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ABSTRACT
OF THE THESIS OF

Alaa Khaled Al Mikkawi for Master of Science
Major: Neuroscience

Title: Studving the Effect of Chronic Peripheral Inflammation, Specifically Urinary
Tract Infection-like via LPS, on Neuroplasticity

Introduction: Neurogenesis is the process by which new neurons are produced from
neural stem cells in the brain. This process might be affected by multiple factors such as
neuroinflammation, aging, oxidative stress, and brain injury. Neuroinflammation or
systemic inflammation can be potentially caused by several extrinsic or intrinsic factors
and are often associated with alterations in neurogenesis. Previous clinical observations
report cognitive deficits in patients exhibiting symptoms of urinary tract infections
(UTY). In our laboratory, we have shown that E-coli induced UTI caused a significant
decrease in neurogenesis and impaired cognitive and memory skills. Consequently, we
would expect that lipopolysaccharide (LPS) instillation, an outer membrane component
of gram negative bacteria such as E.Coli, into the urinary bladder might also have an
adverse impact on neurogenesis. Therefore, more work is needed to explore the effect of
chronic inflammation via LPS on neurogenesis and brain plasticity.

Objective: Here, we aim to investigate the effect of LPS-induced urinary bladder
inflammation on the general and cognitive-like behavior in rats and its potential
correlation with impaired hippocampal neurogenesis.

Methods: Adult male Sprague-Dawley rats received four transurethral instillations of
LPS every 24 hours over a period of 4 days, to mimic chronic UTI-associated
inflammation. Control/Sham groups were instilled with sterile saline.
Bromodeoxyuridine (BrdU) analog was injected 24 hours before euthanizing the rats to
assess hippocampal neural stem cells (NSCs) proliferation or 4 weeks before euthanasia
to assess hippocampal neurogenesis. In addition, a battery of behavioral tests including
heat sensitivity, open field, Y-maze, and Object Recognition (NOR) tests were used to
assess thermal pain, spontaneous/exploratory motor behavior, cognitive ability and
working memory, respectively.

Results: Chronic LPS-induced inflammation in the urothelium has shown increased
thermal sensitivity in the paw and abdomen. Also, LPS injected rats have displayed
affected motor and exploratory behavior as well as possible anxiety-like behavior.
Additionally, induction of LPS into the urinary bladder has decreased the level of
proliferation and neurogenesis of neural stem cells. Moreover, mRNA levels of



cytokines were shown to increase in LPS injected rats in the hippocampus and bladder
compared to the sham group.

Conclusion/Future Perspectives: This study demonstrates that chronic inflammation
induced by repetitive instillations of LPS in the urinary bladder is associated with
decreased hippocampal neurogenesis and impairment of cognitive-like behavior in rats.
As such, this will provide experimental evidence about the association of UTI and
cognitive disorders reported in clinical observations. This study will open a window for
therapeutic approaches based on the link between inflammation of urothelium and the
increased levels of inflammatory markers in the brain and in particular, the hippocampal
formation.
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CHAPTER 1

INTRODUCTION

1.1. Neuroplasticity and Neurogenesis

1.1.1. Overview on Neuroplasticity

Neuroplasticity is the ability of the nervous system to continuously adapt
and be altered in response to changes from the environment over the course of
one’s lifetime. The central nervous system (CNS) is able to change due to
intrinsic or extrinsic stimuli leading to the formation of new neural connections
(Mateos-Aparicio & Rodriguez-Moreno, 2019). This could allow the brain to
reorganize its connections, thus altering its internal structure and function.
Interestingly, research has shown that the brain remains in a dynamic cycle
across one’s lifespan, contradicting the traditional belief that the brain’s
structure and function were fixed upon adulthood (Draganski et al., 2004).
Moreover, neural plasticity shapes the human behavior, memory, and cognition
especially during developmental periods where the brain is sensitive to
environmental influences (Kolb & Gibb, 2011).

At the synaptic level, neuroplasticity involves modifications at individual
synapses hence altering the strength of their connections. This is an important
neurophysiological process as it develops and reorganizes brain networks
especially after damage (Stampanoni Bassi et al., 2019). Synaptic plasticity
integrates two processes: long-term potentiation (LTP) and long-term depression
(LTD). Both LTP and LTD are found to be associated with learning and

memory. LTP works to enhance synaptic strength and better its ability to
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transmit signals whereas LTD reduces the synapses excitability which weakens
the signal transmission efficiency (Escobar & Derrick, 2007). Moreover, LTP
and LTD could induce structural changes upon neurons by means of either
increasing or decreasing the spine size respectively (Engert & Bonhoeffer, 1999;
Matsuzaki et al., 2004; Négerl et al., 2004; Zhou et al., 2004). Thus, this affects
the brain’s learning capacity and memory abilities, shaping the brain’s overall
plasticity and capability to adapt throughout life. A major contributor of

neuroplasticity is neurogenesis.

1.1.2. Overview on Neurogenesis

1.1.2.1. Defining Neurogenesis

Neurogenesis is the process of producing new neurons in the central
nervous system. This process happens in select regions of the brain: the
subventricular zone (SVZ) and the subgranular zone (SGZ) of the dentate gyrus
(DG) (Figure 1). Neurogenesis is usually known to occur at higher rates during
early rates and declines as we age. Besides humans, it also occurs in various
mammalian species (Catlow et al., 2016). Neurogenesis consists of the
proliferation of neural stem cells (NSCs) and neural progenitor cells (NPCs)
which later differentiate into mature neurons followed by integration into neural
circuits. This allows the formation of synaptic connections between
hippocampal neurons and fibers to and from the cerebral cortex (Catlow et al.,

2016).
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Lateral ventricle
Subventricular zone

Cerebral cortex

Hippocampus

Olfactory bulb
Adult neural stem cells replace
neurons in the olfactory bulb

Dentate gyrus subgranular zone

Figure 1. Neurogenic Niches. The two main neurogenic regions in the brain:
the subventricular zone (SVZ) and hippocampus (dentate gyrus). Adopted and
modified from (Ekonomou et al., 2008).

The topic of neurogenesis is considered to be a controversial topic as
some researchers believe that it occurs only in the developmental stages of
human life, whereas others consider it to persist in the DG of the hippocampus
of old aged human brains (Kumar et al., 2019).

As mentioned before, hippocampal DG neurons are connected to the
cerebral cortex which notably allows neurogenesis to play an important role in
the aspect of learning, memory, and forgetting (Catlow et al., 2016). This
delicate process undergoes multiple stages in which all are necessary for the

formation of new neurons (Figure 2).

12



Precursor coll stage

Radial glia-lke
stem coll

Type 1

Transiontly Type 2

Expansion phase

progenitor cells

amplitying 4

Early postmitotic
maturation phase

Dondrite extension
Axon exlension
Increased synaptic plasticity

Aclivity-dependent
recruitment
Survival or apoplosis

phase

Late postmitotic
maturation phase

on

Maturation of
dondrltic spines

Lowered threshold for
LTP, increased synaptic
plasticity

| and ellminatl

Sunviva

o _-

New
Mature
Neurons

Figure 2. Stages of Adult Hippocampal Neurogenesis. This schematic
drawing shows the different stages of neurogenesis. Adopted and modified from

(Kempermann et al., 2015).

1.1.2.2. Neurogenic Niches

These regions are the main niches that host neural stem cells (NSCs),

neural progenitor cells (NPCs) and their progeny, facilitating their further

development into new neurons. The niches are either dormant or active where

they function to divide or guide the early stages of differentiation. They are

responsible for the generation, growth, and integration of new neurons into

existing neural circuits in the brain (Bjornsson et al., 2015; Kumar et al., 2019).
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The primary neurogenic niches in the mammalian brain are the
subventricular zone (SVZ) and the subgranular zone (SGZ) of the dentate gyrus
(DG).

Neural stem cells found in the SVZ divide to become neuroblasts which
then differentiate into neuronal or glial cells that are integrated into existing
neural circuits (Bath & Lee, 2010). These neuroblasts tend to replace granule
cells found in the DG (Bath & Lee, 2010). Also, cells of the subventricular zone
are inclined to divide and then migrate through the rostral migratory stream
(RMS) to the olfactory bulb (OB), where the cells differentiate into granular

cells and periglomerular cells (Lois & Alvarez-Buylla, 1994; Luskin, 1993).

The subgranular zone of the dentate gyrus is found in the hippocampus,
between the hilus and the granular layer of the hippocampus. The SGZ is
considered a vital zone of some major cognitive functions in the brain including
spatial orientation, emotional behavior, memory, and learning (Kempermann et
al., 2015). In this zone, generated neurons differentiate into granule cells where
axon projections are formed, extending to a subregion in the hippocampus
(Carlén et al., 2002). The granule cells integrate into local circuits at a low rate
until adulthood with a lifespan of at least 8 months in rodents and 2 years in
humans (Altman & Das, 1965; Dayer et al., 2003; Eriksson et al., 1998).

NSC'’s in the neurogenic niche go through numerous stages of

maturation leading to 3 types of cells (Table 1). Type 1 radial glia-like cells start

14



proliferating once activated where they express markers such as Nestin, SOX2,

and GFAP. This leads to the formation of type 2 cells which divide rapidly

replacing the GFAP expression with TRB2 marker, an essential transcription

factor for neurogenesis regulation. After that, type 3 cells surface, expressing

neuronal markers such as doublecortin (DCX) and Prox1. At last, the cells start

to express NeuN (the neuronal nuclear protein) and Calbindin, ensuring their

maturation (Bonaguidi et al., 2012; Farah Chamaa et al., 2021; Lv et al., 2019).

Monitoring and tracking the development of new neurons and other neural cells

is essential to understand certain changes in behavior and cognition.

