various viral-infused groups three days after surgery.

Group 2

Elevated Plus Maze (FST). After 4 weeks of CUS exposure, rats were given intra-LHb
infusions of HSV-wtERK?2 or HSV-GFP. A separate group on non-stressed rats were microinfused
with HSV-GFP and served as a non-stress control. Three days post-surgery, rats were tested in the
EPM (n=5-6/group; Figure 4.2A-B). A one-way ANOVA revealed significant differences in time
spent in the open (F(2,16=3.774; p<0.05) and closed arms (F(2,16=3.77; p<0.05) of the EPM as a
function of virus exposure. CUS-exposed rats microinfused with HSV-GFP spent significantly less
time in the open arms of the EPM when compared to their non-stressed HSV-GFP-infused group
(»<0.05; Figure 4.2A). Conversely, CUS-exposed rats microinfused with HSV-wtERK2 spent
significantly more time in the open arms of the EPM when compared to their respective CUS-
exposed rats microinfused with HSV-GFP (p<0.05). Similarly, CUS-exposed rats microinfused
with HSV-GFP spent significantly more time in the closed arms of the EPM when compared to
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their non-stressed HSV-GFP-infused counterparts (p<0.05; Figure 4.2B). CUS-exposed rats
microinfused with HSV-wtERK2 did not differ from the non-stressed HSV-GFP-infused rats

Forced Swim Test (FST). After exposure to the EPM, rats were tested in the FST (n=5-
6/group; Figure 4.2C-D). A one-way ANOVA revealed significant differences in latency to
immobility (F(2,16=11.76; p<0.05) and total immobility (F(2,16=7.404; p<0.05) as a function of
virus exposure. CUS-exposed rats microinfused with HSV-GFP took significantly less time to
adopt an immobility posture (i.e., lower latency to immobility) when compared to its respective
non-stressed-HSV-GFP controls (p<0.05; Figure 4.2C). CUS-exposed rats microinfused with
HSV-wtERK2 showed significantly longer latency to immobility when compared to the CUS-
HSV-GFP group (p<0.05), but significantly shorter time to immobility when compared to the non-
stressed HSV-GFP-infused group (p<0.05; Figure 4.2C). Similarly, rats microinfused with HSV-
wtERK2 spent significantly less time immobile when compared to the CUS-HSV-GFP- and the
non-stressed HSV-GFP-infused groups, respectively (p<0.05; Figure 4.2D). No statistically
significant differences were detected between non-stressed HSV-GFP- and the CUS-HSV-
wtERK2-infused rats.

Histology and transgene detection. At the end of the forced swim test, mice were given an
overdose of KET and perfused transcardially with 0.9% saline, followed by cold 4%
paraformaldehyde. The brains were removed, post-fixed overnight in 4% paraformaldehyde.
Coronal sections (40 pm) were taken on a vibratome and stored in 0.1 M sodium phosphate buffer
with 0.05% sodium azide. Free-floating coronal sections were processed to examine accuracy of
viral injections. Slides were then visualized and photographed using a fluorescence microscope
and a digital camera. Data obtained from mice with placements outside the intended brain regions

(<10% of all experimental animals) were not included in the analyses.

Discussion

The detrimental consequences of chronic stress exposure are likely experienced throughout
the brain, and while it is unlikely that there is one crucial molecule responsible for facilitating
stress-responses, the extracellular regulated kinase (ERK2) has been shown to be an important
functional regulator of stress and antidepressant response in multiple brain regions such as the
hippocampus, the prefrontal cortex, the ventral tegmental area, and the nucleus accumbens. In this
chapter, I have now extended those findings to include a truly novel target, the lateral habenula

(LHb). My work demonstrated that exposure to chronic unpredictable stress decreases gene

40



expression of ERK2 within the LHb, whereas antidepressant treatment with either fluoxetine or
ketamine results in increased ERK2 (see Chapter 3). In this chapter I have taken advantage of a
gene transfer system to assess the potential functional significance of ERK2 within the LHb in
regulating behavioral responsiveness to aversive stimuli. Overall, my findings indicate that ERK2
within the LHb plays a significant role in buffering how the against the detrimental effects of stress
exposure.

Using HSV viral vectors to manipulate ERK2 expression, I found that increasing ERK2 in
the LHD results in attenuated behavioral reactivity to stressful- and anxiety-eliciting situations.
Specifically, naive adolescent rats microinfused with HSV-wtERK2 spent significantly more time
in the open arms of the EPM when compared to both the HSV-GFP- or the HSV-dnERK2-infused
rats. Given the directionality of the biochemical effects observed after chronic stress and
antidepressant treatment, I expected that viral downregulation of ERK2 would have an opposite
but equal effect as demonstrated after increasing ERK2. My findings indicate that blocking
expression with a dominant negative mutant of ERK2 (HSV-dnERK?2) did not increase sensitivity
to stress. There is evidence to suggest that certain hub genes, which are the primary modulators of
downstream networks may be more important in promoting a specific behavior within a given
brain region (Bagot et al., 2016). For example, Neurod2 and Dkkl1 have been shown to promote
susceptibility to stress when infused in the ventral hippocampus, but they have no effect when
infused in the prefrontal cortex (Bagot et al., 2018). This may be the case within the LHb and
ERK2 such that increased ERK?2 levels have a functional consequence while downregulation of
ERK2 has no effect here. It is also possible that the behavioral assays were not sensitive enough
to unmask an effect, or that decreasing ERK mediates another aspect of a depressive-like
phenotype that was not tested herein. That being said, some genes are known for working quite
specifically in how they elicit behavior effects. For instance, in the nucleus accumbens, delta FosB
has been shown to be increased in dopamine receptor type 1 (D1) containing medium spiny
neurons (MSN) of resilient mice and increased in D2 MSNs of susceptible mice (Francis & Lobo,
2017). Testing this approach to further assess the effects of ERK2 within the LHb requires a cell-
type specific viral delivery, which usually entails the use of transgenic mice. Although the LHb is
a mainly a glutamatergic site, it is not entirely homogenous, and cell-type specific delivery of

dnERK2 may show differential behavior.
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Given that ERK?2 in the LHb appears to be more involved in stress resistance instead of
susceptibility, I addressed the question of whether direct manipulation of ERK2 would mimic
behavioral outputs associated with an antidepressant exposure. To this end, I exposed adolescent
rats to 4 weeks of chronic unpredictable stress (CUS), which results in decreased expression of
ERK2 (see Chapter 2), and then delivered an intra-LHb microinfusion of HSV-wtERK?2, which
would reverse the CUS-induced decrease in ERK2 and rescue behavioral deficits. I expected that
CUS-HSV-GFP-exposed rats would exhibit similar behaviors to non-surgerized rats that were
exposed to chronic stress (i.e., showing a depressive-like phenotype). Supporting my hypothesis,
rats receiving microinfusions of HSV-wtERK2 show a reversal of CUS-induced behavioral
deficits as measured by the elevated-plus maze (EPM) and forced swim (FST) assays. Namely,
HSV-wtERK2-infused rats took significantly more time to give up in the FST and subsequently
showed significantly less total immobility for most of the entirety of the test. Similarly, rats
microinfused with HSV-wtERK?2 spent more time in the open arms of the EPM when compared
to CUS-HSV-GFP-microinfused rats, results indicative of decreased anxiety-like behavior.
Overall, these data suggest that increasing ERK2 within the LHb is sufficient to reduce stress-
induced mood-related behaviors abnormalities.

It is important to note that while it is probable that stress and antidepressants work through
similar brain mechanisms and pathways, it is also likely that there are some mechanisms that are
more specific to stress while others may be more specific to antidepressant responses. As
demonstrated in the previous chapter, both stress and antidepressants have differential effects on
ERK2 signaling within the LHb, however these viral-mediated experimental outcomes suggest
that decreases ERK2 within the LHb may not be sufficient to promote or underlie functional
deficits associated with the pathology of stress-induced behavior. Instead it is possible that ERK2
acts in concert with other downstream targets to ultimately induce depression-like symptomology.
For example, in addition to alteration in ERK2, I demonstrate that GSK38 mRNA is increased
within the LHb after exposure to CUS. Within this context, my approach using specific viral
manipulation of ERK2 would not have necessarily had an effect on GSK3 signaling, leaving open
the possibility that GSK3b, in addition to ERK2, would be necessary to mimic behavioral profile
seen after exposure to stress. Additionally, increasing ERK2 within the LHb seems to parallel what
I would expect to see after antidepressant exposure, suggesting that, functionally, the LHb may

have a more significant role in mediating the mechanism(s) of antidepressants action. Among other

42



important roles in cognitive functioning, the LHb has been shown to promote cognitive flexibility
which is often used as a behavioral correlate of antidepressant efficacy (Keefe, 2016). Lesions to
the LHb prevent animals from learning how to terminate a foot shock once the parameters for
termination are changed (Baker et al., 2016), suggesting that an intact LHb would be necessary to
properly learn this task.

Although one of the more well-studied reward-related connections is from the LHb to the
VTA, the LHb also has a prominent bidirectional connection to the dorsal raphe(Baker, Oh,
Kidder, & Mizumori, 2015). The dorsal raphé¢ is a major source of serotonin, which is the main
neurotransmitter targeted by selective serotonin reuptake inhibitors such as Fluoxetine. Although
SSRIs ultimately function to increase synaptic levels of serotonin, it is possible that antidepressant-
induced action(s) within the LHb help facilitate the efficacy of SSRIs by promoting release of
serotonin in the dorsal raphe. Indeed, studies using microdialysis to measure neurotransmitter
release have shown that rats exposed to chronic mild stress have decreased levels of serotonin in
the dorsal raphe and that this reduction is reversed by inhibition of the LHb (L.-M. Yang, Hu, Xia,
Zhang, & Zhao, 2008). Overall these data highlight the need to delve further into the specific
functions of LHb efferent connections and, importantly, how ERK2 activity could be affecting the
electrophysical properties of LHb neurons which would in turn promote activity, or reduction of

activity, to its targets.
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Figure 4.1 Effect of ERK2 modulation in the lateral habenula on mood related behaviors in
naive rats. Naive rats were administered microinfusions of either HSV-GSP, HSV-dnERK2, or
HSV-wtERK2 in the LHb and then tested in the elevated plus maze (EPM) and the forced swim
test (FST). HSV-wtERK?2 rats showed an increase in the time spent in the open arms of the EPM
(A) and less time in the closed arms (B) and also showed an increase in latency to immobility (C)
accompanied by decreased total immobility in the FST (D). No significant changes were seen
after infusion of HSV-dnERK2. *Significantly different from HSV-GFP infused rats (p<0.05).
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Figure 4.2 Effect of ERK2 modulation in the lateral habenula on mood related behaviors after
exposure to chronic stress. Adolescent rats were exposed to 4 weeks of chronic stress (CS) and
then administered microinfusions of HSV-wtERK?2 or HSV-GFP in the lateral habenula. After
infusions rat were tested in the elevated plus maze (EPM) and the forced swim test (FST). HSV-
GFP did not have any effect on stress-induced deficits and were significantly different from non-
stressed controls (HSV-GFP CON) however HSV-wtERK?2 rats showed an increase in the time
spent in the open arms of the EPM (A) and less time in the closed arms (B), while also exhibiting
an increase in latency to immobility (C) accompanied by decreased total immobility in the FST
(D), suggesting a reversal of stress-induced deficits. * Significantly different from HSV-GFP-CS
rats (p<0.05). *Significantly different from HSV-GFP CON rats (p<0.05).
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CHAPTER V
ESTABLISHING THE ROLE OF HABENULAR EXTRACELLULAR-REGULATED
KINASE 2 IN MEDIATING RESILIENCE AFTER SOCIAL DEFEAT STRESS

Introduction

Exposure to stress is deemed as the primary factor in health dysregulation and in
precipitating the development of major depressive disorder (MDD). However, it is important to
note that not all individuals whom experience stress will eventually develop MDD (Kalisch,
Miiller, & Tiischer, 2014). Indeed, the intrinsic response to an acute stressor is meant to be
beneficial and actually promote survival. The brain and body are both wired to maintain a certain
level of plasticity in response to psychological and environmental insults. This process of
“allostatis” follows a particular pattern such that once a reaction to a stressor is initiated, that
response is maintained for an appropriate time course to then switched off for a period of recovery
(McEwen, 2006). As stress increases, there are certain neurological and biological adaptations that
occur to compensate for the increases in allostatic load (Juster et al., 2010). It is possible that the
development of MDD could be the result of a maladaptive response to stress, whereas “resilience”
can be consider an appropriate maintenance of these mechanisms. Research endeavors have mainly
focused in cataloging and delineating potential mechanism(s) underlying susceptibility to stress
and its aberrant consequences. More recently, the study of resilience, which is the ability of
individuals to withstand severe stress while maintaining physiological and psychological
wellbeing, and its potential underlying mechanisms has gained momentum.

Most recently, animal models of stress-induced dysfunction have also tried to identify the
possible mechanisms that would promote stress tolerance. In particular the chronic social defeat
stress (CSDS) paradigm has been useful in distinguishing between stress susceptible and stress
resilient mice. In this paradigm, a robust behavioral syndrome induced in roughly two-thirds of
normal C57BL6/J mice by chronic exposure to CSDS. This syndrome includes a mixture of
depression- and anxiety-like symptoms, including social avoidance, along with hypothalamic-
pituitary-adrenal (HPA) axis abnormalities, disrupted circadian rhythms, overeating, obesity, and
related metabolic disturbances (Golden, Covington, Berton, & Russo, 2011; Wells et al., 2017).
The mice that display this syndrome are deemed susceptible, and many of the symptoms are long-

lived and reversed by chronic, not acute, administration of standard antidepressants (Golden et al.,
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2011). This research shows that roughly one third of mice do not express the typical social
avoidance expected after defeat stress nor do they show the accompanying deficits exhibited by
stress susceptible mice (Golden et al., 2011; Krishnan et al., 2008). This closely mimics the
different phenotypes seen in humans, considering that not all individuals that undergo trauma will
develop all the core symptoms of clinical depression. While CSDS has been ideal in helping to
tease apart the behavioral and biological consequences of social stress, the highly physical nature
of CSDS ignores the impact of non-physical stress insults. This is of importance as it has long been
known that stress, or trauma, does not need to be physically experienced to induce mood
dysregulation (Gleason et al., 2016; Warren et al., 2013). To address this discrepancy, research in
our laboratory introduced a modification to the CSDS model to include an “emotional stress”
component. In this vicarious social defeat stress model (VSDS), another mouse is forced to watch,
or “witness,” the antagonistic interaction between a resident mouse and an intruder mouse without
being in any direct physical danger (Sial, Warren, Alcantara, Parise, & Bolanos-Guzméan, 2016).
Research using the VSDS model in adult mice shows that the biological and behavioral deficits
induced by either emotional (ES) or physical (PS) stress result in similar phenotypes. Namely, ES-
and PS-exposed mice show increased serum corticosterone after acute or chronic exposure to the
stress, increased behavioral despair in the forced swim test, increased anxiogenic responses in the
elevated-plus maze, and increased social avoidance. Interestingly, these deficits are seen in both
ES- and PS-exposed mice, 1 month after stress exposure, suggesting similar long-term behavioral
maladaptation (Warren et al., 2013).

