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Abstract

Clinical and preclinical studies revealed that heart failure induces depression. Injury
of myocardial tissue initiates an inflammation cascade that extends to the CNS and
might contribute to depression following myocardial infarction (MI). Sex differences
were noticed in the progression of heart failure and depression in clinical studies. We
hypothesized that depression-like behavior induced by HF post-MI is influenced by

sex through modulation of inflammation pathway.

First, we evaluated sex differences in depression-like behavior in male and female rats
at 8-10 weeks post-MI, as well as circulating cytokines, the extent of inflammation in
the PFC, PVN, and amygdala, and mBDNF levels in the PFC and amygdala that are
affected by neuroinflammation. Then we evaluated the effect of ovariectomy (OVX)
and whether estrogen replacement with 17-estradiol (E2) prevents post-MI induced
depression-like behavior through inhibiting neuroinflammation. Thirdly we evaluated
the role of inflammation for cardiac dysfunction and development of depression-like
behavior in OVX female rats post-MI by oral treatment with pentoxifylline (PTX).
Male rats developed depression like behavior by ten weeks post-MI but not females as
assessed by sucrose preference test (SPT) and forced swim test (FST). Both developed
similar cardiac dysfunction and a comparable increase in plasma and PVN cytokine
levels, but cytokine levels increased and mBDNF levels decreased only in the PFC of
male rats post-MI. OVX per se decreased sucrose consumption and induced passive
behavior assessed by SPT and FST, respectively. The combination of MI and OVX
aggravated depression-like behvaiour. E; treatment prevented the development of
mild depression-like behavior in OVX and severe symptoms in OVX female rats post-
MI. E; had no effect on cardiac dysfunction in OVX female rats at 10 weeks post-MI.

Despite the similar increase in circulating cytokines in OVX =+ E; at 10 weeks post-



MI, E: decreased the proinflammatory cytokines and increased IL-10 (anti-
inflammatory cytokine) in the PFC. Finally, we evaluated the role of
neuroinflammation in depression-like behavior in OVX female rats post-MI through
inhibiting cytokine production by administering oral PTX. PTX prevented depression-
like behavior in OVX female rats post-MI and reduced cytokines levels in plasma,
PVN and PFC. However, PTX did not affect the progression of cardiac dysfunction at
10 weeks post-MI. Sex determines the development of depression-like behavior in HF
post-MI and neuroinflammation appears to play a critical pathway that is affected by

sex and can be inhibited by hormonal replacement or anti-inflammatory agents.
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Chapter 1:

General Introduction



1.0. Overview

Major depressive disorder (MDD) is associated with significant functional
disability, morbidity and mortality. It is diagnosed when an individual experiences
loss of interest or pleasure, depressed mood without manic episodes, and is associated
with recurrent thoughts of death and suicide, insomnia or hypersomnia, and feeling of
worthlessness (Diagnostic and Statistical Manual-IV-text revision) (APA 2000).
Depression is initiated by the interaction of environmental and genetic factors that
lead to monoamines dysfunction. The prevalence of depression is influenced by
several factors such as age, gender, socio-economics, and the presence of other
comorbidities such as cardiovascular disease, diabetes mellitus and rheumatoid
arthritis (Kessler and Bromet, 2013). The prevalence of depression in patients with

heart failure (HF) is higher than in the general population (Rutledge et al., 2006).

Both psychosocial factors and critical biological mechanisms may contribute
to depression with HF. Indeed, animals with HF also develop depression-like
behavior. The comorbidity of depression and HF may reflect an enhancement of
inflammation. In patients with HF, plasma pro-inflammatory cytokines (PICs) such as
interleukin (IL)-6 and tumor necrosis factor (TNF)-a are higher than in the general
population (Deswal et al., 2001). Patients with depression show an increase in plasma
IL-2, IL-6 and TNF-a levels (Liu et al., 2012). Male rats post-MI display depression-
like behavior associated with an increase in plasma IL-6, TNF-a levels (Kaloustian et
al., 2008; Bah et al., 2011a). Caspase-3 activity and TUNEL staining, which reflects
apoptosis, increased significantly in the frontal cortex of male rats post-MI
(Kaloustian et al.,2008), whereas there were no changes in neural loss in the dorsal
hippocampus (Frey et al.,2014). Cytokines may access the central nervous system

(CNS) through active transporters across the Blood-Brain Barrier (BBB),



circumventricular organs, or conversion of its signaling to secondary messenger such

as prostaglandins (PGE2), and nitric oxide by endothelial cells (Pasic et al., 2003).