Table 1. Stages of Neurogenesis. Developmental stages of neurogenesis in adult
hippocampus with the expression of their immuno-histological protein markers.
Adopted and modified from reference (Kumar et al., 2019)

Stage 1: Proliferation

Glial fibrillary acidic protein (GFAP),
Nestin, Pax 6, and SOX2

Stage 2: Differentiation

DCX, PSA-NCAM

Stage 3: Migration

DCX, PSA-NCAM, Tuj-1b, TUC-4, NeuroD

Stage 4: Axonal & Dendritic Targeting

Calretinin, NeuN

Stage 5: Synaptic Integration

Calbindin

15
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Figure 3. The Dentate Gyrus of the Hippocampus. Immunofluorescence image
showing its three layers and the NSCs position. Adapted and modified from reference
(Huang et al., 2012)

1.1.2.3.Detecting and Tracking Neurogenesis

Bromodeoxyuridine (BrdU) is a thymidine analog which was developed
after the discovery of [3H] thymidine which provided the first autoradiography
evidences showing that neurogenesis takes place in specific regions in the brain
of rodents: the SVZ, and DG of the hippocampus (Altman, 1969; Altman & Das,
1965). BrdU labels actively proliferating cells in the body and helps in the
detection of neural stem cells as well as neural progenitor cells. BrdU is
incorporated in the DNA of dividing cells during the S-phase of the cell cycle
(Taupin, 2007). Detection of BrdU is done by specific immunofluorescent
staining using antibodies that are designed to detect BrdU (Eriksson et al.,
1998). BrdU positive cells in the hippocampus were also found to be expressing
neuronal markers including NeuN (Eriksson et al., 1998). This shows that
proliferating cells are present in the hippocampus of adult humans leading to

their differentiation into new neurons (Eriksson et al., 1998; Kempermann et al.,
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2015). These newly formed neurons are essential for the proper functioning of

the hippocampus.

1.1.2.4. Role of Neurogenesis

Adult hippocampal neurogenesis is known to be heavily involved in
learning and memory (Deng et al., 2010; Saxe et al., 2006; Winocur et al., 2006;
Zhao et al., 2008). The newly generated granule cells have higher levels of
plasticity and excitability. This allows such cells to play an important role in
cognitive functions such as producing memories (Farah Chamaa et al., 2021; Ge
et al., 2007), pattern separation (Sahay et al., 2011), spatial learning (Deng et al.,
2010), cognitive flexibility, and the association between old and new memories
(Jessberger & Gage, 2014; Kohman & Rhodes, 2013). In addition to that,
granule cells take part in regulating stress and anxiety, which in turn reduces the
uprising of neurodegenerative disorders (Farah Chamaa et al., 2021;
Kempermann et al., 2015; von Bohlen Und Halbach, 2007). Any disruption in
the process of neurogenesis could lead to either cognitive deficits (Costa et al.,
2015) such as spatial or contextual memory retrieval (Chesnokova et al., 2016)
or CNS pathologies including schizophrenia, mood disorders, autism, and
Alzheimer’s disease (Costa et al., 2015). Considering the importance of
neurogenesis, this process is highly monitored and controlled to ensure a proper

functioning of the brain.
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1.1.2.5. Factors regulating Neurogenesis

Several factors contribute to the regulation of newly generated neural
stem cells or progenitor cells in the brain. This regulation includes the control of
neurogenesis as well as its rate and extent of new neuron production. It does so
by balancing between the survival and apoptosis of cells due to the milieu and
capacity available (Dupret et al., 2007). Within the developing stages of birth,
50% of the NSCs remain premature and undergo apoptosis (Dayer et al., 2003).
The remaining cells that reach maturation, differentiate mostly into granule cells
with a lifespan of several months in the DG (Kempermann et al., 2003). Such
cells receive synaptic inputs with axons extending along the mossy fiber tract
that contribute to the maturation of their electrophysiological properties
(Hastings & Gould, 1999; Stanfield & Trice, 1988; van Praag et al., 2002; Zhao
et al., 2006).

The dentate gyrus’s neurogenic niche is mandatory for neuronal
development (Kempermann et al., 2015). The latter is controlled and regulated
due to the special characteristics of the niche including its extracellular matrix,
cell to cell contact, and short and long-range humoral factors (Kempermann et
al., 2015). Also, the evolving neurons are in contact with local astrocytes that
are important for neuronal development (Pliimpe et al., 2006; Shapiro et al.,
2005). Astrocytes function to strongly coordinate synapse generation and
function, survival of neurons, and axon guidance (Sloan & Barres, 2014). Any
defects in the process of forming functional neural circuits would lead to
neurodevelopmental disorders (Sloan & Barres, 2014). Moreover, the SGZ is

considered unique as it acquires synaptic input from different brain regions such
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as the dopaminergic fibers from the ventral tegmental area, serotonergic
projections from the raphe nuclei, cholinergic input from septum, y-aminobutyic
acid (GABA )ergic connections from local interneurons (Kempermann et al.,
2015). Hence, adult hippocampal neurogenesis is regulated by
neurotransmitters. However, any pharmacological or physical manipulations
leading to variations in neurotransmitters levels potentially influence
neurogenesis (Bengzon et al., 1997; Cooper-Kuhn et al., 2004; Dominguez-
Escriba et al., 2006; Kempermann et al., 2015). Furthermore, neurogenesis can
be promoted by the stimulation of the supra-mammillary nucleus (SuM) (Li et
al., 2022) and deep brain stimulation (DBS) of the thalamic nucleus (F. Chamaa
et al., 2021; Chamaa et al., 2016).

After a traumatic brain injury, insulin-like growth factor-1 (IGF-1) is
activated and protects the brain by boosting neurogenesis by promoting
proliferation and differentiation of NPCs and stimulating dendritic growth
(Williams et al., 2022). In addition, specific drugs and chemicals could modulate
neurogenesis. Cannabidiol (CBD) compound, for instance, increases
neurogenesis by halting radial NSC overactivation and their differentiation to
astrocytes which promotes the neuronal lineage (Hou et al., 2022). Also, the
circadian rhythm can control behavior, physiology, hormone secretion and brain
metabolism which in turn modulates adult hippocampal neurogenesis (Ali & von
Gall, 2022).

Additionally, specific genes can influence the rate of neurogenesis. For
example, upon knocking out DISC1, which is a gene that increases the risk of

psychiatric disorder like schizophrenia, can decrease neurogenesis by changing
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the formation and distribution of granule cells as well as the hippocampus-
dependent behaviors in rodents (Duan et al., 2007; Gongalves et al., 2016; Kvajo
et al., 2008).

Neutrophils and cytokines also play an important role in the modulation

of adult hippocampal neurogenesis.

Neurotrophic factors are a family of biomolecules responsible for the
survival of sympathetic and sensory neurons as it regulates the development and
function of neurons in both the CNS and PNS (Skaper, 2018). Some vital
neurtotrophins are the brain-derived neurotrophic factor (BDNF), nerve growth
factor (NGF), fibroblast growth factor 2 (FGF), and insulin-like growth factor
(IGF).

BDNF has an important role in the survival and growth of neurons as it
serves as a neurotransmitter modulator and contributes in neuronal plasticity. It
is largely expressed in the central nervous system, the gut, and other tissues
(Bathina & Das, 2015). BDNF also has a neuroprotective part especially in
adverse conditions such as neural toxicity, hypoglycemia, and other (Bathina &
Das, 2015). It stimulates NSCs to grow and differentiate into new neurons
(neurogenesis). BDNF is highly expressed in specific regions of the brain such
as the hippocampus, olfactory bulb, cortex, and other (Bathina & Das, 2015).

FGF plays a role in multiple developmental processes such as brain

patterning, branching morphogenesis, and limb development (Beenken &
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Mohammadi, 2009). FGF promotes the proliferation of hippocampal NPCs, thus
aiding in adult hippocampal neurogenesis (Kang & Hébert, 2015).

Nerve growth factor (NGF) is present in the central nervous system and
acts on sympathetic and neural crest derived sensory neurons (Skaper, 2018). It
serves to develop and maintain basal forebrain cholinergic neurons (Dreyfus,
1989). In addition to that, NGF contributes to pain sensation in which it
increases the sensitivity of neurons and aids in the development of hyperalgesia.
NGF plays a part in the immune response where it triggers the release of

cytokines and activation of mast cells (Duh et al., 2018; Liu et al., 2014).

Inflammatory cytokines were found to have a dual role (either positive or
negative) on proliferation and neuronal differentiation (Borsini et al., 2015).
Cytokines tend to modulate neurogenesis in response to an activated immune
response (Borsini et al., 2015). Three types of cytokines are known to be
important during an immune response: interleukins such as IL-1 and IL-6,
interferons (IFNs), and tumor necrosis factor (TNFs). Cytokines assist in the
protection of the brain by clearing the system from dead and damaged neurons
and employing physiological and neuroprotective functions (Pan & Kastin,
2001). There is even evidence showing that during an inflammatory response,
cytokines modulate NPC proliferation and thus neurogenesis especially in
psychiatric and neurodegenerative disorders (Fuster-Matanzo et al., 2013;
Makhija & Karunakaran, 2013). However, cytokines can in parallel affect

neurogenesis when activated in the neurogenic niches due to peripheral
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inflammation (Dantzer et al., 2008). It can directly alter hippocampal-dependent
forms of synaptic plasticity (McAfoose & Baune, 2009) causing cognitive
deficits (Wilson et al., 2002).

Once cytokines are released a cascade of events starts systemically,

leading to an inflammation.