RNA-sequencing data in adult ES- or PS-exposed mice also shows that there are
considerable similarities in gene regulation within the ventral tegmental area (VTA) after exposure
to either stress condition. As previously stated, the VTA gets considerable input form the lateral
habenula (LHb) and it is likely that this is an important hub mediating stress phenotypes. Previous
work in our laboratory has shown that ERK?2 activity within the VTA can promote susceptibility
to CSDS, or reverse some stress-induced deficits in social avoidance (Iniguez et al., 2010).
Similarly, as I demonstrated in Chapter 4 using the chronic unpredictable stress model, increasing
ERK2 activity within the LHb during adolescence is sufficient to decrease reactivity to stress-
eliciting stimuli and reverse stress-induced behavioral deficits. These data suggest that ERK2
signaling within the LHb could also be important in mediating susceptibility and resilience in the

VSDS paradigm. Susceptibility and resiliency has not been characterized in the VSDS model, and
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these parameters have not been applied to adolescent mice exposed to VSDS. Therefore, I designed
the following set of experiments to begin establishing the behavioral profile of susceptibility and
resiliency in adolescent mice after exposure to VSDS, and to investigate the role of ERK2 in
mediating these behavioral phenotypes.

Methods

Materials and Tests

Animals. Male c57BL/6 and CDI retired breeder mice were obtained from Charles River
Laboratories, and upon arrival were given a 1-week habituation period prior to any experimental
manipulation. c57BL/6 mice arrived at postnatal day (PD) 21 and were housed 5/cage until they
were separated into their respective experimental conditions. As adolescents (PD 35), mice were
separated into control (CON), emotional (ES), or physical (PS) stress group conditions. CD1 mice
were single housed before and after behavioral experimentation. All mice were housed in clear
polypropylene cages containing wood shavings and had unrestricted access to food and water. The
vivarium was maintained at 24°C and mice were on a 12-hour light/dark cycle through the entirety
of the experiment.

Vicarious Social Defeat Stress. VSDS was done as previously described (Sial et al., 2016;
Warren et al., 2013a). Briefly, the VSDS paradigm is a modified version of the chronic social
defeat paradigm which allows for assessing the effects of indirectly experienced stress.
“Emotionally” stressed (ES) mice are housed with an aggressive mouse (safely separated) and also
forced to witness multiple defeat bouts between the aggressor and a smaller subordinate mouse
(PS). Briefly, ES-exposed mice were placed into the empty compartment of a divided cage
containing a CD1 aggressor, and the PS-exposed mice were placed into the compartment
containing the aggressor. During this time, the PS-exposed mouse and the CD1 engage in an
aggressive bout, while the ES-exposed mouse witnessed the antagonistic interaction, physically
unharmed, from the other side of the compartment. After the defeat, the PS-exposed mouse is left
overnight in the compartment adjacent to the recently encountered CD1, while the ES-exposed
mouse is moved into a different cage and housed adjacent to a novel CD1. Mice in the CON
condition were housed in pairs but separated by a Plexiglas divider such that each mouse is housed
in its own compartment. The accelerated VSDS is done similar to the standard VSDS procedure
except there are two defeat sessions per day instead of one. These parameters were used given that

in the CSDS model, this paradigm induces susceptibility in “normal” mice and is therefore

48



valuable in assessing stress resilience (Bagot et al., 2018). Additionally, this approach allows for
behavioral assessment when working under the restriction of optimal herpes simplex virus (HSV)
expression which is limited to 3 days post-infusion.

Assessing Susceptibility and Resilience. Time spent with the social target can be expressed
as either raw time (seconds) or a ratio of time spent in the interaction zone between the target and
no target session (target/no target). In the CSDS model, interaction ratio (IR) scores of 1 or higher
have been used to determine stress resilience and lower than 1 indicate stress susceptibility
(Krishnan et al., 2008). Given that IR scores can be skewed by the amount of time a mouse spends
in the interaction zone within the “no target” session, the use of raw interaction times is often
suggested to be utilized as a determining factor as well. For example, if a mouse spends 1s in the
interaction zone during the “no target” session and then 2s in the interaction zone during the
“target” session it would have an interaction of 1 and if using only IR score as a factor for
determining an animals stress phenotype, this animal would be deemed resilient. It could be argued
that functionally, this mouse does not exemplify true resilience given that it actually only spent
about 1.5% of the total time of the “target” session interacting with the social target. Though this
is an extreme example it helps point out the importance of using multiple factors to determine a
true behavioral phenotype. To this end, both IR scores and raw time were used to determine stress
phenotypes such that animals with an IR score of 1 or higher but also 60s or more spent with the
social target, were deemed stress resilient.

Social Interaction Test. The social interaction test (SIT) is a two-session test consisting of
a “target” and “no target” session. In the “no target” session, a mouse is allowed to explore an
open field arena for 2.5 min. The mouse is then removed and a novel CD-1 male mouse is placed
into a wire mesh cage, which is situated in an 8cm wide space along one side of the arena. This
area is the “interaction zone”. For the “target” session, the experimental mouse is placed back into
the arena for another 2.5 min and the amount of time spent in the interaction zone is measured.
Defeated mice explore the interaction zone significantly less in the presence of the CD-1 mouse
(Golden et al., 2011). Data are presented as the ratio of time spent in the interaction zone with and
without the target present or as raw time spent in the interaction zone of the “target” session. The
SIT was preformed 24h after the last defeat session and then again 1 month later. This was done
in order to assess if VSDS resulted long-term behavioral changes as well as to identify if the

identified susceptible and resilient phenotypes were maintained.
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Open Field Test. The open field test is generally used to assess locomotor activity or
behavioral reactivity to a novel environment. Mice are placed into the corner of the open field and
allowed to explore for 10 minutes. Total distance traveled (cm), time spent in the periphery, latency
to enter the center and time spent in the center are recorded. The open field can be used as a
measure of anxiety-like behavior. Mice deemed “anxious” will tend to spend less time in the center
and will take longer to leave the periphery (D. R. Britton & Britton, 1981).

Sucrose Preference. The sucrose preference test consisted of a two-bottle choice procedure
in which mice were given the choice between consuming water and a sucrose solution. This
paradigm has been used extensively to assess the effects of stress-induced anhedonia (Nestler,
Barrot, DiLeone, Eisch, Gold, & Monteggia, 2002b). Mice were habituated to drink water from
two bottles for several days. Mice were then exposed to 1% sucrose for two days. Water and
sucrose consumption were measured at 9 A.M. and 7 P.M. each testing day. The position of the
sucrose bottle (left or right) was counterbalanced between groups and changed daily. Preference
for sucrose over water [sucrose/(sucrose + water)] was used as a measure for animals’ sensitivity
to reward.

Elevated Plus-Maze. The elevated plus maze (EPM) is a behavioral assay commonly used
to measure anxiety-like behavior and was performed as previously described (Montgomery,
1955a). Briefly, the EPM apparatus is elevated approximately 3 feet off the ground and consists
of two perpendicular intersecting runways (6cm x 25cm); one runway has no walls (open arms)
while the other arm has fully encompassing walls on either side of the runway (closed arms; 25
cm tall). Mice are placed into the center of the intersecting runways and can freely explore the
arena for 5 min. Mice tend to prefer the safety of the closed arms but will eventually begin to
explore the open arm runway. Increased time spent in the closed arms is interpreted as increased
anxiety-like behavior.

Forced Swim Test. The forced swim test (FST) is a task commonly used to assess
antidepressant efficacy; however, FST has high predictive validity and is used as a behavioral task
to assess learned helplessness (Reed, Happe, Petty, & Bylund, 2008b). Mice were individually
placed into 4L Pyrex glass beakers (27 cm x 18 cm) containing 3L of water (23 + 2°C), for 6 min.
Eventually, the mouse adopts an immobile posture, characterized by motionless floating and the

cessation of struggling behaviors. The latency to adopt an immobile posture and the total time
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spent immobile were recorded. Mice with lower latency to immobility or more time spent
immobile reflect a depressive-like phenotype.
Stereotaxic surgery

LHb Cannulation. A 26-G guide cannula (Plastics One, Roanoke, VA), was implanted
bilaterally 0.5 mm directly above the LHb [anteroposterior (AP) -1.7; mediolateral (ML) 0.4;
dorsoventral (DV), -2.0 mm] under 2 to 4% isoflurane in lliter oxygen/minute inhaled
continuously during surgery. Mice were given one week for recovery prior to the initiation to
behavioral testing. Mice received a 0.5 pl microinjection at a continuous rate of 0.1 pl/min through
their cannulas and then the injector was left in place for 1 min. Twenty-four h after behavioral
experiments, 0.5 pg of 4% methylene blue in saline was infused as described above, and animals
were then killed 1 h later and their brains extracted and stored in Formalin for histological
localization of infusion sites. Data obtained from animals with placements outside the intended
brain regions (<10% of all experimental animals) were not included in the analyses.

Viral-mediated gene transfer. Mice were anesthetized with 2 - 4% isoflurane in 1 liter
oxygen/minute inhaled continuously, placed in a stereotaxic apparatus and their skull was exposed
by scalpel incision. For viruses, thirty- three-gauge needles were placed bilaterally at 0° angle into
the LHb (AP —1.7; ML +0.4; DV -2.5 in the mm) from bregma and 0.5 pl of virus was infused at
a rate of 0.1 ul/min. Data obtained from animals with placements outside the intended brain
regions (<10% of all experimental animals) were not included in the analyses. I used HSV vectors
to directly increase (HSV-ERK2y:) Erk2 signaling within the LHb and assess responses to stress-
and anxiety-inducing situations. The construction of the vectors (HSV-GFP, HSV-ERK2y,) has
been thoroughly described, and the HSV-Erk?2 virus has been previously validated (Iniguez et al.,
2010). Expression of the HSV-encoded transgenes was limited to an area of ~1 mm? around the
injection site (Krishnan et al., 2008).

Quantitative real-time PCR: Mice were sacrificed 24hr after Ist defeat and 1mm bilateral
punches of the LHb were taken with a 16-gauge blunted needle. DNA was created from these
samples using qScript cDNA synthesis kit (Quanta) using a C100 Thermal Cycler (Bio-Rad).
Quantitative real-time PCR (rt-PCR) was performed in triplicates using 386 well PCR plates using
a CFX384 Real-Time Sytstem:C1000 Touch Thermal Cycler (Bio-Rad), according to the
manufacturer’s instructions. Threshold cycle [C(t)] values are measured using the supplied

software and analyzed with the AAC(t) method as previously described (Vialou et al., 2010;
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Warren et al., 2013). Rt-PCR will be performed for the following ERK2-related genes: ERK2
(Mapkl), ERK1 (Mapk3), MEK1 (Map2kl), POORSK (Mapkap-kI), GSK3B (Gsk3b), AKT
(Akt1), ELK1 (ElkI), Glur2(Gria2) and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was
used as a normalizing gene. Primer sequences can be found in table 5.1.

Western Blotting: Protein from LHD tissue punches were isolated using Illustra TriplePrep
kit (GE Healthcare) according to the manufacturer’s instructions and stored at —80 °C until use.
Ten micro-grams of protein from each sample are treated with p-mercaptoethanol and
subsequently electrophoresed on precast 10 % gradient gels (Bio-Rad). All antibodies were
obtained from Cell Signaling (Beverly, Massachusetts). Blots were probed overnight at 4 °C with
antibodies against the phosphorylated forms of ERK1/2, and GAPDH. Separate membranes were
probed with antibodies against total ERK1/2, and GAPDH. All primary antibodies were made to
a 1:1,000 dilution (except for GAPDH which was diluted to 1: 20,000). Membranes were washed
several times with TBST and were incubated with peroxidase-labeled goat anti-rabbit IgG as the
secondary antibody (1: 10,000; Cell Signaling, Beverly, Massachusetts). Bands were visualized
with Clarity Western ECL Substrate (Bio-Rad), quantified using Image] (NIH), and then
normalized to GAPDH.

The effects of pharmacological inhibition of ERK2 within the LHb on the antidepressant
efficacy of KET. A separate group of adolescent mice were cannulated at PD 30 and then exposed
to 10 days of CSDS starting on PD35. On the last day of defeat, physically stressed (PS) mice were
given KET to reverse stress-induced deficits. Twenty-four hours later, half of the mice were
injected with the ERK2 inhibitor, U0126 (2ug/2ul; Iniguez, 2014; Huang and Lin, 2006). A
separate groups of non-stressed controls (CON) and a PS group were included as a confirmation
of expected behavioral outcomes (i.e.; effectiveness of defeat). Both of these groups of mice were
injected with SAL so as to mimic the KET injection of the experimental mice.

Statistical Analyses. Behavioral data were analyzed using mixed-design (between and
within variables) ANOVA followed by Fisher Least Significant Difference (LSD) post hoc tests.
When appropriate, Student’s ¢ tests were used to determine statistical significance of planned
comparisons. Data are expressed as the mean = SEM. In all cases, statistical significance was

defined as p< 0.05.
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Results
Short-term effects of VSDS on social avoidance and depression- or anxiety-like behavior in
susceptible and resilient mice

Social interaction. After 10 days of stress, adolescent mice were tested in the SIT (n=10-
18/group; Figure 5.2A-B). A one-way ANOVA revealed a significant difference in interaction
time (F4,58= 15.29; p<0.0001) and time in corners (F4,58y= 18.44; p<0.0001) as a function of stress
condition. Post hoc analyses indicated that ES and PS susceptible mice spent significantly less
time interacting with the social target and more time in the corners when compared to the mice in
the CON condition (p<0.05). In contrast, ESr and PSr mice spent significantly more time in the
interaction zone and less time in the corners with the target present when compared to ES and PS
mice (p<0.05). Importantly, the ESr and PSr mice displayed no significant differences in
interaction or corner time when compared to CON mice (p>0.05).

Open Field Test. A separate group of adolescent mice exposed to VSDS were tested in the
OFT (n= 10-14/group; Figure 5.2C-D). 10 days of VSDS produced a significant difference in time
in the center (F(s44)=4.191; p<0.05) and time in the periphery (F(4,44)= 3.538; p<0.05) as a function
of stress condition. ESr and PSr mice spent significantly more time in the center when compared
to ES and PS mice (p<0.05). PS but not ES mice spent significantly less time in the center of the
OFT when compared to CON mice (p<0.05). As expected, both ES and PS mice spent significantly
more time in the periphery of the OFT when compared to CON mice (p<0.05). However, PSr but
not ESr mice spent significantly less time in the periphery when compared to their respective
susceptible counterpart (p<0.05).
Long-term effects of VSDS on depression- and anxiety-related behavior in susceptible and
resilient mice

Social interaction. Adolescent mice exposed to 10 days of VSDS were re-tested in the SIT
1 month later (n= 10-18/group; Figure 5.3A-B). A one-way ANOVA revealed a significant
difference in interaction time (F4,58= 3.240; p<0.05) as a function of stress condition. Post hoc
analyses indicated that ES and PS mice spent significantly less time interacting with the social
target when compared to the mice in the CON condition (p<0.05). In contrast, PSr but not ESr
mice spent significantly more time in the interaction zone with the target present when compared
to ES and PS mice (p<0.05). Importantly, the ESr and PSr mice displayed no significant

differences in interaction time when compared to CON mice (p>0.05). Unfortunately, there were
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no long-term effects on corner time as a function of stress condition. Interestingly, regardless of
stress exposure or stress phenotype, mice show reduced interaction when re-exposed to the SIT.
Given that CON mice also show a reduction in interaction, it is unlikely that this is a stress-induced
deficit, instead it is possible that this is a reduction in the novelty of the SIT context. There is no
significant difference between any group in the magnitude of change of interaction time between
SIT 1 and SIT 2 (p>0.05; Figure 5.3C)

Elevated plus maze. To assess long-term effects of stress on anxiety-like behavior, a
separate group of mice were tested in the EPM 1 month after VSDS (n=6-8/group; Figure 5.3D).
A One-way ANOVA revealed that time spent in the open arms of the EPM varied as a function of
stress exposure (Fa38=3.618; p<0.05). As expected, ES and PS mice spent significantly less time
in the open arms of the EPM as compared to the CON-exposed mice (p<0.05). Surprisingly, ESr
but not PSr mice spent significantly more time in the open arms of the EPM when compared to
their stress-susceptible counterpart (p<0.05).