In the general population, women have a 1.7-2.7 higher risk to develop
depression compared to men through their lifetime (Ferrari et al., 2013). This increase
is prominent in particular periods such as in premenstrual, postpartum and
postmenopausal period that are associated with a decrease in estrogen levels (Borrow
and Cameron, 2014). Hormonal replacement therapy alleviates depression symptoms
related to menopause (Toffol et al., 2015). 17B- Estradiol (E2) treatment protects
against the development of depression-like behavior in adult and aged ovariectomized
(OVX) female rats (Walf and Frye, 2010; Kiss et al., 2012; Xu et al., 2015). Older
women with cardiovascular disease are at higher risk to develop depression, and
women with HF and depression have higher mortality risk and HF events (Gottlieb et
al., 2004; Wright et al., 2014). Despite the clear evidence of gender differences in
humans, there are no studies that evaluate depression-like behavior induced by HF in
female rodents. We hypothesized that inflammation in the periphery and CNS links
cardiovascular disease and depression, and estrogens influence this pathway. Our
study has 3 aims: 1) determine differences in depression-like behavior in male and
female rats with HF post-MI and investigate the changes of PICs in the
paraventricular nucleus (PVN) and brain areas involved in depression-like behavior
such as prefrontal cortex (PFC) and amygdala. 2) assess the effect of OVX in female
rats with HF post-MI on depression-like behavior and PICs in the plasma, PVN and
PFC, and effects of E> replacement. 3) determine the role of neuroinflammation by
using the cytokine synthesis inhibitor, pentoxifylline, in OVX female rats with HF

post-ML.



1.1. Heart failure induces depression
A number of clinical studies demonstrated the high co-morbidity of depression
and HF. This section will highlight the association between HF and depression,

followed by the importance of sex differences in clinical and experimental studies.

1.1.1. Heart failure and depression have a bidirectional association

Several meta-analyses report a significant relationship between cardiovascular
diseases (CVD) and depression (Van der Kooy et al., 2007; Vogelzangs et al., 2012;
Carney and Freedland, 2016). Depression is considered an independent risk factor for
developing CVD, after taking into account the presence of other risk factors (Moraska
et al.,, 2013). Both morbidities tend to be present in older patients (Garfield et al.,
2014). Older adults with depression are more likely to develop coronary heart disease
and acute MI compared to those non-depressed (Brown et al., 2011). Patients with HF
class IV exhibited fourfold higher depression rates compared to those in class I
(Rutledge et al., 2006). Patients with HF and depression have a significantly worse
quality of life and increased functional decline compared to those without depression
(Vaccarino et al., 2001; Gottlieb et al., 2004). The association of the two diseases
increases the risk of readmission to hospital and all-cause mortality (Faris et al., 2002;
Jiinger et al., 2005). The Hamilton depression rating scale (HAM-D) score inversely
correlated with the ejection fraction (EF) in 209 patients, and depression scores were
significantly higher in 45 non-survivors after 24 months of follow-up compared to
164 survivors (Jiinger et al., 2005). In 396 patients with HF, 83 suffered from
depression, and among these 58% were in class III-IV of HF, while of the 313 patients
with HF without depression 87% were in class I-IIl. Readmission rate and risk of all-
cause mortality increased 3-fold after 4 years of follow up in clinically depressed

patients with HF compared to those without depression (Faris et al., 2002). The



dominant population in these studies were men, 77%, and 84% respectively (Faris et

al., 2002; Jiinger et al., 2005).