1.2. Inflammation

Inflammation is the natural response of living organisms to injury,
trauma, infection, excessive irritation (neurogenic inflammation), pathological
situations (stroke, ischemia, abnormal activation of the immune system). Such
inflammation activates the immune system which triggers the secretion of
primary inflammatory cells and signaling molecules (Pahwa et al., 2023).
Inflammations are of two types: acute or chronic. Acute inflammations are
characterized by tissue damage which can be due to noxious compounds,
microbial invasions, or others. For a condition to be classified as acute, its
symptoms must manifest rapidly and with a severe intensity, within a short
period of time. Subacute inflammation is defined as the interphase between
acute and chronic inflammation with a span of 2 to 6 weeks (Pahwa et al., 2023).
To reach chronicity, the body needs to be exposed to an injury that alters its
ability to repair and overcome certain damages caused by the injury. This type
of inflammation is slow and long-term, ranging from months to years. Some
features of chronic inflammation include vasodilation, capillary permeability,

and diapedesis, which is the migration of neutrophils to the infected site through
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the capillary wall. As soon as the inflammation worsens, macrophages,
lymphocytes, and plasma cells start to replace neutrophils (Pahwa et al., 2023).
Once those inflammatory cells are triggered, they begin to secrete cytokines,
growth factors, enzymes which aid in fixing the tissue damage and then launch
secondary repair such as fibrosis, granuloma formation, and other (Cutolo et al.,
2019; Milenkovic et al., 2019; Needham et al., 2019; Yousuf et al., 2019).
Neuroinflammation is a localized inflammation in the central nervous

system (CNS) and the peripheral nervous system (PNS).

1.2.1. Central Nervous System (CNS) Inflammation

The CNS was traditionally considered to be ‘immune privileged’
meaning it was neither susceptible to nor contributing to inflammation (Lucas et
al., 2006). On the contrary, after significant revision, the CNS was found to
exhibit features of inflammation. CNS inflammation could be either
symptomatic or asymptomatic which makes detecting it more challenging in
comparison to identifying PNS inflammation. CNS inflammation differs from
PNS inflammation in ways of initiation and sensitivity to said inflammation
(Whitney et al., 2009).

This phenomenon is vital for maintaining the homeostasis of the central
nervous system and protect the brain from potential threats (More et al., 2013).
For instance, in neurodegenerative diseases, the neuroinflammation cleans out
the infection to control the disease’s progression and severity (Kempuraj et al.,

2017). However, inflammation in the CNS does have a dual role. From one end,
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it can repair injured neurons whereas on the other end it can induce
neurodegeneration (Lucas et al., 2006).

Due to its immune privilege, the central nervous system only allows
certain molecules such as T cells, macrophages, and dendritic cells to enter and
exit under normal conditions (Hickey, 1999). These cells protect the central
nervous system (Khakh & Sofroniew, 2015; Lau et al., 2012). Upon damage, the
production of inflammatory mediators is activated allowing the involvement of
astrocytes and microglia (Figure 3) (Stewart & Beart, 2016) as well as
peripheral macrophages and lymphocytes (Whitney et al., 2009). Astrocytes,
microglia, macrophages, and lymphocytes activate the secretion of a plethora of
anti and pro inflammatory cytokines [i.e tumor necrosis factor alpha (TNF-
a),interferon gamma (IFN-y), interleukin-1 beta (IL-1p), interleukin-8 (IL-8),
interleukin-6 (IL-6), and chemokines], neurotransmitters (i.e. glutamate), and
reactive oxygen species (1.e. nitric oxide) (Whitney et al., 2009). Such factors
disturb the blood brain barrier and recruit monocytes and lymphocytes to cross
through it to reach the site of inflammation (Hickey, 1999; Lossinsky & Shivers,
2004; Taupin, 2008). Additionally, CNS inflammation could vary from acute to
chronic inflammation, where the inflammatory factors differ in the two
extremes, resulting in the decrease of neurogenesis and neuronal survival
(Bastos et al., 2008; Kohman & Rhodes, 2013; Whitney et al., 2009). It has been
seen that spinal cord injuries (SCI) leads to inflammation in the central nervous
system which causes the BBB to allow immune cells to pass through it towards

the site of injury. Studies have shown that SCIs induced neurogenesis reduction,
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long term hippocampal neurodegeneration, and cognitive abilities deficits(Jure

et al., 2022; Jure et al., 2017; Wu et al., 2016; Wu et al., 2014).
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Figure 4. The inflammatory process in the central nervous system.
Neuroinflammation leads to the activation of microglia, mast cells, and
astrocytes which in turn release a plethora of anti and pro inflammatory markers
such as cytokines, reactive oxygen species, and neurotransmitters. Such cells
will affect the development of neurons leading to apoptosis and decrease in
neurogenesis. This schematic was done using BioRender © 2023.

1.2.2. Peripheral Nervous System (PNS) Inflammation

PNS inflammation could be triggered by multiple agents such as injury,
infections, autoimmune disorders, and other which could result in neuropathies,
pain, sensorimotor disorders. The duality function of such an inflammation is yet to
be fully understood as it could easily aid in axon regeneration but also in its
degeneration (Mietto et al., 2015). Peripheral inflammation triggers an immune
response, leading to the release of pro and anti-inflammatory molecules as well as
inflammation-promoting mediators to defend the body against any pathological

stimuli (Huang et al., 2021; Mietto et al., 2015). If said inflammation persists, then it
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could potentially induce an inflammation in the central nervous system. Peripheral
inflammation leads to the disturbance of the blood brain barrier which makes it
vulnerable and permeable to peripheral cells and cytokines. Specific cytokines such
as IL-6 and TNF-a can cross the BBB reaching the brain. Such cytokines can
interact with cerebral endothelial cell receptors triggering the generation of
prostaglandin E2 into the brain parenchyma (Cerejeira et al., 2014; Matsumura &
Kobayashi, 2004). Peripheral inflammation can induce different tactics that can

disrupt the BBB (Figure 5).
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Figure 5. Schematic representation of different mechanisms of peripheral
inflammation disrupting the BBB. 1. Tight junction changes; 2. Damage to
endothelial cells; 3. Activation of microglia and astrocytes; 4. Modification of various
transport pathways and receptors; 5. Penetration of peripheral immune cells. Adopted
and modified from (Huang et al., 2021).
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Infectious diseases that induce peripheral inflammation could potentially
contribute to the rise and progression of neurodegenerative diseases like
Alzheimer’s disease, Parkinson’s, and multiple sclerosis (MS) (Huang et al., 2021).
Furthermore, microglial cells are activated which recruit circulating monocytes from
the periphery (D'Mello et al., 2009). Also, macrophages and myeloid cells were
found to infiltrate the hippocampus following a periphery inflammation which
might lead to memory and cognitive deficits (Gampierakis et al., 2021; Schain &
Kreisl, 2017).

Urinary tract infection (UTTI) is the second most infectious disease in humans
and the common cause of peripheral inflammation. UTIs are classified by anatomic
site of involvement into two types: lower urinary tract infection and upper urinary
tract infections. Lower urinary tract infections constitute an infection in the bladder
or urethra or both (cystitis) whereas the upper infection involves the kidneys
(pyelonephritis). Inflammation in the lower urinary tract is the most common due to
anatomical reasons.

In numerous clinical observations, UTI patients have been showing altered
mental statuses and cognitive changes. Among elderly patients, delirium is a non-
specific symptom of UTI which could develop in one to two days and can range
from agitation and restlessness to hallucinations and delusions (Manepalli et al.,
1990). Studies have shown that elderly UTI patients experience delirium and
potentially develop dementia or even provoke pre-existing dementia (Cerejeira et
al., 2014). Dementia is strongly correlated with UTIs as one third of dementia
patients are diagnosed with UTIs (Yourman et al., 2020). In a previous study

conducted by our group, urinary tract infection (via E.coli) injected into the urinary
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bladder decreased hippocampal neurogenesis which might explain the confusion
and delirium seen in elderly UTI patients during UTI episodes (Batoul Darwish et
al., 2022).

Uropathogenic E.coli (UPEC) strains are one of the main causes of urinary
tract infections. Such strains are gram-negative bacteria that exhibit an ability to
form biofilms which aids in their evasion of the host immune system. The glycolipid
found on the surface of gram-negative bacteria that is responsible for such an

evasion is called lipopolysaccharide (LPS).

1.3. Lipopolysaccharide (LPS) Model and Neurogenesis

LPS is known to induce inflammation as it activates the immune response in
the host which triggers the release of pro inflammatory cytokines and other
inflammatory mediators. LPS-induced inflammation can vary from an acute
inflammation to a chronic one (local or systemic) depending on the severity and
duration of exposure. Each animal responds to LPS stimuli in various manners
depending on age and species (Batista et al., 2019). The outcome also could be
influenced depending on the source of the stimulus, its dosage, the route, and the
duration of administration (Zakaria et al., 2017). LPS injection can be administered

either in the central nervous system or in the periphery.

1.3.1.1. Injection of LPS in the CNS

LPS injections in the central nervous system are meant to simulate cases of
neuroinflammation. Different outcomes of such inflammation are seen to be

dependent on which region of the CNS is LPS being administered to. Injection of
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LPS into the lateral ventricle of the brain is shown to trigger an inflammatory
reaction with the involvement of astrocytes and microglia cells in the brain and the
release of cytokines (Shigemoto-Mogami et al., 2018).