Sucrose preference. In order to determine the lasting functional consequences of adolescent
exposure to VSDS on anhedonia, I assessed sucrose preference (n= 10-18/group; Figure 5.3E). A
two-way ANOVA revealed a significant interaction between sucrose concentration and stress
phenotype (F,s8= 2.647; p<0.05) and a significant effect of SUC concentration (F,s8= 6..295;
2<0.05). CON, ESr, and PSr mice showed a significant preference for sucrose when compared to
water (p<0.05) while ES and PS mice failed to show a preference for a sucrose solution (p>0.05).
Importantly, there were no significant differences in water consumption between the stress
conditions.

Changes in protein and gene expression in the LHb of susceptible and resilient mice after
vicarious social defeat stress

Rt-PCR. ERK-related gene expression within the LHb was assessed 24 h after exposure to
VSDS using qPCR (n= 6/group; Figure 5.4A-F). One way ANOVA revealed that expression of
ERK2 (Fa20= 4.356, p< 0.05; Figure 5.4A), ERK1 (F420= 3.7, p< 0.05; Figure 5.4B), P90 RSK
(F20=3.786, p >0.05, Figure 5.4C), MEK1 (F.20= 13.63, p< 0.01; Figure 5.4D), AKT (F.29=
6.325, p<0.001; Figure 5.4E) mRNA varied as a function of stress phenotype. ERK2 and MEK
mRNA levels were significantly increased in the LHb of ESr and PSr mice when compared to their
susceptible counterparts (p< 0.05). Interestingly both ERK2 and MEK1 mRNA levels were
significantly reduced in PS, but not ES mice when compared to CON (p< 0.05). ERK1 mRNA
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expression was significantly downregulated in ES and PS mice when compared to CON (p< 0.05);
and significantly elevated in PSr mice compared to PS mice. AKT gene expression was
significantly lower in all stress conditions when compared to CON mice (p< 0.05), however PSr
mice had significantly higher AKT mRNA expression when compared to PS mice (p< 0.05).
Interestingly, ELK1 mRNA expression was unaffected by stress phenotype (p> 0.05).

Western Blot. 1 further assessed the activity of ERK2-related signaling after adolescent
VSDS as inferred from the phosphorylation of ERK1 and ERK2 (Figure 5.4G-H; n= 6/group)
Phosphorylation of ERK2 (F(4.20y= 10.86, p<0.01; Fig 5.4G) and ERK1 (F429)=3.729, p< 0.01 p<
0.01; Figure Fig 5.4H) within the LHb was influenced by stress exposure. Both ERK1 and ERK2
phosphorylation levels were significantly increased in PSr mice when compared to CON mice and
PS susceptible mice (p< 0.05). No changes in total levels of ERK2 and ERK 1 protein were detected
in any condition (p> 0.05, data not shown).

Effects of viral-mediated upregulation of ERK?2 in the LHb in response to accelerated VSDS

Social Interaction Test. The effects of HSV-GFP and HSV-wtERK2 on behavioral
responding to accelerated VSDS are shown in Figure 5.5 (n= 6-8/group). Time spent with the
social target varied as a function of virus expression (F(1,32= 0.5025, p<0.05; Fig 5.5B) and corner
time (F132= 0.421, p< 0.0216; Fig 5.5C). Both ES- and PS-GFP mice displayed a significantly
reduced interaction ratio and significantly increased corner time when compared to CON-GFP
mice (p< 0.05). Excitingly, overexpression of ERK?2 in the LHb blocked the effects of accelerated
VSDS in both ES and PS mice, as ES-wtERK?2 and PS-wtERK?2 mice had a significantly increased
interaction ratio when compared to their GFP counterpart (p< 0.05). PS-wtERK2 mice, but not ES-
wtERK2 spent significantly less time in the corner when compared to their GFP counterpart (p<
0.05). Importantly, there was no significant differences between ES-wtERK?2 or PS-wtERK2 and
either respective CON condition (p< 0.05).

The effects of pharmacological inhibition of ERK2 within the LHb on the antidepressant efficacy
of KET.

Social interaction test. The effect of intra-LHb U0126 on ketamine’s antidepressant
efficacy in adolescent mice is shown in Figure 6. On the last day of defeat PS mice were given
KET to reverse stress-induced deficits. Twenty-four hours later, half of the mice were injected
with U0126. Student’s 7 test revealed a significant effect of U0126 infusion on social interaction

time (z12y= 3.341, p<0.05; Fig 5.6B) and time spent in corners (¢12)= 4.464, p< 0.05; Fig 5.6C).
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Non-stressed controls (CON) and a physically stressed (PS) group were included as a
confirmation of expected behavioral outcomes (i.e.; effectiveness of defeat). CON and PS mice
were injected with SAL so as to mimic the KET injection of the experimental mice. As expected,
PS-mice exposed to SAL avoided the social target compared to their CON-counterparts.
Exposure to KET prevented social avoidance in PS-exposed mice and infusion of U0126 blocked
the antidepressant effect of KET (p<0.05). A separate group of CON mice were injected with
UO0126 and tested in the SIT and showed no change in interaction time or time spent in corners
(data not shown).

Histology and transgene detection. At the end of the SIT, mice were given an overdose of
KET and perfused transcardially with 0.9% saline, followed by cold 4% paraformaldehyde. The
brains were removed, post-fixed overnight in 4% paraformaldehyde. Coronal sections (40 pm)
were taken on a vibratome and stored in 0.1 M sodium phosphate buffer with 0.05% sodium azide.
Free-floating coronal sections were processed to examine accuracy of viral injections. Slides were
then visualized and photographed using a fluorescence microscope and a digital camera. Data
obtained from mice with placements outside the intended brain regions (<10% of all experimental

animals) were not included in the analyses.

Discussion

Early life stress is a major predisposing factor to developing neuropsychiatric disorders
(Fagundes, Glaser, & Kiecolt-Glaser, 2013). Most animal models of stress tend to focus on either
early postnatal periods or the effects of stress exposure later in adulthood, thus neglecting the
adolescent period (Alcantara, Parise, & Bolafios-Guzman, 2017). This is surprising given that
adolescence is a time of behavioral and biological maturation when most neuropsychiatric
disorders tend to emerge and is therefore important to acknowledge as a period of sensitivity to
developing maladaptive behaviors (Paus, 2008; Slomski, 2012). Most research has also focused
on assessing the effects of physical stress, yet it has been known that the effect(s) of emotional
stress is just as impactful, if not more so, as physical stress (Teicher, Samson, Polcari, &
McGreenery, 2006), suggesting the necessity of investigating models of stress that focus on non-
physically invasive/psychological insults. To this end, the chronic social defeat stress (CSDS)
paradigm has been adapted to include both a physical (PS) and emotional stress (ES) component.
Similar to findings obtained with the CSDS, the vicarious social defeat stress model (VSDS) shows

that adult mice exposed to ES exhibit similar behavioral and biological outcomes, such as
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increased serum corticosterone, behavioral deficits in the forced swim test, increased anxiety-like
responses, and increased social avoidance (Sial et al., 2016; Warren et al.,, 2013a). More
importantly, the CSDS paradigm also lends itself to identifying stress susceptible and stress
resilient phenotypes thus providing better parameters for comparing biological mechanisms of
stress responding (Krishnan et al., 2007).

I have taken advantage and applied these parameters, in a novel way, to the adolescent
period of development. Here I found that mice exposed to the VSDS demonstrate a similar split in
susceptibility versus resilience as is observed in adult mice exposed to the CSDS paradigm. In
addition, I also found that the phenotype identified (i.e., susceptible or resilient) during
adolescence is maintained into adulthood. More specifically, mice deemed susceptible, those
showing social avoidance 24 h after exposure to ES or PS, demonstrate similar levels of social
avoidant behaviors when re-tested as adults, a deficit that is not present in stress resilient mice at
either time point. Similar effects were observed when the mice were tested in anxiety-related
behavioral tasks. When tested 24 h after VSDS exposure, the susceptible mice spent significantly
less time in the center of the open field (and anxiety-like behavior) apparatus when compared to
their resilient counterparts. In addition, when tested one month later in the elevated-plus maze
(EPM), the susceptible mice spent significantly less time in the open arms of the EPM as compared
to the resilient mice. Long-term deficits in social avoidance and anxiety-like behavior are expected
in PS-exposed adolescent mice (Iniguez et al., 2014), however to see resilient mice in the ES
condition show maintenance of their stress-resistant phenotype was unexpected. This was based
on previous research showing that adult mice exposed to PS demonstrate both short- and long-
term deficits, however adult mice exposed to the ES condition do not show robust avoidance when
tested 24 h after VSDS exposure. Instead, these mice do exhibit social avoidance one month after
stress exposure (Warren et al., 2013). My findings suggest that there is some delayed, or
incubation, effects that take place after exposure to ES during adulthood that do not occur in
adolescents. Moreover, other work using the CSDS assay in adult mice shows that susceptible and
unsusceptible (resilient) mice display a robust anxiety-like phenotype as both spend significantly
less time in the open arms of the EPM (Krishnan et al., 2008; Krishnan et al., 2007), findings
opposite to what I observed with adolescents. The mechanism(s) underlying these age-dependent
behavioral discrepancies are not known. A simple explanation for this age specific differences is

that MDD, and perhaps other neuropsychiatric disorders, manifest differently between adults and
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adolescents. This appears to be the case, as one of the differences reported in the literature is that
adolescents with mood disorders tend to engage in more impulsive behavior compared to adults
(Khemakhem et al., 2017; Moustafa, Tindle, Frydecka, & Misiak, 2017). Within this context, more
time spent in center of the open field, or more time spent in the open arm of the EPM can have
more than one explanation: one interpretation would be as an anxiolytic response, whereas there
is an argument to be made for this being representative of an increase in impulsive behavior
(Colorado, Shumake, Conejo, Gonzalez-Pardo, & Gonzalez-Lima, 2006; Zaichenko, Vanetsian,
& Merzhanova, 2012), partially explaining the differences observed between adult and adolescent
anxiety responses. Clearly more behavioral research is needed to decipher these potential
explanations.

The long-term maintenance of these phenotypes suggests a biological mechanism that
promotes long-term expression of susceptibility or resilience. Given the role ERK2 plays in stress
reactivity, I wanted to investigate how ERK2 is expressed in mice deemed susceptible or resilient
after ES or PS exposure. After 10 days of stress exposure, mRNA expression of the extracellular
regulated kinase 2 (ERK2) was decreased in the lateral habenula (LHb) of both ES- and PS-
exposed susceptible mice. This finding is in agreement with reductions in ERK2 within the LHb I
observed after adolescent exposure to chronic unpredictable stress (Chapter 4). Interestingly, the
mice deemed resilient did not show this reduction in ERK2 mRNA expression within the LHb.
This is contrary to my expectation of an increase in ERK2 mRNA levels. While the molecular
mechanisms underlying this difference in ERK2 expression is unknown, it is possible that there
are compensating mechanisms in the resilient mice that attenuate this decrease in ERK2 levels to
promote a more favorable behavioral outcome. Interestingly, however, phosphorylated ERK2 was
increased in the LHb of only of PS-exposed resilient mice. It is possible that due to the intense
physical nature of the PS condition, resilience to PS necessitates a more prominent biological
response than to ES exposure. This is unexpected given the similarities I observed between the ES
and PS conditions (in either susceptible or resilient mice), however it is possible that part of the
resilient mechanism is the ability to engage in active coping strategies, instead of passive ones,
which have been hypothesized to be mediated by distinct mechanisms (Febbraro, Svenningsen,
Tran, & Wiborg, 2017; Machida, Lonart, & Sanford, 2018). These findings nevertheless are
reminiscent of observations after antidepressant drug exposure. As demonstrated in Chapter 3,

increases in phosphorylated ERK2 within the LHb were seen after chronic exposure to both
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fluoxetine (FLX) and ketamine (KET) during adolescence, suggesting that functionally, increases
in phosphorylated ERK2 protein could be a common mediator of both innate stress resilience and
drug-induced antidepressant mechanisms. There are some studies suggesting that gaining
controllability of a stressor blunts the potential negative response to subsequent stressors (i.e.,
active coping) (Amat, Paul, Zarza, Watkins, & Maier, 2006; Kant, Bauman, Anderson, & Mougey,
1992; Breier et al., 1987). There is evidence showing that ERK?2 is increased in the PFC in response
to controllable but not uncontrollable stressors, suggesting that ERK2 plays a critical role, at least
in part, in this stress-adapting mechanism (Christianson et al., 2014).

To further investigate the functional role of ERK2 modulation in the LHb as it relates to
resilience to VSDS, I used a viral mediated approach to directly regulate ERK?2 levels of expression
in the LHb. Given the results of the western blot data suggesting that ERK2 upregulation in the
LHDb is more correlated with resilient behavior, I decided to utilize an accelerated defeat paradigm
in order to assess stress response within the context of ERK2 expression. One of the major
advantages of this abbreviated paradigm is the ability to induce social avoidance within only 4
days (e.g., defeats twice per day). This is particularly important when using viral vectors with a
short half-life, as overexpression of ERK2 was done with an HSV-wtERK2 vector, which has
maximal expression on day 3 after infusion (Barrot et al., 2002; Neve, Howe, Hong, & Kalb, 1997).
Adolescent mice microinfused with HSV-wtERK?2 or HSV-GFP (control vector) in the LHB and
were exposed to twice a day defeat. As expected, the GFP-infused ES- and PS-exposed mice
showed avoidance to the novel social target, however, the mice microinfused with HSV-wt-ERK2
showed interaction scores similar to the non-stressed controls (interaction ratios >1.0). This
finding suggests that increasing ERK?2 in the LHb is capable of promoting resilience to both ES
and PS, and further highlights the role of this kinase and the LHb in modulating responsiveness to
stress.