The standard treatments for depression (tricyclic antidepressant (TCA) or
serotonin reuptake inhibitor (SSRI)) failed to reduce the morbidity or mortality
associated with the presence of the two diseases. The SADHART-CHF study
(O’Connor et al., 2010) included 469 patients with depression and HF (60 % class I11-
IV), mean age of 60, with 43-38% of females in the sertraline and placebo arms
respectively. Sertraline treatment for 12 weeks did not cause a significant
improvement in depression symptoms, cardiovascular status, or all-cause mortality
after two years of follow up compared to placebo treatment. The non-significant
outcomes may have been related to the small sample size and short duration of
treatment. Accordingly, the MOOD-HF RCT study was conducted, with a larger
sample size (773), and prolonged treatment up to 12 months. 30% of the population
were older than 70 years, and participants had HF (50% class III-IV) and depression.
Only 25% of the subjects were females in the escitalopram (SSRI) or placebo arms.
Again, there was no significant difference in the primary outcome of decreasing
hospitalization and all-cause mortality after 24 months. Despite using a sensitive tool
(Montgomery-Asberg Depression Rating Scale) instead of HAM-D for scoring
depression, escitalopram did not provide any benefit compared to placebo in
alleviating depression symptoms after 12 months (Angermann et al., 2016). Both the
SADHART-CHF and MOOD-HF-RCT study did not include a sub-groups analysis
for gender differences. The negative results from these two studies suggest that the
pathophysiology of depression associated with HF might be different from major

depressive disorder per se.



1.1.2. Importance of sex differences in HF and depression

The inherent sex differences in depression rates raise the question of sex
differences in the co-presence of HF and depression. Several studies investigated the
prevalence and impact of depression in male vs. female patients with HF. Women
with HF had a 33 % depression incidence compared to 26% in men with HF
(Rutledge et al., 2006). In a study by Gottlieb et al. (2004), 64 % of women with HF
reported depression symptoms according to Beck Depression Inventory (BDI) score
compared to 44% in men with HF, while patients with HF and depression revealed
46% lower in quality of life compared to non-depressed patients. In 907 cardiac
patients and 260 healthy individuals with mean age of 60, HF patients showed the
highest incidence of depression 63% compared to 56 % post-MI, 53% coronary artery
bypass graft (CABG) and 33% healthy elderly individuals. In subanalysis, women
showed higher depression score compared to men in HF (15 vs. 13), post-MI (14 vs.

12), and CABG (15 vs. 12), all significantly higher in women (Moser et al., 2010).

Faller et al., (2007) examined the role of gender in the prognosis of HF in the
presence of depression. In 231 subjects with HF (6% class III-1V), 35% of women
exhibited depression symptoms and had lower survival rate by 4.5 times compared to
non-depressed women with HF after 2.7 years of follow-up, while 28 % of men had
depression symptoms and there was no effect of depression on survival rate. The
small sample size was not powered to detect relevant gender differences in depression
incidence. In a more extensive study, 48117 subjects with depression and HF were
included, determined by medical records and prescriptions. 60 % of the subjects were
> 75 years old. In patients with HF, after 1-year follow-up, depression incidence was
higher in women vs. men (67 % vs. 32 %). The effect of depression on all-cause

mortality was analyzed by Cox regression model, and adjusted for age and gender and



medical comorbidities. Depression increases all-cause mortality by 1.2 fold (Macchia
et al., 2008). Older women with HF and depression had 1.6-fold higher hospitalization
rate compared to those without depression. This risk was not found in older men with

HF (Williams et al., 2002).