The increase in the number of microglia and cytokines such as IL-6 and IL-
1B creates an unfavorable milieu which hinders both neurogenesis and the survival
of newly generated neurons (Kohman & Rhodes, 2013). This causes neuronal cell
loss in multiple brain regions such as the hippocampus, cerebral cortex, substantia
nigra, ventral tegmental area, and the thalamus (Fan et al., 2011; Ulmer et al., 2002;
Wang et al., 2013; Zhu et al., 2014). In fact, administration of LPS in the cortex has
shown to decrease neurogenesis with no effect on cell proliferation (Ekdahl et al.,
2003; Kohman & Rhodes, 2013). Furthermore, single intracerebroventricular (i.c.v)
injections of LPS heightened IL-1f levels in all brain regions except the cerebrum
as well as induced microglial activation (Batista et al., 2019), thus leading to
impairment of neural stem cell proliferation (Chamaa et al., 2018). Also, intranigral
injections of LPS demonstrated the potential to decrease neurogenesis possibly due
to a link with the microglial activation (Batoul Darwish et al., 2019).

Since LPS administration in the CNS causes neuroinflammation, it has been
linked to impaired spatial memory in Sprague-Dawley rats (Hauss-Wegrzyniak et
al., 1998), depressive-like behaviors (Fu et al., 2010; Tang et al., 2016), and to the
development of neurodegenerative diseases such as Alzheimer’s disease (Wee

Yong, 2010).
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1.3.1.2.Injection of LPS in the periphery

LPS-induced inflammation in the periphery has been seen to cause
significant effects and alterations in the central nervous system’s immune response
leading to a disturbance at the level of the brain and thus affecting behavior and
cognitive functions. In fact, studies show that intraperitoneal administration of LPS
causes a significant reduction in the proliferation of NSCs, the survival of newborn
cells, their differentiation, and the overall neurogenesis process (Ekdahl et al., 2003;
Fujioka & Akema, 2010; Saraiva et al., 2019). Also, intraplantar injection of LPS in
rodents induced a local inflammatory response causing peripheral hyperalgesia and
upregulation of proinflammatory cytokines (Kanaan et al., 1996).

Upon the induction of the LPS inflammation model, astrocytes are activated,
and a surge of circulating cytokines is present forcing newly born neurons to
undergo apoptosis (Ben-Hur et al., 2003; Chesnokova et al., 2016; losif et al., 2006;
Monje et al., 2003). Additionally, the cytokines will elevate oxidative stress which
will result in the impairment of developing neurons. Thus, hippocampal

neurogenesis would be affected drastically.

1.4. Research Objective and Aim

Previous work from our group has shown the adverse effect of inducing UTI
in the urinary bladder via bacteria (E.coli) on neurogenesis. Stemming from these
findings, our group continued to induce acute inflammation by injecting LPS (an
inflammogen found on E.coli) once into the bladder. Subsequently, our study
combines the effect of chronic LPS induction into the bladder on the short term

(proliferation of NSCs) and long term (neurogenesis of NSCs). We aim to
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investigate the inflammation’s effect on the proliferation and neurogenesis level of
neural stem cells as well as cognitive behavior and nociception. This aids us in
assessing the exploratory behavior and memory in rats. Additionally, we inspected
the molecular variations resulting from the inflammation on the immune response

cells including the expression level of cytokines as well as the neurotrophic factors.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Animals

Adult male Sprague-Dawley rats aged 8 weeks and weighing between 450 and
500g were used in this project. The rats were housed in an environment of 12-hour
cycle of light and darkness at a temperature of 20-22°C in which water and food ad
libitum were provided. Rats were allowed over one week to adapt to specific conditions
one week prior to the start of experiments. Surgical procedures were conducted using
general anesthesia, administered through inhalation of isoflurane. Rats were constantly
monitored postoperatively, and their weight was taken during the light part of the cycle.
The Institutional Animal Care and Use Committee (IACUC) at the American University

of Beirut granted approval to all experiments conducted in this project.

2.2. Intraurethral Instillation of Lipopolysaccharide (LPS) into the Urinary Bladder
Rats were deprived of water for a minimum of 4 hours prior the injections.
Intraurethral injections were done under isoflurane anesthesia followed by a
compression on the abdomen overlying the bladder to release any urine left. BD
Angiocath IV catheters (24 GA, 0.75 IN, 0.7mm external diameter, 19mm long) (Figure
6a) were used. To ensure proper placement, the catheter should slide effortlessly into
the urethra with no resistance. This was tested on trial rats of the same age by injection
of trypan blue. After the catheter is fully inserted, the injection volume is gradually
dispensed while the penis is held in an extended perpendicular position to the animal’s

body using forceps. The catheter is slowly retracted from the urethra in order to avoid

32



any leakage. Experimental rats were instilled with 0.5mL of 0.5mg/mL of LPS
(Lipopolysaccharide from Escherichia Coli 055:B5; InvivoGen), while sham rats were
instilled with 0.5mL of sterile saline. To ensure further inflammation, we followed an
up and down motion of the catheter. For the induction of chronic inflammation, our
model was based on a rat LPS-induced inflammation model previously described with
modifications related to the dosage given (Yoshizumi et al., 2021). Moreover, before
the start of the experiment, an instillation of trypan blue through the urethra into the

urinary bladder was done on a trial rat (Figure 6b).

A

Figure 6. Catheters used and site of injection.
(A) Catheters used for intraurethral injections.
(B) Placement of trypan blue through intraurethral instillation in the bladder of a trial rat
to show anatomical location.
2.3. Experimental Design
Rats were divided randomly into three groups: naive, sham, and experimental

(LPS). On day 0, following the pain sensitivity test, the sham group received

intraurethral instillation of saline (n=8) into the bladder whereas the experimental group
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(n=9) received LPS. This procedure was repeated on days 1, 2, and 3. First batch of rats
(n=12) were sacrificed 24hrs after BrdU injection to investigate proliferation of DG
neural stem cells. Second batch of rats (n=11) were sacrificed 1 month after BrdU
injection to study neurogenesis. Figure 7 presents a summary of the experimental

timeline of the proliferation and neurogenesis phase.
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Figure 7. Experimental Timelines. Schematic diagram showing the experimental
timeline followed for thermal pain sensitivity testing, behavioral tests, BrdU injections,

and euthanasia.

2.4. BrdU Injection

Bromodeoxyuridine (BrdU, 5’-bromo-2-deoxyuridine), a synthetic thymidine
analogue, was used to label and probe actively dividing cells to track cell proliferation
and neurogenesis. The BrdU powder (BOC Sciences) was dissolved in 0.9% warm
sterile saline based on the average weight of rats to get a final concentration of

200mg/kg/rat. It was administered intraperitoneally divided into 3 injections
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(66mg/kg/300uL/injection) every 2 hours. This protocol was followed according to

previous work done by our group (Chamaa et al., 2016).

2.5. Behavioral Tests

Various behavioral tests were performed including the thermal sensitivity (to
assess the rat’s response to pain), open field (to assess locomotion and exploration),
novel object recognition (NOR; to assess recognition and novelty memory), Y-maze (to
assess spatial reference and working memory), and elevated plus maze (EPM; to assess
anxiety-like behavior). Before the start of the experiment, the rats were settled in the

experimental room for 30 minutes for habituation.

2.5.1. Thermal Sensitivity Testing

Rats were placed in their designated transparent plexiglass boxes on the Ugo
Basile thermal aesthesiometer apparatus. Before the start of the experiment, they were
allowed 30 minutes for familiarization with the environment. A radiant heat was
emitted from an infrared light source at the intensity of 36 infrared units (equivalent to
approximately 45-50°C) to the shaved lower abdomen surface of the rats. The rats’
abdomens were shaved thoroughly one day before for better heat exposure. The latency
of withdrawal of the abdomen in response to the radiant stimulus was recorded. The
recorded withdrawals of the abdomen should be accompanied by the arching of the
back. The trial would be terminated if the animal fails to respond within 20.1s (cut off
time). Each measurement was repeated 3 times separated by a time interval of

approximately 3 minutes. The results were averaged and reported as mean £ SEM.
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2.5.2. Open Field

The open field apparatus is a square container with a border length of 60cm
consisting of four walls that are of sufficient height to prevent the rats from escaping.
Individual rats were put in the container facing a designated wall and allowed to roam
for a 5-minute testing. The rat’s behavior was monitored through a camera. Each video
was analyzed using Any Maze™ software and variables including number of entries to
central zone, total time spent in the central zone of open field, and total distance
traveled were recorded. This experiment is used to assess the rat’s spontaneous
locomotor activity and anxiety-like behavior (Seibenhener & Wooten, 2015). Also, the
novel object recognition (NOR) was done in the open field apparatus, but with the
inclusion of two identical objects placed in a corner adjacent to each other. The NOR
test is commonly used to investigate the recognition and novelty memory of rats
(Chesworth et al., 2018). The rats were given 5 minutes to explore the area for
familiarization. Then, rats were returned to their cages for an interval of 5 minutes. One
of the identical objects is replaced with a novel object and the apparatus is wiped with
70% alcohol. Rats were then placed for the testing phase for a period of 5 minutes and
the results were recorded. Each video was analyzed by the Any Maze™ software and
variables such as the number of entries to the familiar and novel object zone as well as

the total time spent in each zone were recorded.

2.5.3. Y-Maze
The Y-maze test was utilized to assess the rat’s spatial working memory (Prieur
& Jadavji, 2019). The maze consists of three identical arms (10 cm wide and 40 cm

long) that are equally spaced (120° angle) forming a “Y” shape. During the
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familiarization phase, rats were allowed to explore between the start arm and the
familiar arm for 10 minutes where the third arm (the novel arm) was closed off. After
that, rats were returned to their cages and rested for 1 hour. During the testing phase, the
closed/novel arm was opened, and rats were allowed to roam for 5 minutes. The videos
recorded of the testing phase were analyzed using the Any Maze ™ software in which

the number of entries and the total time spent in the novel arm were recorded.