Given the findings of increased ERK2 activity inducing a resilient phenotype, I also
assessed whether inhibiting ERK?2 activity within the LHb could block the antidepressant effect of
KET. To this end, I implanted bilateral cannula in the LHb of adolescent mice and after exposed
them to 10 days of CSDS (PS condition only). On the last day of defeat, all PS-exposed mice were
given an intraperitoneal injection of 20 mg/kg KET (Autry et al., 2011) (Ramaker & Dulawa,
2017). Twenty-four hours later, social avoidance was measured using the social interaction test

(SIT). Thirty minutes prior to the SIT, the KET-exposed mice were given an intra-LHDb infusion
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of the ERK inhibitor U0126, or its vehicle (as a control). As expected, mice receiving KET and
microinfused with vehicle (DMSO) did not display social avoidance indicating that KET was able
to reverse the avoidant behavior caused by 10 days of PS exposure, however, inhibition of ERK2
by U0126 blocked the antidepressant effects of KET (i.e., these mice showed social avoidance).
This finding further supports my hypothesis that the antidepressant mechanism of KET is in part
mediated by ERK2 activity in the LHb.

Overall these data highlight the antidepressant activity of ERK2 in the LHb. Further
investigation would be necessary in order to assess whether ERK2 could be used as a biomarker
of stress resilience. However, to my knowledge, it is not yet technically possible to measure
activity of intracellular signaling molecules within specific brain regions in vivo, with the
expectation of using it as an indicator of predicting future behavior. It is possible that peripheral
levels of ERK2 could be measured and used as an indicator of future behavior, however this would

still be an indirect correlation of central activity of ERK2.
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Table 5.1. qPCR primer sequences

| Primer Sequence

Gene

Forward

Reverse

Mapk3
Mapkl
Mapkap-kl
Map2kl
Akt1

Elkl1
Gapdh

S'-TCCGCCATGAGAATGTTATAG-3'
5’-GGTTGTTCCCAAATGCTGACT-3’
5'-CCATCACACACCACGTCAAG-3'
5'-GAGTGCAACTCCCCGTACATC-3'
5'-ATCCCCTCAACAACTTCTCAT-3'
5'-TTGTGTCCTACCCAGAGGTTG-3'
5’-AGGTCGGTGTGAACGGATTT-3

5'-GGTGGTGTTGATAAGCAGAATG-3'
5’-CAACTTCAATCCTCTTGTGAGG-3’
S'TTGCGTACCAGGAAGACTTT-3'
S"TTCTCCCGAAGATAGGTCAG-3'
5'-CTTCCGTCCACTCTTCTCTTT-3'
5'-GCTATGGCCGAGGTTACAG-3'
5’-TGTAGACCATGTAGTTGAGGT-3’
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A) Adolescent vicarous social defeat stress:
Susceptible/Resilient Split
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Figure 5.1 Representation of resilient and susceptible split in adolescent mice exposed to
vicarious social defeat stress. Adolescent mice were exposed to 10 days of vicarious social defeat
stress and separated according to phenotype, based on social avoidance scores (interaction ration;
<1.0= stress susceptible/ >1.0=r stress resilient) (A) and Raw time spent in the interaction zone
with and without the target present (B)).
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A) Social Interaction Test: B) Social Interaction Test:

Time in interaction zone Time in corners
- - P
2.0 " ; 3.0 8
—  —
g ‘Tg 1.54 7 2% .
T 3 I / © g 207
52 101 / Se
8% .7 8%
o (o)) = / o 2 .
o= / Q= 1.0 T T
8 05 % & ’7
o 7 /
"CON ES ESr  PS PSr CON ESESr PSPSr
Stress Phenotype Stress Phenotype
C) Open Field Test: D) Open Field Test:
Time in center Time in peripher
8 periphery
100+ 900+
80- 800 B
I
—~ v/, — *
£ 60 7 £ 7001 *
(0] [0}
£ 7 £
= 407 7/ ~ 6001
7 u
207 7 500-
) X
CON  ESESr PS PSr CON  ESESr PS PSr
Stress Phenotype Stress Phenotype

Figure 5.2 Assessment of social avoidance and anxiety-like behavior in susceptible and resilient
adolescent mice 24hrs after vicarious social defeat stress. Exposure to VSDS decreased social
interaction (A) and promoted more time spent in the corners (B) in the presence of a novel social
target is emotional stress (ES) and physically stressed (PS) mice. ES and PS mice also showed
increased anxiety-like behavior in the open field (OFT), spending less time in the center and more
time in the periphery of the OFT. These deficits were not observed in ES-and PS-resilient
counterparts. *Significantly different from control mice (p<0.05). B significantly different from
stress susceptible counterpart (p<0.05).
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Figure 5.3 Assessment of social avoidance and anxiety-like behavior in susceptible and resilient
mice 1 month after vicarious social defeat stress exposure during adolescence. Exposure to VSDS
decreased social interaction (A) and promoted more time spent in the corners (B) in the presence
of a novel social target is emotional stress (ES) and physically stressed (PS) mice 1 month after
being exposed to VSDS. ES and PS mice also showed increased anxiety-like behavior in the
elevated plus maze (EPM), spending less time in the open arms of the EPM. These deficits were
not observed in ES-and PS-resilient counterparts. *Significantly different from control mice
(»<0.05). B significantly different from stress susceptible counterpart (p<0.05).
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Figure 5.4 ERK2-related changes in gene and protein expression within the lateral habenula of
susceptible and stress adolescent mice. Exposure to VSDS decreased mRNA expression ERK1/2
(AB), P9ORSK (C), MEK1 (D) and AKT (E) in PS mice however in ES mice only ERK1, p90RSK
and AKT were significantly decreased. P90 RSK and AKT mRNA expression were also decreased
in ES and PS resilient mice. No changes in ELK1 were observed in any condition. PS resilient
mice showed increased levels of phosphorylated ERk1/2 in the LHb. *Significantly different from
control mice (p<0.05). B significantly different from stress susceptible counterpart (p<0.05).
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Figure 5.5 Effects of viral-mediated upregulation of ERK2 within the lateral habenula in
accelerated vicarious social defeat stress. Adolescent mice received intra-LHb infusions of either
HSV-wtERK?2 or HSV-GFP and were then placed through an accelerated VSDS paradigm. Figure
(A) shows placement of LHb viral infusion. Administration of wtERK2 attenuated the effects of
ES and PS induced social avoidance HSV-wtERK2 mice spent more time in the interaction zone
with a target present (B) and less time in the corners (B). *Significantly different from control
mice (p<0.05). B significantly different from stress susceptible counterpart (p<0.05).
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Figure 5.6 The effects of pharmacological inhibition of ERK2 with U0126 within the lateral
habenula on the antidepressant efficacy of ketamine. Adolescent mice were cannulated in the LHb
and then placed through 10 days of social defeat stress. On the last day of defeat PS mice were
given KET to reverse stress induced deficits. 24hrs later, half of the mice were injected with
UO0126. Figure A shows placement of LHb infusion cannula. PS mice exposed to saline avoided
as expected and spent less time in the interaction zone with a target present (A) and more time in
the corners (B). Administration of KET reversed stress-induced avoidance however infusion of
U0126 blocked the antidepressant effect of KET. *Significantly different from saline exposed
control mice (p<0.05). B significantly different from stress saline infused PS-KET mice (p<0.05).
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CHAPTER VI
CONCLUSIONS AND FUTURE DIRECTIONS

Major depressive disorder (MDD) is projected to be one of the leading causes of disability
by 2020, and is currently considered one of the most costly and burdensome illnesses in the world
(Kessler, 2012). Until relatively recently, the existence of MDD in children and adolescents was
not well recognized. Children who showed signs of what would be considered depression in adults
were generally regarded as timid, lazy and disobedient. These symptoms were generally deemed
as problems of “adjustment” that represented a “momentary” response to recent stress. It is now
well known that children and adolescents can experience MDD. In addition, epidemiologic reports
indicate that mood disorders in children and adolescents are quite common, with a proportion of
up to 70% of depressed children and adolescents experiencing a recurrence within 5 years of the
onset of MDD. Despite this knowledge, most of what is known about MDD and their treatment is
based on literature from adult populations. Troubling is also the fact that many afflicted
adolescents suffer from treatment-resistant depression, and thus do not benefit from the currently
available and approved pharmacological options. To complicate matters, few clinical studies have
examined the efficacy, safety, and long-term consequences of exposure to antidepressants during
adolescence, with most research focused on adults and findings then applied to adolescent
populations.

Aside from our lack of recognition of MDD symptomology in young ages, one of the major
problems in basic research addressing pediatric MDD is the lack of valid age-appropriate animal
models for the study of depression and antidepressant efficacy (Krishnan & Nestler, 2011).
Therefore, as an initial step in this dissertation, I assessed the behavioral effects of a common
behavioral paradigm, the chronic unpredictable stress (CUS) assay, during the adolescent
developmental window. I also exposed adolescent rats to the novel therapeutic Ketamine (KET)
and compared their behavioral outcomes to those seen after exposure to fluoxetine (FLX), a
commonly prescribed antidepressant in juvenile populations. I found that exposure to CUS during
adolescence promotes a depression-like behavior profile as seen through a development of
anhedonia and increased behavioral despair (i.e., reduced sucrose preference and increase
immobility in the forces swim test (FST)), and increases in anxiety-like behaviors (i.e., decreased

time spent in the open arms of the elevated-plus maze (EPM)). Furthermore, I found that this
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stress-induced behavioral profile is ameliorated after administration of KET, which decreases
behavioral despair in the FST, and it also increases exploratory time in the open arms of the EPM.
Exposure to FLX also improves behavioral reactivity in the FST (an anti-depressant response),
however, it induces anxiogenic responses in the EPM. Though troubling, this finding is not
surprising as it mirrors clinical evidence showing that one of the side effects of FLX treatment is
an increase in anxious behavior (Gupta et al., 2015). The results of my experiment suggest that
KET would be a safer, more efficient alternative to FLX, and clinical trials should begin to
investigate its use for pediatric MDD (Schiena et al., 2015).

The third chapter of my dissertation sought to investigate a potential molecular mediator
for the effects seen after stress or antidepressant exposure. Based on the literature, I chose to
investigate the role of extracellular regulated kinase 2 (ERK?2) in the lateral habenula (LHD). It has
been shown that ERK2 is an important component of the mechanism(s) mediating stress and
antidepressant responsiveness in reward-related brain regions such as the ventral tegmental area
(VTA), hippocampus, and prefrontal cortex. However, most, if not all of the evidence pertaining
ERK2’s role in mediating MDD has been derived from work done in adult populations (Iniguez
et al., 2010; X. Qi et al., 2009; X. Qi, Lin, Li, Li, Wang, Wang, & Sun, 2008b) leaving open the
question as to whether ERK2 would modulate stress-related behaviors during adolescence in a
similar manner as in adults. Recent investigations regarding the role played by the LHb point to
the importance of second signaling within the LHb in antidepressant responding and suggest that
it as promising target for novel therapeutics (Y. Yang et al., 2018), however it is not known how
intracellular signaling would work to functionally initiate these antidepressant responses. For this
reason, I decided to investigate the role of ERK2 within the LHb as a possible mediator of the
antidepressant response. Here, I found that ERK2 was regulated in the LHb after chronic exposure
to stress and that administration of both FLX and KET had the opposite effect on ERK2 signaling.
Stress increased ERK activity in the VT A while reducing it within the LHb. Conversely, FLX and
KET reduced activity of ERK within the VTA, while increasing it within the LHb, to mediate the
antidepressant response. Of course, stress responding is a complicated phenomenon and it is
unlikely that just one gene is the key regulator of all stress-related behavior (Bagot et al., 2016),
but given the inverse relationship between stress- and antidepressant-mediated ERK?2 expression,

especially within the LHb, it supports the notion that delving deeper into ERK2-related mechanism
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could be a promising area of research for reversing stress-induced deficits in neurocircuitry and
finding novel, more specific molecular targets for antidepressant medications.

In the fourth chapter of my dissertation, I investigated the functional role of regulating
ERK2 levels within the LHb. Given that ERK?2 is part of a larger network of genes, it is possible
that ERK2 activity itself would not be sufficient to mimic the behavioral effects that I saw as a
consequence of stress or antidepressant exposure. Therefore, a more precise tool is needed to assess
the functional role of ERK2. To this end, I employed a viral-mediated approach to be able to
regulate ERK2 expression only within the LHb. Interestingly, I found that upregulation of ERK2
promoted antidepressant- anxiolytic-like behaviors (i.e., decreased behavioral despair in the FST
and increased exploration in the open arms of the EPM) in stress naive rats, whereas down-
regulation of ERK2 did not promote an opposite (depression-like) response. This finding leads me
to believe that even though I observed a downregulation of ERK?2 in the LHb after stress exposure
(Chapter 3), it is likely that downregulation of ERK?2 alone is not sufficient, instead it is only part
of a cascade of molecular events that ultimately promote the emergence of depression-related
behavior. A potential mechanism for this hypothesis is exemplified in figure 6.1. Although still a
hypothesis that needs to be tested, it seems likely the case as ERK2 is also regulated by CaMKII,
which has been shown to promote depression-related behaviors when upregulated in the LHb (K.
Lietal., 2013). It is thus possible that the changes observed in ERK?2 levels after exposure to stress
are governed through a CaMKII-dependent mechanism, and that blocking ERK?2 by itself may not
sufficient to promote the depression-like behaviors.

Given the findings of Chapter 4, I decided to further investigate the role of ERK2 in
antidepressant-like behaviors. More specifically, I wanted to see whether ERK2 modulation would
have a prominent role in promoting resilience. For these experiments I shifted my experimental
design to include an adapted chronic social defeat stress model that includes the emotional stress
component. One of the many benefits of this model is the capability of identifying stress
susceptible and stress resilient phenotypes via assessment of social avoidance outcomes (Golden
et al., 2011; Krishnan et al., 2007) I applied the parameters used to identify stress resilient and
stress susceptible phenotypes in adults to adolescent mice, and found that the behavioral reactivity
to stress- and anxiety-eliciting tasks was dependent on the identified stress phenotype: as seen in
adults, stress resilient mice did not show the same behavioral deficits as seen in their stress

susceptible counterparts (Krishnan et al., 2007). These behavioral differences were observed both
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24 h, or 1 month after the last defeat exposure. To my knowledge, this is the first study to
demonstrate susceptible and resilient phenotypes in adolescent mice exposed to either emotional
or physical stress. These findings are exciting as they point to the possibility of eventually
developing biomarkers of susceptibility or resiliency at a young age and develop interventions
aimed at preventing the deleterious effects of stress. In addition, these findings are supported by
my observations in Chapter 3, where I demonstrated that similar to antidepressant exposure, ERK2
levels were increased in the LHb of stress resilient mice and used this knowledge to test the
functional role of ERK2 within the LHb in modulating responsiveness to emotional or physical
stress. Increasing ERK2 levels within the LHb resulted in an attenuation of stress-induced social
avoidance, findings similar to what would be expected after antidepressant treatment. Furthermore,
I found that inhibition of ERK2 within the LHb, using the ERK inhibitor U0126, blocked the KET-
induced antidepressant effect in the social interaction test further validating the role of ERK2 in
the antidepressant response.