1.1.3. Depression-like behavior in rodent models of HF

Depression symptoms such as feeling guilt, suicidal thoughts and sad mood in
humans cannot be assessed in laboratory animals, but some symptoms can be
identified as depression-like behavior. For instance, anhedonia in humans is defined
as loss of pleasure and is used to evaluate depression by HAM-D (Hamilton, 1960). In
rodents, pleasure can be assessed by the sucrose preference test (SPT) providing two
bottles one with plain water, and another containing sucrose (Rizvi et al., 2016). Rats
that are subjected to chronic mild stress (CMS), exhibit low consumption of sucrose
(Willner et al., 1987) and antidepressant treatment with TCA or SSRI reversed
anhedonia (Willner et al., 1987; Muscat et al., 1992). The forced swim test (FST) is
widely used to assess despair or passive behavior. When rodent placed in an
inescapable cylinder filled with water, first it shows escape-directed behavior such as
swimming and climbing (Slattery and Cryan, 2012), then the rodent disengages from
the active form to immobile status (passive behavior) (Harro, 2018). Acute or chronic
antidepressant treatment results in a decrease of immobility phase of FST (Cryan et
al., 2005). A wide range of cognitive functions such as: attention function, long and
short-term memory are affected during the depression (Gonda et al., 2015). Negative
affective biases, generated by adverse life events, promote distortion and error in the
function of high-order cortical centers such as overgeneralization, arbitrary inferences
and emotional reasoning (Roiser et al., 2012). Cognitive function can be assessed by

learning a new task or by novelty seeking. The novel object recognition test (NORT)



evaluates the ability of rodent to discriminate between a familiar and new object
(Ennaceur and Delacour, 1988), and the diminution in discrimination index reflects an
impairment in the cognitive function, that was revealed in CMS rats (Elizalde et al.,
2008). Emotional associative memory in rodents is assessed by fear conditioning test,
in which the rodent learns to anticipate events related to specific context or cued hint,
that can be learned through context or cued conditioning of fear (Anagnostaras et al.,
2001; Curzon et al., 2009; Darcet et al., 2016). The Morris water maze (MWM) test
evaluates hippocampus-dependent spatial learning and reference memory (Vorhees
and Williams, 2006). In CMS rats, spatial learning and memory were impaired

(Tagliari et al., 2011).

Several pre-clinical studies showed that male rats at two to four weeks post-
MI exhibit an increase to 60% in the immobility phase compared to only 25% in sham
group, and decreased sucrose preference by 20% in comparison to sham group, with
preserved spatial memory assessed by MWM test (Grippo et al., 2003; Wann et al.,
2007, 2009; Bah et al., 2011b). Male mice at six weeks post-MI displayed a decline in
discrimination index by 20% in NORT, and a decrease by 10% in the cumulative
sucrose consumption for eight weeks, correlated negatively to the MI-size (Frey et al.,
2014). Despite the apparent gender differences in depression induced by HF in
humans, no studies have examined sex differences for depression-like behavior post-
MI. Gouweleeuw et al., (2016) examined sex differences in anxiety-like behavior and
cognitive function post-MI. Male and female rats developed similar mild HF post-MI,
but there were no differences in interest of the new environment, elevated plus maze

or NORT.



1.2. Potential mechanisms involved in depression and HF
Several mechanisms may contribute to the development of depression in
patients with HF. The following will provide a summary of the mechanisms that are

involved in depression in general and may contribute to depression in HF:

1.2.1. Mechanisms of depression
1.2.1.1. Neuroadaptation to stress:

The limbic-cortical-striatal-pallidal-thalamic circuits play a significant role in
depression. There are two major circuits integrated with PFC which perceive and
respond to stress events that are either of psychological or somatosensory nature
(Hamon and Blier, 2013). First, the PFC interacts with the orbital prefrontal cortex,
and visual areas inferior temporal cortex, somatosensory insula, and frontal
operculum, as well olfactory, taste areas gustatory cortex to analyze reward, aversion
and relative values. The second circuit is PFC, cingulate cortex and entorhinal cortex
connected to the limbic system and responsible for emotional behavior (Drevets et al.,
2008). Glutamatergic neurons project from the PFC to basolateral amygdala (BLA)
and amygdaloid intercalated cells (ITC); and synapse with gamma-aminobutyric acid
(GABA) neurons in the BLA and ITC , which in turn projects to central amygdala and
inhbit amygdala activity (LeDoux, 2000; Akirav and Maroun, 2007; Marek et al.,
2013). In normal rats, the highest activity of the PFC is associated with the least
freezing behavior in extinction fear test (Milad and Quirk, 2002), and a lesion in the
PFC causes resistance to freezing extinction (Morgan et al., 1993). Restraint stress
attenuates GABAergic neurons in the BLA, which enhances freezing behavior

(Manzanares, 2005).