2.5.4. Elevated Plus Maze (EPM)

This maze was used to assess the rat’s anxiety-like behavior (Walf & Frye,
2007). The maze consists of 4 identical arms (2 closed arms with high walls and 2 open
arms with no walls) that are elevated (height: 100cm). The rat was put at the junction of
the 4 arms, facing the open end of the maze, and allowed to roam for 5 minutes. The
videos recorded of the testing phase were analyzed using the Any Maze™ software in

which the number of entries and the total time spent in each arm were recorded.

2.6. Euthanasia and Tissue Extraction

Rats were deeply anesthetized with isoflurane through inhalation and then
euthanized. A group of rats were euthanized using the decapitation method (using a
special guillotine) to get fresh tissues for RNA and protein extraction. Fresh bladder and
hippocampus tissues were collected in cryovials, under sterile conditions. These vials
were snap-frozen in liquid nitrogen and then moved to -80 °C for storage and later
processing. Another group of rats were perfused transcardially with a solution of 0.9%
saline followed by a solution of 4% formalin. Each rat’s brain was extracted carefully

and fixed further in 4% paraformaldehyde for 24hrs. The brains were then transferred to
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30% sucrose solution in 0.1M PBS to be stored at 4°C for dehydration and then used for

sectioning.

2.7. Brain Sectioning and Tissue Processing

The brains were stored in 30% sucrose solution at 4°C until they sink to the
bottom of the conical indicating complete dehydration. They were then prepared for
sectioning by removing the cerebellum and brain stem and only using the cerebral
hemisphere. The area of interest containing the hippocampal formation was put
vertically on the stage of the microtome and sliced into sections from rostral to caudal.
The sections were sampled in a systemic manner using the fractionator method
following a previous protocol used by our group (F. Chamaa et al., 2021) and others
(Gundersen et al., 1999). In this way, we obtain 6 representative wells for each region
of the hippocampus enabling us to have proper data from counting BrdU positive cells
of one representative well per region (Figure 8). Coronal sections (40 um) were cut
serially, from the rostral to the caudal extent of the DG. By following the rostrocaudal
coordinates -2.12 to -6.3 mm relative to bregma, this allows us to cover the whole
hippocampal formation. The DG region was divided into three areas: rostral ranging
from -2.12 to -3.7 mm relative to bregma, intermediate ranging from -3.7 to -4.9, and
caudal ranging from -4.9 to -6.3 (Chamaa et al., 2018; Paxinos & Watson, 2006). This
allows a better topographic distribution of BrdU positive cells where each well contains
representative samples from all hippocampal area. All sections were obtained and stored

in sodium azide solution (15mM in 0.1M PBS) at 4°C.
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Figure 8. The Fractionator Method. Schematic diagram illustrating the arrangement
of coronal sections of the DG (red) within designated wells following the fractionator
method of cutting and counting. (Chamaa et al., 2016)

2.8. Molecular Analysis

2.8.1. Immunofluorescence Assay

After brain sectioning, the sections were stained for NSCs and mature neurons
using BrdU and NeuN, respectively. This double staining permits localization and
counting of newly born BrdU positive cells in the sub-granular zone only at the early
time point of proliferation (5-6 days) and in the granular zone at the late time point (30-
35 days) for neurogenesis. For each rat, individual wells containing rostral,
intermediate, and caudal sections were taken randomly and immunofluorescence was
performed. First, the brain sections were washed with 0.1M PBS three times for 5
minutes each. Sections were then incubated in 2N HCl at 37°C for 30 minutes to
denature the DNA double helix, increasing its permeability to the nucleus and allowing
entry of the staining antibodies. After that, the HCI treated sections were neutralized
with sodium borate (0.1M, 8.5pH) followed by another 3 washes and then blocked for 1

hour at 4°C in 10% blocking solution (10% Bovine Serum Albumin (BSA), 10%
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Normal Goat Serum (NGS), 0.1% Triton X diluted in PBS). The latter allows the
reduction of non-specific binding. Sections were incubated overnight with the primary
antibodies: rabbit anti-NeuN (1:500 Encor, SinoBiological) and mouse anti-BrdU
(1:250, Santa Cruz) diluted in 3% blocking solution (3% BSA, 3% NGS, 0.1% Triton X
diluted in PBS). On the second day, the brain sections were washed 3 times with 0.1M
PBS for 5 minutes and then incubated with the secondary antibodies: goat anti-mouse
568 (1:250, AlexaFluor Invitrogen) and goat anti-rabbit 488 (1:250, AlexaFluor
Invitrogen) diluted in 3% blocking solution on the shaker for 2 hours at room
temperature. Finally, the sections were washed three times and mounted onto slides

with mounting media containing DAPI staining.

2.8.2. Cell Counting and Microscopy

The BrdU positive cells were counted in the subgranular zone (SGZ) of the DG
after 24 hours from BrdU injection (proliferation) and in the granular cell layer (GCL)
after 4 weeks from the BrdU injection (neurogenesis). The confocal microscope was
used to count the BrdU™® cells using the 40X-oil objective. The counted total number
of positive cells per rat was multiplied by 6 (number of sets per rat). This denotes the
overall number of BrdU*"¢ cells in each region: rostral, intermediate, and caudal of the
DG per rat.

Tile scan and Z-stack images were taken using Zeiss LSM 710 laser scanning
confocal microscope at the 40X oil objective. Tile scan was used to acquire a stitched
mosaic of the dentate gyrus while the Z-stack was done to display the distribution of all
BrdU™¢ cells within the 40 um section in the whole DG of each region. The images

were analyzed by the Zeiss ZEN 2009 image-analysis software and obtained with
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maximal intensity projection. Representative immunofluorescent images for BrdU and
NeuN stained slides were captured using laser screening on the confocal microscope of

each region.

2.8.3. RNA Extraction

Total RNA was extracted from the hippocampus and bladder tissues using
Qiazol (QiaGen). In brief, 750 puL of Qiazol was added to tissues in vials alongside
ceramic and metal beads to break down the tissues. This process was facilitated with the
use of the OMNI Bead Ruptor™ machine to increase the efficiency of the extraction.
Then, 300 pL of chloroform was added to the vials followed by centrifugation for 20
minutes at 4°C and at 15,000g. to separate the RNA from the organic phases. The
aqueous phase, containing the RNA, was extracted from the vials, and placed in a new
vial. Isopropanol was then added to the vials followed by centrifugation for 30 minutes
at 4°C and at 15,000g to precipitate the RNA into a pellet. Afterwards, the supernatant
was removed and discarded then the vial was washed with 70% ethanol (600 pL). The
vials were centrifuged for 20 minutes at 4°C and at 12,500g and then the washing
process was repeated once more. Finally, the supernatant was removed, and the pellet
was allowed to air dry. Once fully dry, the pellet was diluted with RNase/DNase free

water and then stored at -80°C for long term preservation.

2.8.4. cDNA Synthesis

Upon the extraction of RNA, its concentration and purity were measured by the
ThermoScientificTM NanoDrop 2000TM. This concentration was then used to calculate

the adequate volume of RNA needed to obtain 2 pg to convert the RNA to
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complementary DNA (cDNA). A mixture of 3 pL of genomic DNA wipeout buffer,
RNase/DNase free water, and RNA was prepared until a total volume of 15 pLL was
reached. The vials were incubated for 2 minutes at 42°C followed by the addition of a
master mix consisting of reverse transcriptase (RT, 5 pL), RT buffer and primers to
reach a final volume of 20 pL. The latter mixture was then incubated for 5 minutes at

25°C, 15 minutes at 55°C, and 2 minutes at 85°C.

2.8.5. Quantitative Real-Time PCR (RT-qPCR)

RT-qPCR (Bio-Rad CFXTM Manager Software; cat #1845000) was performed
using the AAC, method and the SYBR green system (Applied Biosystems; cat
#A46111) on the cDNA of the hippocampus and bladder (each in a separate plate) to
analyze their mRNA expression. The PCR reactions were performed in duplicates and
the expression of individual genes was compared to the standard reference which is the
housekeeping gene GAPDH. The PCR process consisted multiple steps starting with
DNA denaturation at 95°C for 5 minutes followed by 40 cycles (denaturation at 95°C
for 10 s). Then, annealing at the specific primer temperature of 57°C for 30 s took place
and finally an extension step was done at 72°C for 10 minutes. Gene expression was
calculated utilizing the following equation: AAC, = AC, gargery — Average [AC; sham], Where
AC,= Ci argeyy -C 1 arpmy. The amount of endogenous target gene relative to a calibrator

(GAPDH) became 2 4ct,
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Table 2. List of primers used in RT-qPCR in the study. Glyceraldehyde-3-Phosphate
Dehydrogenase: Gapdh; interleukin 1 beta: IL-1p; interleukin 6: IL-6; interleukin 8: IL-
8; Brain-derived neurotrophic factor: Bdnf; necrosis factor: TNF-a; Prostaglandin-
endoperoxide synthase 2: COX-2

Rattus norvegicus Sequence (5'->3")