These are the first set of experiments to evaluate the role of ERK2 signaling within the
LHb and establish a promising path for future development of antidepressant medications. Given
that I only did biochemical assessments 24 h after the last stress exposure, it would be important
to know whether ERK2 is similarly modulated long-term. The stress-induced changes in protein
were much more robust as a consequence of CUS as compared to the VSDS, and it is possible that
the duration of the stressor (4 weeks vs 10 days) effected protein expression. Additionally, given
that the viral vector approach I used is of a transient nature (expression returns to normal levels
after ~4-5 days), it is possible that a more sustained downregulation of ERK2 would in fact result
in behavioral outcomes similar to those seen after chronic stress. This approach would require the
use of viral vectors capable of inducing extended expression (i.e., adeno associated virus (AAV))
of their gene construct. To my knowledge, the use of these viruses is limited by the viral load they
can package, and larger genes (such as ERK?2) cannot be packaged in the AAV system making it
not a viable approach for my experimental design. Studies have shown that increased neuronal
activity in the LHb is what promotes depressive-like behavior (Ootsuka & Mohammed, 2015; L.-
M. Yang et al., 2008). For future studies, it would be interesting to take an electrophysiological
approach in order to investigate whether upregulation of ERK2 in the LHb decreases neuronal

firing to promote antidepressant-like responses.
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6.1 Proposed role for ERK2 in stress and antidepressant mechanisms. Chronic exposure to
stress can have many consequences only one of which include alterations in extracellular-regulated
kinase 2 (ERK2) signaling. I propose that while ERK2 modulation in the lateral habenula (LHb)
is sufficient to reverse the effects of chronic stress, it is probably an alternate calcium/calmodulin
kinase (CAMK)-mediated pathway. CAMK modulates ERK?2 activity however it also has other
down-stream effectors which can result in transcriptional changes through the transcriptions
factors CREB and ELKI1, to promote changes in stress-related behavior. Traditional
antidepressants such as Fluoxetine act though increasing serotonin (SHT) availability and have
been shown to increase ERK2 along with brain derived neurotrophic factor (BDNF). While this is
a well-studied pathway, it is not the only modulator of ERK2. My data suggest that the ERK2
inhibition (through U0126) is indeed sufficient to block the antidepressant effects of the non-
traditional glutamatergic antidepressant, Ketamine (KET), implying that ERK?2 is important in the
effectiveness of antidepressant mechanisms of various drug. Abbreviations: tyrosine receptor
kinase b (TRKb); glutamate (Glu); N-methyl-D-aspartate (NMDA); mammalian target of
rapamyacin (mTOR); cyclic AMP response element binding protein (CREB); ETS-domain
containing protein (ELK);

72



REFERENCES

Abdallah, C. G., Adams, T. G., Kelmendi, B., Esterlis, L., Sanacora, G., & Krystal, J. H. (2016).
Ketamines’s mechanism of action: A path to rapid acting antidepressants. Depression and
Anxiety, 33(8), 689-697. http://doi.org/10.1002/da.22501

Alcantara, L. F., Parise, E. M., & Bolafios-Guzman, C. A. (2017). Charney & Nestler's
Neurobiology of Mental Illness. (D. S. Charney, E. J. Nestler, P. Sklar, & J. D. Buxbaum,
Eds.) (Vol. 1). Oxford University Press.
http://doi.org/10.1093/med/9780190681425.001.0001

Amat, J., Paul, E., Zarza, C., Watkins, L. R., & Maier, S. F. (2006). Previous Experience with
Behavioral Control over Stress Blocks the Behavioral and Dorsal Raphe Nucleus Activating
Effects of Later Uncontrollable Stress: Role of the Ventral Medial Prefrontal Cortex. Journal
of Neuroscience, 26(51), 13264—13272. http://doi.org/10.1523/Ineurosci.3630-06.2006

Amo, R., Fredes, F., Kinoshita, M., Aoki, R., Aizawa, H., Agetsuma, M., et al. (2014). The
Habenulo-Raphe Serotonergic Circuit Encodes an Aversive Expectation Value Essential for
Adaptive Active Avoidance of Danger. Neuron, 84(5), 1034—1048.
http://doi.org/10.1016/j.neuron.2014.10.035

Arborelius, L., Nomikos, G. G., Hertel, P., Salmi, P., Grillner, P., H66k, B. B., et al. (1996). The
5-HT receptor antagonist (S)-UH-301 augments the increase in extracellular concentrations
of 5-HT in the frontal cortex produced by both acute and chronic treatment with citalopram.
Naunyn-Schmiedeberg's Archives of Pharmacology, 353(6), 630—640.

Arnone, D., Wise, T., Walker, C., Cowen, P. J., Howes, O., & Selvaraj, S. (2018). The effects of
serotonin modulation on medial prefrontal connectivity strength and stability: A
pharmacological fMRI study with citalopram. Progress in Neuro-Psychopharmacology &
Biological Psychiatry, 84(Pt A), 152—159. http://doi.org/10.1016/j.pnpbp.2018.01.021

Atzil, S., Touroutoglou, A., Rudy, T., Salcedo, S., Feldman, R., Hooker, J. M., et al. (2017).
Dopamine in the medial amygdala network mediates human bonding. Proceedings of the
National Academy of Sciences, 114(9), 2361-2366. http://doi.org/10.1073/pnas.1612233114

Authement, M. E., Langlois, L. D., Shepard, R. D., Browne, C. A., Lucki, ., Kassis, H., &
Nugent, F. S. (2018). A role for corticotropin-releasing factor signaling in the lateral
habenula and its modulation by early-life stress. Science Signaling, 11(520), eaan6480.
http://doi.org/10.1126/scisignal.aan6480

Autry, A. E., Adachi, M., Nosyreva, E., Na, E. S., Los, M. F., Cheng, P.-F., et al. (2011). NMDA
receptor blockade at rest triggers rapid behavioural antidepressant responses. Nature
Publishing Group, 475(7354), 91-95. http://doi.org/10.1038/nature10130

Avenevoli, S., Swendsen, J., He, J.-P., Burstein, M., & Merikangas, K. R. (2015). Major
Depression in the National Comorbidity Survey—Adolescent Supplement: Prevalence,
Correlates, and Treatment. Journal of the American Academy of Child and Adolescent
Psychiatry, 54(1), 37-44.e2. http://doi.org/10.1016/j.jaac.2014.10.010

Bagot, R. C., Cates, H. M., Purushothaman, 1., Lorsch, Z. S., Walker, D. M., Wang, J., et al.
(2016). Circuit-wide Transcriptional Profiling Reveals Brain Region-Specific Gene
Networks Regulating Depression Susceptibility. Neuron, 90(5), 969-983.
http://doi.org/10.1016/j.neuron.2016.04.015

73



Bagot, R. C., Cates, H. M., Purushothaman, 1., Lorsch, Z. S., Walker, D. M., Wang, J., et al.
(2018). Circuit-wide Transcriptional Profiling Reveals Brain Region-Specific Gene
Networks Regulating Depression Susceptibility. Neuron, 90(5), 1-25.
http://doi.org/10.1016/j.neuron.2016.04.015

Baker, P. M., Jhou, T., Li, B., Matsumoto, M., Mizumori, S. J. Y., Stephenson-Jones, M., &
Vicentic, A. (2016). The Lateral Habenula Circuitry: Reward Processing and Cognitive
Control. The Journal of Neuroscience : the Olfficial Journal of the Society for Neuroscience,
36(45), 11482—11488. http://doi.org/10.1523/INEUROSCI.2350-16.2016

Baker, P. M., Oh, S. E., Kidder, K. S., & Mizumori, S. J. Y. (2015). Ongoing behavioral state
information signaled in the lateral habenula guides choice flexibility in freely moving rats.
Frontiers in Behavioral Neuroscience, 9, 1655-22. http://doi.org/10.3389/fnbeh.2015.00295

Barbayannis, G., Franco, D., Wong, S., Galdamez, J., Romeo, R. D., & Bauer, E. P. (2017).
Differential effects of stress on fear learning and activation of the amygdala in pre-
adolescent and adult male rats. Neuroscience, 360,210-219.
http://doi.org/10.1016/j.neuroscience.2017.07.058

Barrot, M., Olivier, J. D. A., Perrotti, L. 1., DiLeone, R. J., Berton, O., Eisch, A. J., et al. (2002).
CREB activity in the nucleus accumbens shell controls gating of behavioral responses to
emotional stimuli. Proceedings of the National Academy of Sciences, 99(17), 11435—-11440.
http://doi.org/10.1073/pnas.172091899

Beier, K. T., Steinberg, E. E., DeLoach, K. E., Xie, S., Miyamichi, K., Schwarz, L., et al. (2015).
Circuit Architecture of VTA Dopamine Neurons Revealed by Systematic Input-Output
Mapping. Cell, 162(3), 622—634. http://doi.org/10.1016/j.cell.2015.07.015

Belujon, P., & Grace, A. A. (2017). Dopamine System Dysregulation in Major Depressive
Disorders. International Journal of Neuropsychopharmacology, 20(12), 1036—1046.
http://doi.org/10.1093/ijnp/pyx056

Benazzi, F. (2008). Fluoxetine for the treatment of SSRI discontinuation syndrome. International
Journal of Neuropsychopharmacology, 11(05), 27-2.
http://doi.org/10.1017/S1461145708008493

Bennazi, Franco. (1998). Fluoxetine for serotinin reuptake inhibitor discontinuation syndrome.
Revue de psychiatrie et de neuroscience, 25(4), 241-242.

Berton, O., McClung, C. A., DiLeone, R. J., Krishnan, V., Renthal, W., Russo, S. J., et al.
(2006). Essential role of BDNF in the mesolimbic dopamine pathway in social defeat stress.
Science, 311(5762), 864—868. http://doi.org/10.1126/science.1120972

Birmaher, B. (1998). Should we use antidepressant medications for children and adolescents
with depressive disorders? Pharmacology Bulletin, 34(1), 35-39.

Birmaher, B., Brent, D. A., & Benson, R. S. (1998). Summary of the Practice Parameters for the
Assessment and Treatment of Children and Adolescents With Depressive Disorders. Journal
of the American Academy of Child and Adolescent Psychiatry, 37(11), 1234-1238.
http://doi.org/10.1097/00004583-199811000-00029

Bjorkholm, C., & Monteggia, L. M. (2016). BDNF - a key transducer of antidepressant effects.
Neuropharmacology, 102, 72—79. http://doi.org/10.1016/j.neuropharm.2015.10.034

Black, K., Shea, C., Dursun, S., & Kutcher, S. (2000). Selective serotonin reuptake inhibitor
discontinuation syndrome: proposed diagnostic criteria. Journal of Psychiatry &
Neuroscience : JPN, 25(3), 255-261.

74



Bourdy, R., & Barrot, M. (2012). A new control center for dopaminergic systems: pulling the
VTA by the tail. Trends in Neurosciences, 35(11), 681-690.
http://doi.org/10.1016/].tins.2012.06.007

Breier, A., Albus, M., Pickar, D., Zahn, T. P., Wolkowitz, O. M., & Paul, S. M. (1987).
Controllable and uncontrollable stress in humans: alterations in mood and neuroendocrine
and psychophysiological function. American Journal of Psychiatry, 144(11), 1419—-1425.
http://doi.org/10.1176/ajp.144.11.1419

Brinschwitz, K., Dittgen, A., Madai, V. 1., Lommel, R., Geisler, S., & Veh, R. W. (2010).
Glutamatergic axons from the lateral habenula mainly terminate on GABAergic neurons of
the ventral midbrain. Neuroscience, 168(2), 463—476.
http://doi.org/10.1016/j.neuroscience.2010.03.050

Britton, D. R., & Britton, K. T. (1981). A sensitive open field measure of anxiolytic drug
activity. Pharmacology, Biochemistry and Behavior, 15(4), 577-582.

Brod, L. M. P., Fronza, M. G., Vargas, J. P., Liidtke, D. S., Briining, C. A., & Savegnago, L.
(2017). Modulation of PKA, PKC, CAMKII, ERK 1/2 pathways is involved in the acute
antidepressant-like effect of (octylseleno) -xylofuranoside (OSX) in mice.
Psychopharmacology, 234(4), 1-9. http://doi.org/10.1007/s00213-016-4505-5

Brown, P. L., Palacorolla, H., Brady, D., Riegger, K., Elmer, G. 1., & Shepard, P. D. (2017).
Habenula-Induced Inhibition of Midbrain Dopamine Neurons Is Diminished by Lesions of
the Rostromedial Tegmental Nucleus. The Journal of Neuroscience : the Official Journal of
the Society for Neuroscience, 37(1), 217-225. http://doi.org/10.1523/Jneurosci.1353-16.2017

Caffino, L., Piva, A., Mottarlini, F., Chio, M., Giannotti, G., Chiamulera, C., & Fumagalli, F.
(2017). Ketamine Self-Administration Elevates aCaMKII Autophosphorylation in Mood and
Reward-Related Brain Regions in Rats, 1-9. http://doi.org/10.1007/s12035-017-0772-3

Calabrese, F., Molteni, R., Racagni, G., & Riva, M. A. (2009). Neuronal plasticity: A link
between stress and mood disorders. Psychoneuroendocrinology, 34, S208-S216.
http://doi.org/10.1016/j.psyneuen.2009.05.014

Carlezon, W. A., Jr., & Thomas, M. J. (2008). Biological substrates of reward and aversion: A
nucleus accumbens activity hypothesis. Neuropharmacology, 56, 1-11.
http://doi.org/10.1016/j.neuropharm.2008.06.075

Carrier, N., & Kabbaj, M. (2012). Extracellular Signal-Regulated Kinase 2 Signaling in the
Hippocampal Dentate Gyrus Mediates the Antidepressant Effects of Testosterone. Biological
Psychiatry, 71(7), 642—651. http://doi.org/10.1016/j.biopsych.2011.11.028

Castrén, E., & Kojima, M. (2017). Brain-derived neurotrophic factor in mood disorders and
antidepressant treatments. Neurobiology of Disease, 97(Part B), 119—126.
http://doi.org/10.1016/j.nbd.2016.07.010

Chen, Y., & Baram, T. Z. (2015). Toward Understanding How Early-Life Stress Reprograms
Cognitive and Emotional Brain Networks. Neuropsychopharmacology, 41(1), 197-206.
http://doi.org/10.1038/npp.2015.181

Cheung, A., Emslie, G. J., & Maynes, T. L. (2004). Efficacy and safety of antidepressants in
youth depression. The Canadian Child and Adolescent Psychiatry Review = La Revue
Canadienne De Psychiatrie De L “Enfant Et De L ”Adolescent, 13(4), 98—104.