Excitatory projection from the PFC to the locus coeruleus (LC) increases the
firing rate in the LC during stress events, and from LC to other brain areas (McDevitt
et al., 2009). LC projects directly to the PVN and stimulates corticotropin-releasing
hormone (CRH) release to initiate stress response (Reyes et al., 2005). Under acute
stress, norepinephrine (NE) neurons project from LC to the BLA and central
amygdala, and promote freezing behavior by increasing their activity, while chronic
stimulation of the BLA via this pathway was found to induce depression-like behavior
(McCall et al., 2017). LC also projects to the dorsal raphe nuclei (DRN). An increase
of NE release in the DRN reduces serotonin (5-HT) release from the DRN (Hopwood
and Stamford, 2001). The DRN is a part of raphe nuclei that is responsible for 5-HT
neurocircuit projections to a wide range of cortical and subcortical brain areas

(Morrissette and Stahl, 2014).

Under normal conditions, the PFC regulates the bed nucleus of stria terminals
(BNST) via glutamatergic projections, which in turn has GABAergic synapses with
PVN neurons that inhibit PVN activity (Ziegler, 2002; Radley and Sawchenko, 2011).
BNST is considered a key relay connecting limbic forebrain structures to the
hypothalamus, that play a role in controlling neuroendocrine and autonomic function
(Crestani et al., 2013). Amygdala projects GABAergic neurons to BNST. During
stress, amygdala activity increases. LC projects back to the PFC via NE neurons
which inhibits PFC activity (Arnsten, 2000; Chandler et al., 2014), and thereby
inhibits the negative inputs from BNST to the PVN, leading to increase in PVN

activity (Dayas et al., 1999; Radley and Sawchenko, 2011; Reser, 2016).

The DRN is tonically active to support goal-directed motor and cognitive
function when awake. Glutamatergic neurons project from PFC to DRN which induce
mobile phase in FST (Warden et al.,, 2012), these glutamatergic neurons either
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synapse to 5-HT neurons dirctley or GABA neurons in the DRN which inturn inhibit
the serotoninergic neuron activity (Geddes et al., 2016; Soiza-Reilly et al., 2019;
Weissbourd et al.,2014). The DRN projects back to the PFC and increases the activity
of PFC (Puig et al., 2010). The cognition of PFC to the stressor type modulates the 5-
HT neurons that affect the controllability of stress (Robbins, 2005). Under normal
conditions, when male rats are having an inescapable shock (IS) (uncontrollable
stress), their 5-HT neurons in the DRN are transiently (few minutes) activated, but
intensely and induce fear behavior, but not in the escapable shock (ES) (controllable
stress). The DRN projects to amygdala through 5-HT neurons and an increase in 5-HT
neurons activity increases amygdala activity during IS combined with inhibition in the
PFC (Maier and Watkins, 2010). This marked increase in DRN activity sensitizes the
autoreceptors in the presynaptic neurons leading to prolonged inhibition in the target

regions after IS (Christianson et al., 2009).