Primers

Gapdh F: TCACCATCTTCCAGGAGCGA
R: GGCGGAGATGATGACCCTTT

IL-1p F: AGGCTGACAGACCCCAAAAG
R: GGTCGTCATCATCCCACGAG

IL-6 F: ACAAGTCCGGAGAGGAGACT
R: ACAGTGCATCATCGCTGTTC

IL-8 F: CCTAGGCATCTTCGTCCGTC
R:CAGAAGCTTCATTGCCGGTG

Bdnf F: CTCCGCCATGCAATTTCCAC
R: CAGCCTTCATGCAACCGAAG

TNF-a F: GGCTTTCGGAACTCACTGGA
R: GGGAACAGTCTGGGAAGCTC

COX-2 F: AAGGCGTTCAACTGAGCTGT
R: ACACAGGAATCTTCACAAATGGAAC

2.9. Statistical Analysis

Statistical analysis and plotting of figures were made using Prism 9 GraphPad
package (GraphPad software, Inc., CA, USA). One way ANOVA followed by Sidak’s
multiple comparison was used to test statistical significance when comparing a variable
within the same groups. Two-way ANOVA followed by Tukey’s multiple comparison
was used to test statistical significance when comparing two variables between groups.
Unpaired t-test (Welch’s Test) was used to test statistical significance when comparing
the means of two independent groups. The measure of statistical significance of the
number of entries and time spent in the novel arm as well as the number of entries and
time spent in the central zone were done by one way ANOVA followed by Sidak’s
multiple comparison test. Also, one way ANOVA followed by Sidak’s multiple
comparison test was used to evaluate the statistical significance for the number of

entries to the novel object zone as well as the number of BrdU*"¢ cells between the
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naive, control, and LPS groups. Unpaired t-test (Welch’s test) was used to assess
statistical significance for IL-15, IL-6, IL-8, COX-2, TNF-q, and Bdnf concentrations in
the control and LPS groups. Moreover, two-way ANOVA test followed by Tukey’s
multiple comparison test was used to test the statistical significance for the latency of
withdrawal of the thermal sensitivity test. Data were averaged per group and presented
as mean =+ standard error mean (SEM). The P value of < 0.05 was considered as the

limit of significance of differences at 95% confidence interval.
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CHAPTER 3
RESULTS

3.1. General Observations

After four instillations of LPS into the urinary bladder, individual rats in each
group (naive, sham, and experimental) did not show any evident signs of abnormal
motor behavior and elicited normal grooming behavior as well as normal weight gain.
The rats were subjected to a series of behavioral tests post LPS instillations (1-6 days,
short-term period) and 2-4 weeks post LPS instillations (long-term period).

The RT-PCR test was done on the bladder tissues of the sham and LPS groups
to determine the mRNA levels of IL-1p, IL-6, IL-8, and TNF-a.. The mRNA levels of
IL-6 (Figure 9B) and IL-8 (Figure 9C) in the bladder of the LPS group were
significantly higher (4.63 + 0.009; p=0.015; 4.93 = 1.41; p=0.042, respectively) than
that of the sham group (0.91 £ 0.46; 0.54 + 0.29, respectively).

The mRNA levels of IL-1B (Figure 9A) and TNF-a (Figure 9D) in the bladder
of the LPS group (4.70 &= 3.24; 2.45 + 0.84, respectively) were higher than that of the
sham group (1.11 £0.49; 1.09 £+ 0.27, respectively). This evidence elicits the presence
of inflammation in the bladder of the LPS groups after four instillations of LPS into the

urinary bladder.
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Figure 9. Instillations of LPS increased expression of the mRNA levels of cytokines
in the bladder. (A,D) The mRNA levels of IL-13 and TNF-a in the bladder in the LPS
group were higher than that of the sham group. (B,C) The mRNA levels of IL-6 and IL-
8 in the bladder of the LPS group were significantly higher when compared to the sham
group. Unpaired t-test was used to assess significance between the groups (*p<0.05).
Data is expressed as mean = SEM

3.2. Behavioral Observations

3.2.1. Thermal Sensitivity

LPS instillations induced immediate and sustained thermal hypersensitivity. On
days 1, 3, and 4, the LPS group (n=5) displayed a significant shorter latency withdrawal
time (8.78s £ 0.38; p=0.0099, 8.523 + 0.41; p=0.0054, 6.04s + 0.29; p=0.0224,
respectively ) of their abdomen compared to the sham group (n=4) on days 1, 3, and 4
(15.00s = 1.95, 12.06s + 0.86, 9.79s & 0.95, respectively). One month post LPS

instillations (day 29), the LPS group (n=4) had a significantly lower latency withdrawal
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time (7.47 + 0.64; p=0.0010) of their abdomen when compared to the sham group (n=3)

on day 29 (13.85s + 0.65) (Figure 10).
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Figure 10. Rats with LPS instillations showed increased thermal sensitivity
(hyperalgesia) on the skin of their lower abdomen. On days 1, 3, and 4, the LPS
group showed a higher sensitivity to thermal stimuli administered to their abdomen
when compared to the sham group on days 1, 3, and 4 respectively. On day 29, the LPS
group displayed a lower latency withdrawal time of their abdomen compared to the
sham group on day 29. Two-way ANOVA was used to assess significance between the
groups (**p<0.01,). Data is expressed as mean + SEM.

3.3. Alterations in rats’ behavior in the field tests induced by instillation of LPS into
the urinary bladder

3.3.1. Instillations of LPS moderately affects the spontaneous motor behavior
of rats

Two weeks post LPS instillations, LPS injected rats (n=3) covered less distance
(6.40m = 0.94; p=0.048) than the sham group (10.72m =+ 1.53; n=3) which indicates that
the motricity of the rats was moderately affected (Figure 11A).

The LPS group had a significant lower incidence of entries (4.00 + 0.58;
p=0.031) to the central zone than the sham group (13.67 +£2.91) (Figure 11B).

Also, the LPS group has been recorded to spend less time (5.30s + 1.54;

p=0.023) in the central zone than the sham group (16.47s + 2.72) (Figure 11C).
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Figure 11. Instillations of LPS moderately affected the rats’ motor behavior.

(A) Two weeks post LPS injections, spontaneous motricity was moderately affected in
LPS injected rats compared to the sham group.

(B) The LPS group entered the central zone fewer times compared to the sham group.
(C) The LPS group spent less time in the central zone than the sham group.

Unpaired t-test was used to assess significance between the groups (*p<0.05). Data is
expressed as mean + SEM.
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Two weeks post-instillations, the LPS group (3.25 + 0.25) entered the novel
object zone fewer times than the sham group (4.67 + 1.45), however no significance
difference was recorded (Figure 12A).

The LPS group elicited, also, significantly more time (30.58s £+ 6.97; p=0.003)
to enter the novel object zone when compared to the sham group (3.93s £ 1.07) (Figure

12B).
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Figure 12. The LPS group had lower incidence of entries to the novel object zone
compared to the sham group.

(A)Two weeks post LPS injections, the LPS group entered the novel object zone fewer
time than the sham group, however no significance was recorded.

(B) The LPS group significantly took more time to enter the novel object zone when
compared to the sham group.

Unpaired t-test was used to assess significance between the groups (**p<0.01). Data is
expressed as mean + SEM.

3.3.2. Instillations of LPS significantly altered the rats’ performance in Y-
magze test

During the short-term period, the LPS group (n=4) significantly spend less time
(33.08s £ 12.34; p<0.01) in the novel arm compared to the sham group (79.18s + 3.866;
n=5) and naive group (89.70s = 1.646; n=3) (Figure 13A).

The LPS group (193.1s + 57.64; p=0.019) showed to significantly spend more

time in the start arm compared to the sham group (42.62s + 5.966) (Figure 13B).
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Also, the LPS group significantly displayed lower incidence of entries (2.75 +
1.03; p=0.0019) to the novel arm compared to both the sham group (7.00 + 0.32) and

the naive group (7.33 £ 0.67) (Figure 13C).

During the long-term period after LPS instillations, no comparable difference is
displayed in the time spent in the novel arm between the LPS group (78.5s + 10.65;

n=3) and sham group (91.95s + 1.91; n=3) (Figure 13D).
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Figure 13. Y-Maze test elicits significant alteration in the behavior of LPS injected
rats.

(A) The LPS group spent less time in the novel arm compared to the sham group and
the naive group.

(B) The LPS group spent more time in the start arm compared to the sham group and
the naive group.

(C) The LPS group entered the novel arm less frequently compared to the sham group
and the naive group.

(D) During the long-term period, no significance in the time spent in the novel arm was
displayed between the LPS group and sham group.

Ordinary one-way ANOVA followed by Tukey-Kramer’s multiple comparison test and
unpaired t-test were used to assess significance between the groups (*p<0.05,
**p<0.01). Data is expressed as mean + SEM.
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3.3.3. Instillations of LPS into the urinary bladder show alterations in the
rats’ behavior in the EPM test

The EPM test was done between 3-4 weeks post LPS instillations in order to
avoid long term adjustment of the rats.

The LPS group (n=3) showed, significantly, fewer entries to the open arms
fewer times (3.00 £ 0.57; p=0.05) than the sham group (6.66 = 0.33; n=3) (Figure 14A).

Also, the LPS group was recorded to spend less time (43.70s £ 22.5) in the open

arms than the sham group (71.5s £ 9.12) (Figure 14B).
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Figure 14. The LPS group displayed lower incidence of entries and less time spent
in the open arms compared to the sham group.

(A) The LPS group entered the open arms fewer times compared to the sham group.
(B) The LPS group spent less time in the open arms than the sham group.

Unpaired t-test was used to assess significance between the groups. Data is expressed as
mean + SEM.
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3.4. LPS instillation and Hippocampal neural stem cells proliferation and
neurogenesis

3.4.1. LPS instillations in the urinary bladder significantly decreased the
proliferation of neural stem cells

BrdU positive cells were counted in hippocampal brain sections to analyze the
effect of four instillations of LPS on proliferation of NSCs in the DG. The naive group
and sham group were pooled together due to the limiting number of rats. The LPS-
injected group showed a significantly lower number of BrdU positive cells (4761 +
181.8 cells; p=0.0048) compared to that of the naive/sham group (9168 + 1472 cells)

(Figure 15A).
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Figure 15. Urinary bladder inflammation induced significant decrease in neuronal
stem cells proliferation.