Christianson, J. P., Flyer-Adams, J. G., Drugan, R. C., Amat, J., Daut, R. A., Foilb, A. R., et al.
(2014). Learned stressor resistance requires extracellular signal-regulated kinase in the

prefrontal cortex. Frontiers in Behavioral Neuroscience, 8, 1031-11.
http://doi.org/10.3389/fnbeh.2014.00348

75



Cipriani, A., Zhou, X., Del Giovane, C., Hetrick, S. E., Qin, B., Whittington, C., et al. (2016).
Comparative efficacy and tolerability of antidepressants for major depressive disorder in
children and adolescents: a network meta-analysis. Lancet (London, England), 388(10047),
881-890. http://doi.org/10.1016/S0140-6736(16)30385-3

Colorado, R. A., Shumake, J., Conejo, N. M., Gonzalez-Pardo, H., & Gonzalez-Lima, F. (2006).
Effects of maternal separation, early handling, and standard facility rearing on orienting and
impulsive behavior of adolescent rats. Behavioural Processes, 71(1), 51-58.
http://doi.org/10.1016/j.beproc.2005.09.007

Coyle, J. T., PINE, D. S., Charney, D. S., LEWIS, L., Nemeroff, C. B., CARLSON, G. A., etal.
(2003). Depression and Bipolar Support Alliance Consensus Statement on the Unmet Needs
in Diagnosis and Treatment of Mood Disorders in Children and Adolescents, 42(12), 1494—
1503. http://doi.org/10.1097/00004583-200312000-00017

Czéh, B., Fuchs, E., Wiborg, O., & Simon, M. (2016). Animal models of major depression and
their clinical implications. Progress in Neuropsychopharmacology & Biological Psychiatry,
64(C), 293-310. http://doi.org/10.1016/j.pnpbp.2015.04.004

Dale, O., Somogyi, A. A., Li, Y., Sullivan, T., & Shavit, Y. (2012). Does Intraoperative
Ketamine Attenuate Inflammatory Reactivity Following Surgery? A Systematic Review and
Meta-Analysis. Anesthesia & Analgesia, 115(4), 934-943.
http://doi.org/10.1213/ANE.0b013e3182662e30

Depue, R. A., & Collins, P. F. (1999). Neurobiology of the structure of personality: dopamine,
facilitation of incentive motivation, and extraversion. The Behavioral and Brain Sciences,
22(3), 491-517- discussion 518-69.

Der-Avakian, A., & Markou, A. (2012). The neurobiology of anhedonia and other reward-related
deficits. Trends in Neurosciences, 35(1), 68—77. http://doi.org/10.1016/j.tins.2011.11.005

Diazgranados, N., Ibrahim, L., Brutsche, N. E., Newberg, A., Kronstein, P., Khalife, S., et al.
(2010). A randomized add-on trial of an N-methyl-D-aspartate antagonist in treatment-
resistant bipolar depression. Archives of General Psychiatry, 67(8), 793—802.
http://doi.org/10.1001/archgenpsychiatry.2010.90

Du, Y., Du, L., Cao, J., Holscher, C., Feng, Y., Su, H., et al. (2017). Levo-tetrahydropalmatine
inhibits the acquisition of ketamine-induced conditioned place preference by regulating the
expression of ERK and CREB phosphorylation in rats. Behavioural Brain Research, 317,
367-373. http://doi.org/10.1016/j.bbr.2016.10.001

Duman, R. S., & Monteggia, L. M. (2006). A Neurotrophic Model for Stress-Related Mood
Disorders. Biological Psychiatry, 59(12), 1116—1127.
http://doi.org/10.1016/j.biopsych.2006.02.013

Dwivedi, Y., & Zhang, H. (2016). Altered ERK1/2 signaling in the brain of learned helpless rats:
revelance in vulnerability to developing stress-induced depression. Neural Plasticity,
2016(6), 7383724—18. http://doi.org/10.1155/2016/7383724

Dwivedi, Y., Rizavi, H. S., Roberts, R. C., Conley, R. C., Tamminga, C. A., & Pandey, G. N.
(2001). Reduced activation and expression of ERK1/2 MAP kinase in the post-mortem brain
of depressed suicide subjects. Journal of Neurochemistry, 77(3), 916-928.

Einat, H., Yuan, P., Gould, T. D., Li, J., Du, J., Zhang, L., et al. (2003). The role of the
extracellular signal-regulated kinase signaling pathway in mood modulation. The Journal of
Neuroscience : the Official Journal of the Society for Neuroscience, 23(19), 7311-7316.

Eisch, A. J., Bolanos, C. A., de Wit, J., Simonak, R. D., Pudiak, C. M., Barrot, M., et al. (2003).
Brain-derived neurotrophic factor in the ventral midbrain-nucleus accumbens pathway: a

76



role in depression. Biological Psychiatry, 54(10), 994—1005. http://doi.org/10.1016/S0006-
3223(03)00869-2

Emslie, G. J., & Mayes, T. L. (2001). Mood disorders in children and adolescents:
psychopharmacological treatment. Biological Psychiatry, 49(12), 1082—1090.

Emslie G.J., Kennard B.D., Mayes T.L., Nakonezny P.A., Moore J., Jones J.M., Foxwell A.A.,
King J. (2015). Continued Effectiveness of Relapse Prevention Cognitive-Behavioral
Therapy Following Fluoxetine Treatment in Youth With Major Depressive Disorder.
Journal of the American Academy of Child and Adolescent Psychiatry, 54(12), 991-998.
http://doi.org/10.1016/j.jaac.2015.09.014

Fagundes, C. P., Glaser, R., & Kiecolt-Glaser, J. K. (2013). Stressful early life experiences and
immune dysregulation across the lifespan. Brain Behavior and Immunity, 27(C), 8—12.
http://doi.org/10.1016/5.bbi1.2012.06.014

Fava, G. A, Gatti, A., Belaise, C., Guidi, J., & Offidani, E. (2015). Withdrawal Symptoms after
Selective Serotonin Reuptake Inhibitor Discontinuation: A Systematic Review.
Psychotherapy and Psychosomatics, 84(2), 72—81. http://doi.org/10.1159/000370338

Febbraro, F., Svenningsen, K., Tran, T. P., & Wiborg, O. (2017). Neuronal substrates underlying
stress resilience and susceptibility in rats. PLoS ONE, 12(6), e0179434.
http://doi.org/10.1371/journal.pone.0179434

Francis, T. C., & Lobo, M. K. (2017). Emerging Role for Nucleus Accumbens Medium Spiny
Neuron Subtypes in Depression. Biological Psychiatry, 81(8), 645-653.
http://doi.org/10.1016/j.biopsych.2016.09.007

Fumagalli, F., Molteni, R., Calabrese, F., Frasca, A., Racagni, G., & Riva, M. A. (2005). Chronic
fluoxetine administration inhibits extracellular signal-regulated kinase 1/2 phosphorylation
in rat brain. Journal of Neurochemistry, 93(6), 1551-1560. http://doi.org/10.1111/5.1471-
4159.2005.03149.x

Galaj, E., & Ranaldi, R. (2018). The strength of reward-related learning depends on the degree of
activation of ventral tegmental area dopamine neurons. Behavioural Brain Research, 348,
65—73. http://doi.org/10.1016/j.bbr.2018.04.012

Gill, M. J., Ghee, S. M., Harper, S. M., & See, R. E. (2013). Inactivation of the lateral habenula
reduces anxiogenic behavior and cocaine seeking under conditions of heightened stress.
Pharmacology, Biochemistry and Behavior, 111(C), 24-29.
http://doi.org/10.1016/].pbb.2013.08.002

Gibson, Leigh E. (2006). Emotional influences on food choice: Sensory, physiological and
psychological pathways. Physiology & Behavior, 89(1), 53-61.
http://doi.org/10.1016/j.physbeh.2006.01.024

Gleason, M. M., Goldson, E., Yogman, M. W. (2016). Addressing Early Childhood Emotional
and Behavioral Problems. Pediatrics, 138(6), €20163025—20163025.
http://doi.org/10.1542/peds.2016-3025

Glue, P., Neehoff, S. M., Medlicott, N. J., Gray, A., Kibby, G., & McNaughton, N. (2018).
Safety and efficacy of maintenance ketamine treatment in patients with treatment-refractory
generalised anxiety and social anxiety disorders. Journal of Psychopharmacology (Oxford,
England), 269881118762073. http://doi.org/10.1177/0269881118762073

Golden, S. A., Covington, H. E., Berton, O., & Russo, S. J. (2011). A standardized protocol for
repeated social defeat stress in mice. Nature Protocols, 6(8), 1183—-1191.
http://doi.org/10.1038/nprot.2011.361

77



Gourley, S. L., Wu, F. J., & Taylor, J. R. (2008). Corticosterone Regulates pERK1/2 Map Kinase
in a Chronic Depression Model. Annals of the New York Academy of Sciences, 1148(1), 509—
514. http://doi.org/10.1196/annals.1410.076

Guo, R., Tang, Q., Ye, Y., Lu, X., Chen, F., Dai, X, et al. (2016). Effects of gender on ketamine-
induced conditioned placed preference and urine metabonomics. Regulatory Toxicology and
Pharmacology : RTP, 77, 263-274. http://doi.org/10.1016/].yrtph.2016.03.007

Gupta, S., Gersing, K. R., Erkanli, A., & Burt, T. (2015). Antidepressant Regulatory Warnings,
Prescription Patterns, Suicidality and Other Aggressive Behaviors in Major Depressive
Disorder and Anxiety Disorders. Psychiatric Quarterly, 8§7(2), 329-342.
http://doi.org/10.1007/s11126-015-9389-8

Hawton K., Saunders K.E., O’Connor R.C. (2012). Suicide 1 Self-harm and suicide in
adolescents. The Lancet, 379(9834), 2373-2382. http://doi.org/10.1016/S0140-
6736(12)60322-5

Hoyer, C., Kranaster, L., Sartorius, A., Hellweg, R., & Gass, P. (2012). Long-Term Course of
Brain-Derived Neurotrophic Factor Serum Levels in a Patient Treated with Deep Brain
Stimulation of the Lateral Habenula. Neuropsychobiology, 65(3), 147-152.
http://doi.org/10.1159/000335243

Huy, C., Luo, Y., Wang, H., Kuang, S., Liang, G., Yang, Y., et al. (2017). Re-evaluation of the
interrelationships among the behavioral tests in rats exposed to chronic unpredictable mild
stress. PLoS ONE, 12(9), e0185129. http://doi.org/10.1371/journal.pone.0185129

Hu, Y., Liu, M.-Y., Liu, P., Dong, X., & Boran, A. D. W. (2014). Neuroprotective Effects of
3,6'-Disinapoyl Sucrose Through Increased BDNF Levels and CREB Phosphorylation via
the CaMKII and ERK1/2 Pathway. Journal of Molecular Neuroscience, 53(4), 600—607.
http://doi.org/10.1007/s12031-013-0226-y

Ikemoto, S. (2010). Brain reward circuitry beyond the mesolimbic dopamine system: A
neurobiological theory. Neuroscience and Biobehavioral Reviews, 35(2), 129—150.
http://doi.org/10.1016/j.neubiorev.2010.02.001

Inda, C., Armando, N. G., Santos Claro, dos, P. A., & Silberstein, S. (2017). Endocrinology and
the brain: corticotropin-releasing hormone signaling. Endocrine Connections, 6(6), R99—
R120. http://doi.org/10.1530/EC-17-0111

Iniguez, S. D. 1., Warren, B. L., Neve, R. L., Russo, S. J., Nestler, E. J., & Bolafios-Guzman, C.
A. (2010). Viral-mediated expression of extracellular signal-regulated kinase-2 in the ventral
tegmental area modulates behavioral responses to cocaine. Behavioural Brain Research,
214(2), 460—464. http://doi.org/10.1016/j.bbr.2010.05.040

Iniguez, S. D., Alcantara, L. F., Warren, B. L., Riggs, L. M., Parise, E. M., Vialou, V., et al.
(2014a). Fluoxetine Exposure during Adolescence Alters Responses to Aversive Stimuli in
Adulthood. The Journal of Neuroscience : the Olfficial Journal of the Society for
Neuroscience, 34(3), 1007—1021. http://doi.org/10.1523/INEUROSCI.5725-12.2014

Iniguez, S. D., Riggs, L. M., Nieto, S. J., Dayrit, G., Zamora, N. N., Shawhan, K. L., et al.
(2014b). Social defeat stress induces a depression-like phenotype in adolescent male
c5S7BL/6 mice. Stress (Amsterdam, Netherlands), 17(3), 247-255.
http://doi.org/10.3109/10253890.2014.910650

Iniguez, S. D., Vialou, V., Warren, B. L., Cao, J. L., Alcantara, L. F., Davis, L. C., et al. (2010).
Extracellular Signal-Regulated Kinase-2 within the Ventral Tegmental Area Regulates
Responses to Stress. The Journal of Neuroscience : the Official Journal of the Society for
Neuroscience, 30(22), 7652—7663. http://doi.org/10.1523/INEUROSCI.0951-10.2010

78



Iniguez, S. D., Warren, B. L., & Bolafios-Guzman, C. A. (2010). Short- and long-term functional
consequences of fluoxetine exposure during adolescence in male rats. Biological Psychiatry,
67(11), 1057-1066. http://doi.org/10.1016/j.biopsych.2009.12.033

Iniguez, S. D., Warren, B. L., Parise, E. M., Alcantara, L. F., Schuh, B., Maffeo, M. L., et al.
(2009). Nicotine exposure during adolescence induces a depression-like state in adulthood.
Neuropsychopharmacology, 34(6), 1609—-1624. http://doi.org/10.1038/npp.2008.220

Jeffrey R Cottrell, G. R. D. C. E. A. G. L. (2000). Distribution, Density, and Clustering of
Functional Glutamate Receptors Before and After Synaptogenesis in Hippocampal Neurons,
1-15.

Juster, R.-P., McEwen, B. S., & Lupien, S. J. (2010). Allostatic load biomarkers of chronic stress
and impact on health and cognition. Neuroscience and Biobehavioral Reviews, 35(1), 2—16.
http://doi.org/10.1016/j.neubiorev.2009.10.002

Kalisch, R., Miiller, M. B., & Tiischer, O. (2014). A conceptual framework for the
neurobiological study of resilience. The Behavioral and Brain Sciences, 1-49.
http://doi.org/10.1017/S0140525X1400082X

Kant, G. J., Bauman, R. A., Anderson, S. M., & Mougey, E. H. (1992). Effects of controllable
vs. uncontrollable chronic stress on stress-responsive plasma hormones. Physiology &
Behavior, 51(6), 1285-1288.

Keefe, R. S. E. (2016). Treating cognitive impairment in depression: an unmet need. 7he Lancet.
Psychiatry, 3(5), 392-393. http://doi.org/10.1016/S2215-0366(16)00095-X

Kessler, R. C. (2012). The Costs of Depression. Psychiatric Clinics of North America, 35(1), 1—
14. http://doi.org/10.1016/j.psc.2011.11.005

Khemakhem, K., Boudabous, J., Cherif, L., Ayadi, H., Walha, A., Moalla, Y., et al. (2017).
Impulsivity in adolescents with major depressive disorder: A comparative tunisian study.
Asian Journal of Psychiatry, 28, 183—185. http://doi.org/10.1016/j.ajp.2017.06.002

King, L. S., Humphreys, K. L., Camacho, M. C., & Gotlib, I. H. (2018). A person-centered
approach to the assessment of early life stress: Associations with the volume of stress-
sensitive brain regions in early adolescence. Development and Psychopathology, 67, 1—13.
http://doi.org/10.1017/S0954579418000184

Krishnan, V., & Nestler, E. J. (2010). Linking molecules to mood: new insight into the biology
of depression. American Journal of Psychiatry, 167(11), 1305-1320.
http://doi.org/10.1176/appi.ajp.2009.10030434

Krishnan, V., & Nestler, E. J. (2011). Animal Models of Depression: Molecular Perspectives. In
D. J. K. Balfour & M. R. Munafo (Eds.), The Neuropharmacology of Nicotine Dependence
(Vol. 7, pp. 121-147). Berlin, Heidelberg: Springer Berlin Heidelberg.
http://doi.org/10.1007/7854 2010 108

Krishnan, V., Han, M.-H., Graham, D. L., Berton, O., Renthal, W., Russo, S. J., et al. (2007).
Molecular Adaptations Underlying Susceptibility and Resistance to Social Defeat in Brain
Reward Regions. Cell, 131(2), 391-404. http://doi.org/10.1016/j.cell.2007.09.018

Krishnan, V., Han, M.-H., Mazei-Robison, M., iniguez, S. D., Ables, J. L., Vialou, V., et al.
(2008). AKT Signaling within the Ventral Tegmental Area Regulates Cellular and
Behavioral Responses to Stressful Stimuli. Biological Psychiatry, 64(8), 691-700.
http://doi.org/10.1016/j.biopsych.2008.06.003

Lawson, R. P., Nord, C. L., Seymour, B., Thomas, D. L., Dayan, P., Pilling, S., & Roiser, J. P.
(2016). Disrupted habenula function in major depression. Molecular Psychiatry, 22(2), 202—
208. http://doi.org/10.1038/mp.2016.81

79



Lewinsohn, P. M., Rohde, P., Seeley, J. R., & Fischer, S. A. (1993). Age-cohort changes in the
lifetime occurrence of depression and other mental disorders. Journal of Abnormal
Psychology, 102(1), 110-120.