During stress, the PFC activates LC to increase the release of NE, and
sustained exposure to stress increases the demand for NE synthesis. Tyrosine
hydroxylase enzyme levels increase in the LC of CMS rats (Melia et al., 1992; Wang
et al., 1998). After repetitive exposure to stress, NE demands outweigh the synthesis,
resulting in a decrease in NE levels in the cortex, hippocampus, and LC (Weiss et al.,
1980). Patients with depression show a parallel decline in NE and 5-HT concentration
in the cerebrospinal fluid (CSF) (Mongeau et al., 1997). 5-HT metabolite 5-
hydroxyindoleacetic acid (5-HIAA) was lower in the CSF of patients with depression
compared to healthy subjects (Asberg et al., 1976), that was related to a decrease in
the rate-limiting enzyme tryptophan hydroxylase for 5-HT synthesis (Jans et al.,

2007).
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Figure 1.1 Regions involved in stress and neural pathways activated during
stress. A stressful event perceived by the prefrontal cortex (PFC), will activate
glutamate projections to locus coeruleus (LC) that increases norepinephrine (NE)
release from LC, which in turn stimulates amygdala (AMY) (AMY consist of
basolateral central amygdala (BLA) and intercalated amygdaloid cells) and
paraventricular nucleus (PVN) to respond to stress. PFC also controls DRN via
glutamate neurons which synapse with 5-HT or GABAergic neurons in the DRN,
leading to inhibition of serotonin (5-HT) release. Chronic stress reduces the indirect
PFC negative inputs to AMY and bed nucleus stria terminalis (BNST), which inhibits
GABA neurons that produce negative input on PVN, and thereby increases CRH

release from PVN which activates HPA axis.
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1.2.1.2. Hypothalamus-Pituitary-Adrenal (HPA) -axis dysregulation

In response to stress, the HPA axis is activated by CRH-releasing neurons in
the PVN and release of adrenocorticotropic hormone (ACTH) from the pituitary. PVN
can be regulated directly via amygdala and LC projections or indirectly by PFC
(previously mentioned). An increase of NE in the PVN activates the HPA axis, for
example NE microinjection in the PVN increases plasma ACTH and corticosterone

levels (Cole and Sawchenko, 2002).

Hyperactivity of the HPA axis caused by overexpression of the CRH1 receptor
enhances depression-like behavior (Holsboer and Ising, 2008). Diminished sensitivity
of glucocorticosteroid receptors (GR) leads to glucocorticoid feedback disinhibition at
pituitary and hypothalamus levels and disinhibits CRH and ACTH release (Pariante
and Lightman, 2008). This dysfunction of HPA-axis leads to an increase in
corticosterone, hypoactivity in the PFC and hippocampus, but hyperactivity in the

amygdala and depression-like behavior (Reser, 2016).

Corticosterone treatment in male mice for 21 days, enhanced passive behavior
assessed by FST and caused anhedonia as well decreased discrimination index
evaluated by NORT (Gourley et al., 2008; Wu et al., 2013). Glucocorticoids decrease
activity of 5-HT neurons that project from DRN to PFC, inhibit tryptophan
hydroxylase (Prouty et al., 2019), and increase 5-HT transporters in the DRN and
hippocampus (Zhang et al., 2012). Glucocorticosteroids are critical in consolidation
and facilitate memory that is associated with negative emotions. High levels of
corticosterone increase the excitability of amygdala neurons in response to acute

stress (Duvarci and Pare, 2007).
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1.2.1.3. Neuromodulation and plasticity

Neural plasticity allows the CNS to adapt to the external and internal
environment, and cellular mechanisms that control plasticity are correlated with
learning and memory in the brain (Kandel, 2001). Neurotrophins play an essential role
in neuronal plasticity and neurogenesis. Brain-derived neurotrophic factor (BDNF) is
a neurotrophin that promotes the survival of existing neurons and encourages the
growth and differentiation of new synapses and neurons (Numakawa et al., 2010).
Downstream signaling of BDNF- tropomyosin-receptor kinase B (TrkB) includes the
activation of Ras-mitogen-activated protein kinase (MAPK) and phosphatidylinositol-
3-kinases (PI3K) that increases neuronal survival (Duman and Voleti, 2012).
Activation of 5-HT receptors 5,6,7 or - receptors increases cAMP, which in turn
increases BDNF gene expression through calcium/cyclic-AMP responsive-element
binding protein (CREB) (Duman et al., 1997). Social defeat male rodents exhibited a
decrease in the apical