(A) The number of BrdU positive cells in the LPS group (n=5) was significantly less
than the naive/sham group (n=6). Unpaired t-test was used to assess significance
between the groups. (**p<0.01). Data are expressed as mean = SEM

(B) Representative confocal images showing immunofluorescence labeling of NeuN
(green) and BrdU (red) in the DG of the naive, sham, and LPS group. Images were
taken using Z stacks and tile scan with 40X-oil objective.
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3.4.2. LPS instillations in the urinary bladder significantly decreased the
number of neural stem cells

Four weeks post LPS instillations, the number of NeuN-BrdU positive cells in
the LPS group (n=5) was significantly lower (3068 + 280 cells; p=0.019) compared to

the naive/sham group (4149 + 347 cells; n=6) (Figure 16A).
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Figure 16. Decrease in the neurogenesis of DG NSCs after LPS instillations.

(A) The number of BrdU positive cells in the LPS group was significantly less than the
control/sham group. Unpaired t-test was used to assess significance between the groups
Data are expressed as mean + SEM

(B). Representative confocal images showing immunofluorescence labeling of NeuN
(green) and BrdU (red) in the DG of the naive, sham, and LPS groups. Images were
taken using Z stacks and tile scan with 40X-oil objective.
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3.5. Effect of LPS instillations on cytokines and neurotrophic factors in the
hippocampus

The mRNA levels of IL-1B (1.51 + 0.19) in the hippocampi of rats with LPS
instillation were significantly (p=0.038) higher than that observed in the sham group
(0.85+0.15) (Figure 17A).

The mRNA levels of IL-6, IL-8, and COX-2, in the hippocampus of the LPS
group (1.50 £0.35; 3.27 £ 1.33; 1.49 + 0.49; respectively) were higher than that of the
sham group (1.04 = 0.21; 1.54 + 0.68; 1.04 = 0.17; respectively) (Figure 17B, D, E).

No comparable difference was observed in the mRNA levels of TNF-a between
the sham group (1.09 + 0.28) and the LPS group (1.20 £ 0.18) (Figure 17C)

The mRNA levels of BDNF (0.76 £ 0.18) in the hippocampus of the LPS group

were comparable to that of the sham group (1.06 + 0.22) (Figure 17F).
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Figure 17. Instillations of LPS increases the mRNA levels of certain cytokines in
the hippocampus.
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(A) The mRNA levels of IL-1p in the hippocampus in the LPS group (n=4) is
significantly higher than that of the sham group (n=4).

(B, D, E) The mRNA levels of IL-6, COX-2, and IL-8 in the hippocampus in the
LPS group were higher than that of the sham group.

(C) No difference is seen in the mRNA level of TNF-a between the sham group and
the LPS group.

(F) The mRNA levels of BDNF in the hippocampus in the LPS group is lower than
that of the sham group.

Unpaired t-test was used to assess significance between the groups (*p<0.05). Data
is expressed as mean + SEM.
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CHAPTER 4

DISCUSSION

In this study, we hypothesized that chronic intraurethral instillations of LPS into
the bladder would influence the proliferation and neurogenesis of neural stem cells.
Consequently, we sought to investigate any potential association between these effects
and the cognitive abilities of the rats. In fact, the present work was based on data from
two previous research studies, recently done by our group. The first one showed that
infection induced by instillation of E.Coli in the urinary bladder of rats led to an
inflammation in the urinary tract and ultimately decreased neurogenesis (Batoul
Darwish et al., 2022). The second showed that a single intraurethral instillation of LPS
(acute inflammation) could have a potential effect on NSC proliferation (Arnaout,
2022). As mentioned in the Materials and Methods section, we followed an LPS-
induced cystitis model (Yoshizumi et al., 2021) on male rats with modifications
including the dosage given and repetitive daily injections (over 4 days) aiming to
simulate sustained inflammation.

Here, we present evidence that four LPS instillations caused inflammation in the
bladder and a significant decrease in the proliferation and neurogenesis of neural stem
cells in the DG of the hippocampus. Additionally, an alteration in the expression of
trophic and inflammatory markers such as BDNF, IL-8, IL-6, IL-1p, TNF-a, and COX-
2 was observed in different tissues, namely, hippocampus and urinary bladder. These
changes were paralleled by an overt disruption in the performance of rats in several

behavioral tests.
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Two groups of results provide confirmation of urinary bladder inflammation.
The first is the thermal hypersensitivity of the skin of the lower abdomen, reflecting
hyperalgesia referred to this area of the skin due to inflammation of urothelium, that is a
well-documented syndrome known as cystitis (Yoshizumi et al., 2021). The
hyperalgesia, maintained throughout the observation period of 30 days, may reflect the
persistence of inflammation. The second is the increased level of expression of
inflammatory marker observed in the bladder tissues sampled 5-6 days after starting
LPS instillation. The fact that increased expression of IL-1p and TNF-a did not reach
significance level can be explained by the early (30-60 minutes) and short-lived (<24 h)
increase of both cytokines following local injection of LPS or other irritants described
previously by several authors from our group (Saab et al., 2009; Saadé¢ et al., 2002;
Safieh-Garabedian et al., 1997). However, the maintained significant increase in the
mRNA expression of IL-6 and IL-8, can be considered as enough indication for the
maintained urinary bladder inflammation (Skelly et al., 2013).

The data we collected showed that the abdomen of the LPS group has become
more sensitized to the heat stimulus compared to the sham group over the acute and
long-term periods. Moreover, the mRNA levels of IL-6 and IL-8 in the bladder of the
LPS group were significantly higher than that of the sham group. These changes have
been observed before (Skelly et al., 2013) indicating that the induction of the chronic
inflammation was achieved.

We have also seen that the level of NSCs proliferation and neurogenesis in the
dentate gyrus of the hippocampus have been significantly affected by the intravesical
injections of LPS. These findings are consistent with previous studies linking reduction

in neurogenesis with either neuroinflammation induced by intracerebral LPS injection
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(Chamaa et al., 2018; Batoul Darwish et al., 2019) or with peripheral local and systemic
inflammation (Chesnokova et al., 2016; B. Darwish et al., 2022; Perez-Dominguez et
al., 2019; Valero et al., 2014) .

Our study attempted to correlate between the LPS-induced decrease in
neurogenesis and two major observations, based on two sets of results: first, the
reported changes in mRNA expression in the hippocampus, and second, the alterations
of rats’ performance in behavioral tests.

First, two out of the cytokines and neurotrophic factors elicited significant
differences in their mRNA expression in the hippocampus of LPS-injected rats, IL-18
and BDNF mRNA expression levels. IL-1f is vital for normal regulation of
hippocampal plasticity and memory as well as neuronal differentiation (Labrousse et al.,
2009; Takemiya et al., 2017). On the other hand, increase in the levels of IL-1f in the
brain, namely, hippocampus, has previously been shown to impair hippocampal
dependent learning and synaptic plasticity (Gibertini et al., 1995; Hein et al., 2010;
Moore et al., 2009). Previous studies have shown significant increase of
proinflammatory cytokines in parallel with a significant decrease of trophic factors
expression (BDNF and GDNF) and hippocampal neurogenesis following intracerebral
injections of LPS (Chamaa et al., 2018; B. Darwish et al., 2019; Safieh-Garabedian et
al., 2003). However, apart from a universal consensus about a basal expression of
cytokines and trophic factors in the CNS under normal conditions, discrepancies are
shown in the intensity (significance) of changes and distribution in the CNS of these
markers following peripheral inflammation induced by LPS and other irritants or
pathological conditions (Al-Amin et al., 2011; B. Darwish et al., 2022; Safieh-Garabedian

et al., 2002)
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Second, possible correlation between rats’ performance in cognitive behavioral
tests with either pain or decreased hippocampal neurogenesis was envisaged in several
tests. After four LPS instillations, the LPS group showed that spatial memory was
significantly affected in the Y-maze test. This result was previously reported by our
group (Farah Chamaa et al., 2021). Moreover, after two weeks of LPS instillations, the
rats’ novelty memory in the NOR test has been affected as the LPS group took more
time to enter the novel object zone when compared to the sham group. These findings
supported by the decreased levels of BDNF in the LPS group might explain the results
observed in the behavioral test, as BDNF plays a role in learning and memory (Eu et al.,
2021; Miranda et al., 2019). Moreover the decreased number of BrdU™® cells in the
hippocampus have also been associated with decrease performance in behavioral test.
(B. Darwish et al., 2022).

The spontaneous motor behavior of the rats in the open field test was affected
where the LPS group displayed a significant difference in the number of entries to the
central zone and spent less time in it compared to the sham group. Furthermore, upon
subjecting individual rats to the EPM test, we saw that the LPS group entered
significantly fewer times into the open arms compared to the naive group suggesting an
increase in the rats’ anxiety-like behaviors. Pain from inflammation has been associated
with increased anxiety-like behaviors (Spinieli et al., 2022) explaining the results of the
EPM and Open field test. This study sheds light on the effects of chronic peripheral
inflammations on the brain, cognition, behavior, and hippocampal neurogenesis of rats.
The hippocampus is shown to be a crucial region of the brain involved in the processing
of pain where various evidence shows altered hippocampal plasticity and cytokine

expression in chronic pain animal models (Apkarian et al., 2016; Sarkis et al., 2011).
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One limitation of the study is the sample size as it should be increased to reduce
variability for a better depiction of the results. Further work needs to be done to get a
better understanding of the influence of UTI-like inflammations on the brain. For
instance, adjusting the LPS dosage administered in the rats might unveil a more
significant impact on the rat’s cognitive abilities, proliferation, neurogenesis, and their
corresponding neurotrophins and inflammatory markers. Moreover, the model used can
be divided into female and male groups of rats to study further the effect of peripheral
inflammation in both genders, aiming to study the gender dynamics and eliminate any
biases that could affect the accuracy of the work. Finally, additional analysis of the
tissues could offer a more distinct understanding of the pathways implicated as well as
the inflammatory markers at play during instances of inflammation.