Li, J., Kang, S., Fu, R., Wu, L., Wu, W, Liu, H., et al. (2017a). Inhibition of AMPA receptor and
CaMKII activity in the lateral habenula reduces depressive-like behavior and alcohol intake
in rats. Neuropharmacology, 126, 108—120.
http://doi.org/10.1016/j.neuropharm.2017.08.035

Li, K., Zhou, T., Liao, L., Yang, Z., Wong, C., Henn, F., et al. (2013). CaMKII in Lateral
Habenula Mediates Core Symptoms of Depression. Science, 341(6149), 1016—-1020.
http://doi.org/10.1126/science.1240729

Li, N., Lee, B., Liu, R. J., Banasr, M., Dwyer, J. M., Iwata, M., et al. (2010). mTOR-Dependent
Synapse Formation Underlies the Rapid Antidepressant Effects of NMDA Antagonists.
Science, 329(5994), 959-964. http://doi.org/10.1126/science.1190287

Li, N., Liu, R. J., Dwyer, J. M., Banasr, M., Lee, B., Son, H., et al. (2011). Glutamate N-methyl-
D-aspartate Receptor Antagonists Rapidly Reverse Behavioral and Synaptic Deficits Caused
by Chronic Stress Exposure. Biological Psychiatry, 69(8), 1-8.
http://doi.org/10.1016/j.biopsych.2010.12.015

Li, W., Zhu, Y., Saud, S. M., Guo, Q., Xi, S., Jia, B., et al. (2017b). Electroacupuncture relieves
depression-like symptoms in rats exposed to chronic unpredictable mild stress by activating
ERK signaling pathway. Neuroscience Letters, 642, 43-50.
http://doi.org/10.1016/j.neulet.2017.01.060

Lin, M., Hou, G., Zhao, Y., & Yuan, T.-F. (2018). Recovery of Chronic Stress-Triggered
Changes of Hippocampal Glutamatergic Transmission. Neural Plasticity, 2018, 9360203—11.
http://doi.org/10.1155/2018/9360203

Liu, S., Sun, N., Xu, Y., Yang, C., Ren, Y., Liu, Z., et al. (2012). Possible Association of the
GSK3BGene with the Anxiety Symptoms of Major Depressive Disorder and P300
Waveform. Genetic Testing and Molecular Biomarkers, 16(12), 1382—1389.
http://doi.org/10.1089/gtmb.2012.0227

Logan, R. W., & McClung, C. A. (2016). Animal models of bipolar mania: The past, present,
and future. Neuroscience, 321, 1-26. http://doi.org/10.1016/j.neuroscience.2015.08.041

Lucki, L. (1997). The forced swimming test as a model for core and component behavioral effects
of antidepressant drugs. Behavioural Pharmacology, 8(6-7), 523-532.

Luo, A. H., Tahsili-Fahadan, P., Wise, R. A., Lupica, C. R., & Aston-Jones, G. (2011). Linking
Context with Reward: A Functional Circuit from Hippocampal CA3 to Ventral Tegmental
Area. Science, 333(6040), 353-357. http://doi.org/10.1126/science.1204622

Ma, L., Demin, K. A., Kolesnikova, T. O., Kharsko, S. L., Zhu, X., Yuan, X., et al. (2017).
Animal inflammation-based models of depression and their application to drug discovery.
Expert Opinion on Drug Discovery, 12(10), 995-1009.
http://doi.org/10.1080/17460441.2017.1362385

Maalouf, F. T., Atwi, M., & Brent, D. A. (2011). Treatment-resistant depression in adolescents:
review and updates on clinical management. Depression and Anxiety, 28(11), 946-954.
http://doi.org/10.1002/da.20884

Machida, M., Lonart, G., & Sanford, L. D. (2018). Effects of stressor controllability on
transcriptional levels of c-fos, Arc, and brain-derived neurotrophic factor in mouse amygdala
and medial prefrontal cortex. Neuroreport, 29(2), 112—-117.
http://doi.org/10.1097/WNR.0000000000000919

80



Mameli, M. (2013). Synaptic and cellular profile of neurons in the lateral habenula, 1-7.
http://doi.org/10.3389/fnhum.2013.00860/abstract

Manji, H. K., Drevets, W. C., & Charney, D. S. (2001). The cellular neurobiology of depression.
Nature Medicine, 7(5), 541-547. http://doi.org/10.1038/87865

McEwen, B. S. (2006). Protective and damaging effects of mediators of stress and adaptation:
Central role of the brain. Dialogues in Clinical Neuroscience, 8(4), 367-381.
http://doi.org/10.1016/5.bbi.2011.07.216

Melis, M. R., & argiolas, A. (1995). Dopamine and sexual behavior. Neuroscience and
Biobehavioral Reviews, 19(1), 19-38. http://doi.org/10.1016/0149-7634(94)00020-2

Meng, H., Wang, Y., Huang, M., Lin, W., Wang, S., & Zhang, B. (2011). Chronic deep brain
stimulation of the lateral habenula nucleus in a rat model of depression. Brain Research,
1422(C), 32-38. http://doi.org/10.1016/j.brainres.2011.08.041

Merikangas, K. R., He, J.-P., Burstein, M., Swanson, S. A., Avenevoli, S., Cui, L., et al. (2010).
Lifetime Prevalence of Mental Disorders in U.S. Adolescents: Results from the National
Comorbidity Survey Replication—Adolescent Supplement (NCS-A). Journal of the American
Academy of Child and Adolescent Psychiatry, 49(10), 980-989.
http://doi.org/10.1016/j.jaac.2010.05.017

Montgomery, K. C. (1955a). The relation between fear induced by novel stimulation and
exploratory behavior. Journal of Comparative and Physiological Psychology, 48(4), 254—
260.

Montgomery, K. C. (1955b). The relation between fear induced by novel stimulation and
exploratory drive. Journal of Comparative and Physiological Psychology, 48(4), 254-260.
http://doi.org/10.1037/h0043788

Morales, M., & Margolis, E. B. (2017). Ventral tegmental area: cellular heterogeneity,
connectivity and behaviour. Nature Reviews. Neuroscience, 18(2), 73-85.
http://doi.org/10.1038/nrn.2016.165

Moustafa, A. A., Tindle, R., Frydecka, D., & Misiak, B. (2017). Impulsivity and its relationship
with anxiety, depression and stress. Comprehensive Psychiatry, 74, 173—179.
http://doi.org/10.1016/j.comppsych.2017.01.013

Murrough, J. W, losifescu, D. V., Chang, L. C., Jurdi, Al, R. K., Green, C. E., Perez, A. M., et
al. (2013). Antidepressant efficacy of ketamine in treatment-resistant major depression: a
two-site randomized controlled trial. American Journal of Psychiatry, 170(10), 1134—1142.
http://doi.org/10.1176/appi.ajp.2013.13030392

Musazzi, L., Tornese, P., Sala, N., & Popoli, M. (2017). Acute or Chronic? A Stressful Question.
Trends in Neurosciences, 40(9), 525-535. http://doi.org/10.1016/.tins.2017.07.002

Naranjo, C. A., Tremblay, L. K., & Busto, U. E. (2001). The role of the brain reward system in
depression. Progress in Neuro-Psychopharmacology & Biological Psychiatry, 25(4), 781—
823. http://doi.org/10.1016/S0278-5846(01)00156-7

Nasca, C., Zelli, D., Bigio, B., Piccinin, S., Scaccianoce, S., Nistico, R., & McEwen, B. S.
(2015). Stress dynamically regulates behavior and glutamatergic gene expression in
hippocampus by opening a window of epigenetic plasticity. Proceedings of the National
Academy of Sciences, 112(48), 14960—14965. http://doi.org/10.1073/pnas.1516016112

Nestler, E. J. (2014). AFosB_ A transcriptional regulator of stress and antidepressant responses.
European Journal of Pharmacology, 753, 1-7. http://doi.org/10.1016/j.ejphar.2014.10.034

81



Nestler, E. J., & Carlezon, W. A., Jr. (2006). The Mesolimbic Dopamine Reward Circuit in
Depression. Biological Psychiatry, 59(12), 1151-1159.
http://doi.org/10.1016/j.biopsych.2005.09.018

Nestler, E. J., Barrot, M., DiLeone, R. J., Eisch, A. J., Gold, S. J., & Monteggia, L. M. (2002a).
Neurobiology of depression. Neuron, 34(1), 13-25.

Neve, R. L., Howe, J. R., Hong, S., & Kalb, R. G. (1997). Introduction of the glutamate receptor
subunit 1 into motor neurons in vitro and in vivo using a recombinant herpes simplex virus.
Neuroscience, 79(2), 435—447. http://doi.org/10.1016/S0306-4522(96)00645-8

Nugent, A. C., Diazgranados, N., Carlson, P. J., Ibrahim, L., Luckenbaugh, D. A., Brutsche, N.,
et al. (2013). Neural correlates of rapid antidepressant response to ketamine in bipolar
disorder. Bipolar Disorders, 16(2), 119-128. http://doi.org/10.1111/bdi.12118

Numakawa, T., Suzuki, S., Kumamaru, E., Adachi, N., Richards, M., & Kunugi, H. (2010).
BDNF function and intracellular signaling in neurons. Histology and Histopathology, 25(2),
237-258. http://doi.org/10.14670/HH-25.237

Ootsuka, Y., & Mohammed, M. (2015). Activation of the habenula complex evokes autonomic
physiological responses similar to those associated with emotional stress. Physiological
Reports, 3(2), €12297—e12297. http://doi.org/10.14814/phy2.12297

Ortiz, J., Fitzgerald, L. W., Lane, S., Terwilliger, R., & Nestler, E. J. (1996). Biochemical
Adaptations in the mesolimbic dopamine system in response to repeated stress.
Neuropsychopharmacology, 14(6), 443—452. http://doi.org/10.1016/0893-133X(95)00152-4

Overstreet, D. H. (2011). Modeling Depression in Animal Models. In Psychiatric Disorders
(Vol. 829, pp. 125-144). Totowa, NJ: Humana Press. http://doi.org/10.1007/978-1-61779-
458-2 7

Papolos, D. F., Teicher, M. H., Faedda, G. L., Murphy, P., & Mattis, S. (2013). Clinical
experience using intranasal ketamine in the treatment of pediatric bipolar disorder/fear of
harm phenotype. Journal of Affective Disorders, 147(1-3), 431-436.
http://doi.org/10.1016/j.jad.2012.08.040

Paus, T., M. Keshavan, and J.N. Giedd, Why do many psychiatric disorders emerge during adolescence?
Nat Rev Neurosci, 2008. 9(12): p. 947-57.

Parise, E. M., Alcantara, L. F., Warren, B. L., Wright, K. N., Hadad, R., Sial, O. K., et al. (2013).
Repeated Ketamine Exposure Induces an Enduring Resilient Phenotype in Adolescent and
Adult Rats. Biological Psychiatry, 74(10), 750-759.
http://doi.org/10.1016/j.biopsych.2013.04.027

Petralia, R. S., Rubio, M. E., & Wenthold, R. J. (1998). Selectivity in the distribution of
glutamate receptors in neurons. Cell Biology International, 22(9-10), 603—608.
http://doi.org/10.1006/cbir.1998.0385

PharmD, T. L. S., PhD, D. A. S., & MSPH, L. M. R. (2009). Trends in prescriptions for
antidepressant pharmacotherapy among US children and adolescents diagnosed with
depression, 1990 through 2001: An assessment of accordance with treatment
recommendations from the American Academy of Child and Adolescent Psychiatry. Clinical
Therapeutics, 31(Part 1), 1478—1487. http://doi.org/10.1016/j.clinthera.2009.07.002

Price, R. B., losifescu, D. V., Murrough, J. W., Chang, L. C., Jurdi, Al, R. K., Igbal, S. Z., et al.
(2014). Effects of ketamine on explicit an implicit suicidal cognition: A randomized
controlled trial in treatment resistant depression. Depression and Anxiety, 31(4), 335-343.
http://doi.org/10.1002/da.22253

Price, R. B., Nock, M. K., Charney, D. S., & Mathew, S. J. (2009). Effects of Intravenous
Ketamine on Explicit and Implicit Measures of Suicidality in Treatment-Resistant

82



Depression. Biological Psychiatry, 66(5), 522-526.
http://doi.org/10.1016/j.biopsych.2009.04.029

Proulx, C. D., Hikosaka, O., & Malinow, R. (2014). Reward processing by the lateral habenula
in normal and depressive behaviors. Nature Neuroscience, 17(9), 1146—1152.
http://doi.org/10.1038/nn.3779

Qi, X., Lin, W., Li, J., Li, H., Wang, W., Wang, D., & Sun, M. (2008a). Fluoxetine increases the
activity of the ERK-CREB signal system and alleviates the depressive-like behavior in rats
exposed to chronic forced swim stress. Neurobiology of Disease, 31(2), 278-285.
http://doi.org/10.1016/j.nbd.2008.05.003

Qi, X., Lin, W., Li, J., Li, H., Wang, W., Wang, D., & Sun, M. (2008b). Fluoxetine increases the
activity of the ERK-CREB signal system and alleviates the depressive-like behavior in rats
exposed to chronic forced swim stress. Neurobiology of Disease, 31(2), 278-285.
http://doi.org/10.1016/j.nbd.2008.05.003

Qi, X., Lin, W., Li, J., Pan, Y., & Wang, W. (2006). The depressive-like behaviors are correlated
with decreased phosphorylation of mitogen-activated protein kinases in rat brain following
chronic forced swim stress. Behavioural Brain Research, 175(2), 233-240.
http://doi.org/10.1016/.bbr.2006.08.035

Qi, X., Lin, W., Wang, D., Pan, Y., Wang, W., & Sun, M. (2009). A role for the extracellular
signal-regulated kinase signal pathway in depressive-like behavior. Behavioural Brain
Research, 199(2), 203-2009. http://doi.org/10.1016/j.bbr.2008.11.051

Quina, L. A., Tempest, L., Ng, L., Harris, J. A., Ferguson, S., Jhou, T. C., & Turner, E. E.
(2014). Efferent Pathways of the Mouse Lateral Habenula. The Journal of Comparative
Neurology, 523(1), 32—-60. http://doi.org/10.1002/cne.23662

Ramaker, M. J., & Dulawa, S. C. (2017). Identifying fast-onset antidepressants using rodent
models. Molecular Psychiatry, 22(5), 656—665. http://doi.org/10.1038/mp.2017.36

Reed, A. L., Happe, H. K., Petty, F., & Bylund, D. B. (2008a). Juvenile rats in the forced-swim
test model the human response to antidepressant treatment for pediatric depression.
Psychopharmacology, 197(3), 433—441. http://doi.org/10.1007/s00213-007-1052-0

Ritov, G., Boltyansky, B., & Richter-Levin, G. (2015). A novel approach to PTSD modeling in
rats reveals alternating patterns of limbic activity in different types of stress reaction.
Molecular Psychiatry, 21(5), 630—641. http://doi.org/10.1038/mp.2015.169

Ritt, D. A., Abreu-Blanco, M. T., Bindu, L., Durrant, D. E., Zhou, M., Specht, S. L., et al. (2016).
Inhibition of Ras/Raf/MEK/ERK Pathway Signaling by a Stress-Induced Phospho-
Regulatory Circuit. Molecular Cell, 64(5), 875-887.
http://doi.org/10.1016/j.molcel.2016.10.029

Rizvi, S. J., Pizzagalli, D. A., Sproule, B. A., & Kennedy, S. H. (2016). Assessing anhedonia in
depression: Potentials and pitfalls. Neuroscience and Biobehavioral Reviews, 65, 21-35.
http://doi.org/10.1016/j.neubiorev.2016.03.004

Robinson, M. J., Harkins, P. C., Zhang, J., Baer, R., Haycock, J. W., Cobb, M. H., & Goldsmith,
E. J. (1996). Mutation of Position 52 in ERK2 Creates a Nonproductive Binding Mode for
Adenosine 5° Triphosphate. Biochemistry, 35(18), 5641-5646.
http://doi.org/10.1021/b1952723¢

Romeo, R. D. (2013). The Teenage Brain: The Stress Response and the Adolescent Brain.
Current Directions in Psychological Science, 22(2), 140—-145.
http://doi.org/10.1177/0963721413475445

83



Root, D. H., Mejias-Aponte, C. A., Qi, J., & Morales, M. (2014). Role of Glutamatergic
Projections from Ventral Tegmental Area to Lateral Habenula in Aversive Conditioning. 7he
Journal of Neuroscience : the Official Journal of the Society for Neuroscience, 34(42),
13906-13910. http://doi.org/10.1523/INEUROSCI.2029-14.2014

Rot, M. A. H., Zarate, C. A., Charney, D. S., & Mathew, S. J. (2012). Ketamine for Depression:
Where Do We Go from Here? Biological Psychiatry, 72(7), 537-547.
http://doi.org/10.1016/j.biopsych.2012.05.003

Russo, S. J., Bolafios, C. A., Theobald, D. E., DeCarolis, N. A., Renthal, W., Kumar, A., et al.
(2006). IRS2-Akt pathway in midbrain dopamine neurons regulates behavioral and cellular
responses to opiates. Nature Neuroscience, 10(1), 93-99. http://doi.org/10.1038/nn1812

Sachs, B. D., Rodriguiz, R. M., Siesser, W. B., Kenan, A., Royer, E. L., Jacobsen, J. P. R., et al.
(2013). The effects of brain serotonin deficiency on behavioural disinhibition and anxiety-
like behaviour following mild early life stress. International Journal of
Neuropsychopharmacology, 16(09), 2081-2094. http://doi.org/10.1017/S1461145713000321

Sanacora, G., Heimer, H., Hartman, D., Mathew, S. J., Frye, M., Nemeroff, C., & Beale, R. R.
(2016). Balancing the Promise and Risks of Ketamine Treatment for Mood Disorders.
Neuropsychopharmacology, 42(6), 1179-1181. http://doi.org/10.1038/npp.2016.193

Sanchez-Catalan, M.-J., Faivre, F., Yalcin, I., Muller, M.-A., Massotte, D., Majchrzak, M., &
Barrot, M. (2016). Response of the Tail of the Ventral Tegmental Area to Aversive Stimuli.
Neuropsychopharmacology, 42(3), 638—648. http://doi.org/10.1038/npp.2016.139

Schiena, G., Ostinelli, E. G., Gambini, O., & D’Agostino, A. (2015). A chronobiological
perspective on ketamine’s antidepressant efficacy. Psychopharmacology, 232(18), 3469—
3472. http://doi.org/10.1007/s00213-015-4035-6

Shehab, A. A. S., Brent, D., & Maalouf, F. T. (2016). Neurocognitive Changes in Selective
Serotonin Reuptake Inhibitors—Treated Adolescents with Depression. Journal of Child and
Adolescent Psychopharmacology, 26(8), 713—720. http://doi.org/10.1089/cap.2015.0190

Shioda, N., Sawai, M., Ishizuka, Y., Shirao, T., & Fukunaga, K. (2015). Nuclear Translocation
of Calcium/Calmodulin-dependent Protein Kinase 1163 Promoted by Protein Phosphatase-1
Enhances Brain-derived Neurotrophic Factor Expression in Dopaminergic Neurons. The
Journal of Biological Chemistry, 290(35), 21663-21675.
http://doi.org/10.1074/jbc.M115.664920

Shirayama, Y., Chen, A. C.-H., Nakagawa, S., Russell, D. S., & Duman, R. S. (2002). Brain-
derived neurotrophic factor produces antidepressant effects in behavioral models of
depression. The Journal of Neuroscience : the Official Journal of the Society for
Neuroscience, 22(8), 3251-3261.

Sial, O. K., Warren, B. L., Alcantara, L. F., Parise, E. M., & Bolafos-Guzman, C. A. (2016).
Vicarious social defeat stress: Bridging the gap between physical and emotional stress.
Journal of Neuroscience Methods, 258(C), 94-103.
http://doi.org/10.1016/j.jneumeth.2015.10.012

Slomski, A., Chronic mental health issues in children now loom larger than physical problems. JAMA :
the journal of the American Medical Association, 2012. 308(3): p. 223-5.

Spear, L. P. (2000). The adolescent brain and age-related behavioral manifestations.
Neuroscience and Biobehavioral Reviews, 24(4), 417-463.

Stamatakis, A. M., & Stuber, G. D. (2012). Activation of lateral habenula inputs to the ventral
midbrain promotes behavioral avoidance. Nature Neuroscience, 15(8), 1105-1107.
http://doi.org/10.1038/nn.3145

84



Stamatakis, A. M., Jennings, J. H., Ung, R. L., Blair, G. A., Weinberg, R. J., Neve, R. L., et al.
(2013). A Unique Population of Ventral Tegmental Area Neurons Inhibits the Lateral
Habenula to Promote Reward. Neuron, 80(4), 1039—-1053.
http://doi.org/10.1016/j.neuron.2013.08.023

Syed, S. A., & Nemeroff, C. B. (2017). Early Life Stress, Mood, and Anxiety Disorders. Chronic
Stress (Thousand Oaks, Calif.), 1,247054701769446.
http://doi.org/10.1177/2470547017694461

Taylor, J. H., Landeros-Weisenberger, A., Coughlin, C., Mulqueen, J., Johnson, J. A., Gabriel,
D., et al. (2018). Ketamine for Social Anxiety Disorder: A Randomized, Placebo-Controlled
Crossover Trial. Neuropsychopharmacology, 43(2), 325-333.
http://doi.org/10.1038/npp.2017.194

Teicher, M. H., Samson, J. A., Polcari, A., & McGreenery, C. E. (2006). Sticks, stones, and
hurtful words: relative effects of various forms of childhood maltreatment. American Journal
of Psychiatry, 163(6), 993—1000. http://doi.org/10.1176/ajp.2006.163.6.993

tibbles, L. A., & Woodgett, J. R. (1999). The stress-activated protein kinase pathways. Cellular
and Molecular Life Sciences : CMLS, 55(10), 1230-1254.
http://doi.org/10.1007/s000180050369

Torres-Sanchez, S., Perez-Caballero, L., & Berrocoso, E. (2017). Cellular and molecular
mechanisms triggered by Deep Brain Stimulation in depression: A preclinical and clinical
approach. Progress in Neuropsychopharmacology & Biological Psychiatry, 73(C), 1-10.
http://doi.org/10.1016/j.pnpbp.2016.09.005

Trentani, A., Kuipers, S. D., Horst, Ter, G. J., & Boer, Den, J. A. (2002). Selective chronic
stress-induced in vivoERK1/2 hyperphosphorylation in medial prefrontocortical dendrites:
implications for stress-related cortical pathology? European Journal of Neuroscience,
15(10), 1681-1691. http://doi.org/10.1046/j.1460-9568.2002.02000.x

Valjent, E., Pages, C., Herve, D., Girault, J.-A., & Caboche, J. (2004). Addictive and non-
addictive drugs induce distinct and specific patterns of ERK activation in mouse brain. The
European Journal of Neuroscience, 19(7), 1826—1836. http://doi.org/10.1111/.1460-
9568.2004.03278.x

van Bodegom, M., Homberg, J. R., & Henckens, M. J. A. G. (2017). Modulation of the
Hypothalamic-Pituitary-Adrenal Axis by Early Life Stress Exposure. Frontiers in Cellular
Neuroscience, 11(Pt 3), 1222-33. http://doi.org/10.3389/fncel.2017.00087

Van Droogenbroeck, F., Spruyt, B., & Keppens, G. (2018). Gender differences in mental health
problems among adolescents and the role of social support: results from the Belgian health
interview surveys 2008 and 2013, 1-9. http://doi.org/10.1186/s12888-018-1591-4

Vialou, V., Robison, A. J., Laplant, Q. C., Covington, H. E., Dietz, D. M., Ohnishi, Y. N., et al.
(2010). AFosB in brain reward circuits mediates resilience to stress and antidepressant
responses. Nature Neuroscience, 13(6), 745—752. http://doi.org/10.1038/nn.2551

Wang, J. Q., Fibuch, E. E., & Mao, L. (2007). Regulation of mitogen-activated protein kinases
by glutamate receptors. Journal of Neurochemistry, 100(1), 1-11.
http://doi.org/10.1111/j.1471-4159.2006.04208.x

Warner-Schmidt, J. L., Vanover, K. E., Chen, E. Y., Marshall, J. J., & Greengard, P. (2011).
Antidepressant effects of selective serotonin reuptake inhibitors (SSRIs) are attenuated by
antiinflammatory drugs in mice and humans. Proceedings of the National Academy of
Sciences of the United States of America, 108(22), 9262-9267.
http://doi.org/10.1073/pnas.1104836108

85



Warren, B. L., Iniguez, S. D., Alcantara, L. F., Wright, K. N., Parise, E. M., Weakley, S. K., &
Bolanos-Guzman, C. A. (2011). Juvenile Administration of Concomitant Methylphenidate
and Fluoxetine Alters Behavioral Reactivity to Reward- and Mood-Related Stimuli and
Disrupts Ventral Tegmental Area Gene Expression in Adulthood. The Journal of
Neuroscience : the Official Journal of the Society for Neuroscience, 31(28), 10347—10358.
http://doi.org/10.1523/JINEUROSCI.1470-11.2011

Warren, B. L., Sial, O. K., Alcantara, L. F., Greenwood, M. A., Brewer, J. S., Rozofsky, J. P., et
al. (2014). Altered Gene Expression and Spine Density in Nucleus Accumbens of
Adolescent and Adult Male Mice Exposed to Emotional and Physical Stress. Developmental
Neuroscience, 36(3-4), 250-260. http://doi.org/10.1159/000362875

Warren, B. L., Vialou, V. F., Iniguez, S. D., Alcantara, L. F., Wright, K. N., Feng, J., et al.
(2013). Neurobiological Sequelae of Witnessing Stressful Events in Adult Mice. Biological
Psychiatry, 73(1), 7-14. http://doi.org/10.1016/j.biopsych.2012.06.006

Wells, A. M., Ridener, E., Bourbonais, C. A., Kim, W., Pantazopoulos, H., Carroll, F. L., et al.
(2017). Eftects of Chronic Social Defeat Stress on Sleep and Circadian Rhythms Are
Mitigated by Kappa-Opioid Receptor Antagonism. The Journal of Neuroscience : the
Official Journal of the Society for Neuroscience, 37(32), 7656—7668.
http://doi.org/10.1523/JINEUROSCI.0885-17.2017

Wernicke, J. F. (2005). Safety and side effect profile of fluoxetine. Expert Opinion on Drug
Safety, 3(5), 495-504. http://doi.org/10.1517/14740338.3.5.495

Winter, C., Vollmayr, B., Djodari-Irani, A., Klein, J., & Sartorius, A. (2011). Pharmacological
inhibition of the lateral habenula improves depressive-like behavior in an animal model of
treatment resistant depression. Behavioural Brain Research, 216(1), 463—465.
http://doi.org/10.1016/;.bbr.2010.07.034

Wise, R. A. (1996). Neurobiology of addiction. Current Opinion in Neurobiology, 6(2), 243—
251.

Yang, L.-M., Hu, B., Xia, Y.-H., Zhang, B.-L., & Zhao, H. (2008). Lateral habenula lesions
improve the behavioral response in depressed rats via increasing the serotonin level in dorsal
raphe nucleus. Behavioural Brain Research, 188(1), 84-90.
http://doi.org/10.1016/5.bbr.2007.10.022

Yang, Y., Cui, Y., Sang, K., Dong, Y., Ni, Z., Ma, S., & Hu, H. (2018). Ketamine blocks
bursting in the lateral habenula to rapidly relieve depression. Nature Publishing Group,
554(7692), 317-322. http://doi.org/10.1038/nature25509

Yetnikoff, L., Lavezzi, H. N., Reichard, R. A., & Zahm, D. S. (2014). An update on the
connections of the ventral mesencephalic dopaminergic complex. Neuroscience, 282(C), 23—
48. http://doi.org/10.1016/j.neuroscience.2014.04.010

Yoo, J. H., Zell, V., Gutierrez-Reed, N., Wu, J., Ressler, R., Shenasa, M. A., et al. (2016).
Ventral tegmental area glutamate neurons co-release GABA and promote positive
reinforcement. Nature Communications, 7, 1-13. http://doi.org/10.1038/ncomms13697

Zaichenko, M. 1., Vanetsian, G. L., & Merzhanova, G. K. (2012). Differences in the Behavior of
Impulsive and Self-Controlled Rats in the Open Field and Dark-Light Box Tests.
Neuroscience and Behavioral Physiology, 42(9), 1046—1054. http://doi.org/10.1007/s11055-
012-9677-9

Zhou, X., Qin, B., Whittington, C., Cohen, D., Liu, Y., Del Giovane, C., et al. (2015).
Comparative efficacy and tolerability of first-generation and newer-generation
antidepressant medications for depressive disorders in children and adolescents: study

86



protocol for a systematic review and network meta-analysis: Table 1. BMJ Open, 5(9),
e007768—7. http://doi.org/10.1136/bmjopen-2015-007768

87