In conclusion, this study presented data that repetitive intravesical injections of
LPS affected the thermal sensitivity, spatial reference memory, novelty memory, and
exploratory behavior of rats. It also showed significant increase in the mRNA levels of
IL-1P in the hippocampus and IL-8 and IL-6 in the bladder. Further investigations need
to be done for a better understanding of the influence of UTI-like inflammations on the

hippocampal functions and expression of inflammatory mediators.

62



REFERENCES

Al-Amin, H., Sarkis, R., Atweh, S., Jabbur, S., & Saadé, N. (2011). Chronic dizocilpine
or apomorphine and development of neuropathy in two animal models II: effects
on brain cytokines and neurotrophins. Exp Neurol, 228(1), 30-40.
https://doi.org/10.1016/j.expneurol.2010.11.005

Ali, A. A. H., & von Gall, C. (2022). Adult Neurogenesis under Control of the
Circadian System. Cells, 11(5). https://doi.org/10.3390/cells11050764

Altman, J. (1969). Autoradiographic and histological studies of postnatal neurogenesis.
IV. Cell proliferation and migration in the anterior forebrain, with special
reference to persisting neurogenesis in the olfactory bulb. Journal of
Comparative Neurology, 137(4), 433-457.
https://doi.org/https://doi.org/10.1002/cne.901370404

Altman, J., & Das, G. D. (1965). Autoradiographic and histological evidence of
postnatal hippocampal neurogenesis in rats. J Comp Neurol, 124(3), 319-335.
https://doi.org/10.1002/cne.901240303

Apkarian, A. V., Mutso, A. A., Centeno, M. V., Kan, L., Wu, M., Levinstein, M.,
Banisadr, G., Gobeske, K. T., Miller, R. J., Radulovic, J., Hen, R., & Kessler, J.
A. (2016). Role of adult hippocampal neurogenesis in persistent pain. Pain,
157(2), 418-428. https://doi.org/10.1097/1.pain.0000000000000332

Arnaout, R. (2022). STUDYING THE EFFECTS OF PERIPHERAL
INFLAMMATION, SPECIFICALLY URINARY TRACT INFECTIONS, ON
NEURPLASTICITY

Bastos, G. N., Moriya, T., Inui, F., Katura, T., & Nakahata, N. (2008). Involvement of
cyclooxygenase-2 in lipopolysaccharide-induced impairment of the newborn
cell survival in the adult mouse dentate gyrus. Neuroscience, 155(2), 454-462.
https://doi.org/10.1016/j.neuroscience.2008.06.020

Bath, K. G., & Lee, F. S. (2010). Neurotrophic factor control of adult SVZ
neurogenesis. Dev Neurobiol, 70(5), 339-349.
https://doi.org/10.1002/dneu.20781

Bathina, S., & Das, U. N. (2015). Brain-derived neurotrophic factor and its clinical
implications. Arch Med Sci, 11(6), 1164-1178.
https://doi.org/10.5114/a0ms.2015.56342

Batista, C. R. A., Gomes, G. F., Candelario-Jalil, E., Fiebich, B. L., & de Oliveira, A. C.
P. (2019). Lipopolysaccharide-Induced Neuroinflammation as a Bridge to
Understand Neurodegeneration. Int J Mol Sci, 20(9).
https://doi.org/10.3390/ijms20092293

Beenken, A., & Mohammadi, M. (2009). The FGF family: biology, pathophysiology
and therapy. Nature Reviews Drug Discovery, 8(3), 235-253.
https://doi.org/10.1038/nrd2792

Ben-Hur, T., Ben-Menachem, O., Furer, V., Einstein, O., Mizrachi-Kol, R., &
Grigoriadis, N. (2003). Effects of proinflammatory cytokines on the growth,
fate, and motility of multipotential neural precursor cells. Mol Cell Neurosci,
24(3), 623-631. https://doi.org/10.1016/s1044-7431(03)00218-5

Bengzon, J., Kokaia, Z., Elmér, E., Nanobashvili, A., Kokaia, M., & Lindvall, O.
(1997). Apoptosis and proliferation of dentate gyrus neurons after single and

63


https://doi.org/10.1016/j.expneurol.2010.11.005
https://doi.org/10.3390/cells11050764
https://doi.org/https:/doi.org/10.1002/cne.901370404
https://doi.org/10.1002/cne.901240303
https://doi.org/10.1097/j.pain.0000000000000332
https://doi.org/10.1016/j.neuroscience.2008.06.020
https://doi.org/10.1002/dneu.20781
https://doi.org/10.5114/aoms.2015.56342
https://doi.org/10.3390/ijms20092293
https://doi.org/10.1038/nrd2792
https://doi.org/10.1016/s1044-7431(03)00218-5

intermittent limbic seizures. Proc Natl Acad Sci U S A4, 94(19), 10432-10437.
https://doi.org/10.1073/pnas.94.19.10432

Bjornsson, C. S., Apostolopoulou, M., Tian, Y., & Temple, S. (2015). It takes a village:
constructing the neurogenic niche. Dev Cell, 32(4), 435-446.
https://doi.org/10.1016/j.devcel.2015.01.010

Bonaguidi, M. A., Song, J., Ming, G. L., & Song, H. (2012). A unifying hypothesis on
mammalian neural stem cell properties in the adult hippocampus. Curr Opin
Neurobiol, 22(5), 754-761. https://doi.org/10.1016/j.conb.2012.03.013

Borsini, A., Zunszain, P. A., Thuret, S., & Pariante, C. M. (2015). The role of
inflammatory cytokines as key modulators of neurogenesis. Trends Neurosci,
38(3), 145-157. https://doi.org/10.1016/1.tins.2014.12.006

Carlén, M., Cassidy, R. M., Brismar, H., Smith, G. A., Enquist, L. W., & Frisén, J.
(2002). Functional integration of adult-born neurons. Curr Biol, 12(7), 606-608.
https://doi.org/10.1016/s0960-9822(02)00771-6

Catlow, B. J., Jalloh, A., & Sanchez-Ramos, J. (2016). Chapter 77 - Hippocampal
Neurogenesis: Effects of Psychedelic Drugs. In V. R. Preedy (Ed.),
Neuropathology of Drug Addictions and Substance Misuse (pp. 821-831).
Academic Press. https://doi.org/https://doi.org/10.1016/B978-0-12-800212-
4.00077-7

Cerejeira, J., Lagarto, L., & Mukaetova-Ladinska, E. B. (2014). The immunology of
delirium. Neuroimmunomodulation, 21(2-3), 72-78.
https://doi.org/10.1159/000356526

Chamaa, F., Bitar, L., Darwish, B., Saade, N. E., & Abou-Kheir, W. (2018).
Intracerebroventricular injections of endotoxin (ET) reduces hippocampal
neurogenesis. J Neuroimmunol, 315, 58-67.
https://doi.org/10.1016/j.jneuroim.2017.12.013

Chamaa, F., Darwish, B., Nahas, Z., Al-Chaer, E. D., Saadé, N. E., & Abou-Kheir, W.
(2021). Long-term stimulation of the anteromedial thalamus increases
hippocampal neurogenesis and spatial reference memory in adult rats. Behav
Brain Res, 402, 113114. https://doi.org/10.1016/].bbr.2021.113114

Chamaa, F., Darwish, B., Saadé, N. E., & Abou-Kheir, W. (2021). Assessment of Adult
Hippocampal Neurogenesis: Implication for Neurodegenerative Diseases and
Neurological Disorders. In M. Fakhoury (Ed.), The Brain Reward System (pp.
77-92). Springer US. https://doi.org/10.1007/978-1-0716-1146-3 4

Chamaa, F., Sweidan, W., Nahas, Z., Saade, N., & Abou-Kheir, W. (2016). Thalamic
Stimulation in Awake Rats Induces Neurogenesis in the Hippocampal
Formation. Brain Stimul, 9(1), 101-108.
https://doi.org/10.1016/1.brs.2015.09.006

Chesnokova, V., Pechnick, R. N., & Wawrowsky, K. (2016). Chronic peripheral
inflammation, hippocampal neurogenesis, and behavior. Brain Behav Immun,
58, 1-8. https://doi.org/10.1016/1.bbi.2016.01.017

Chesworth, R., Watt, G., & Karl, T. (2018). Chapter 31 - Cannabinoid Modulation of
Object Recognition and Location Memory—A Preclinical Assessment. In A.
Ennaceur & M. A. de Souza Silva (Eds.), Handbook of Behavioral Neuroscience
(Vol. 27, pp. 461-488). Elsevier. https://doi.org/https://doi.org/10.1016/B978-0-
12-812012-5.00031-8

64


https://doi.org/10.1073/pnas.94.19.10432
https://doi.org/10.1016/j.devcel.2015.01.010
https://doi.org/10.1016/j.conb.2012.03.013
https://doi.org/10.1016/j.tins.2014.12.006
https://doi.org/10.1016/s0960-9822(02)00771-6
https://doi.org/https:/doi.org/10.1016/B978-0-12-800212-4.00077-7
https://doi.org/https:/doi.org/10.1016/B978-0-12-800212-4.00077-7
https://doi.org/10.1159/000356526
https://doi.org/10.1016/j.jneuroim.2017.12.013
https://doi.org/10.1016/j.bbr.2021.113114
https://doi.org/10.1007/978-1-0716-1146-3_4
https://doi.org/10.1016/j.brs.2015.09.006
https://doi.org/10.1016/j.bbi.2016.01.017
https://doi.org/https:/doi.org/10.1016/B978-0-12-812012-5.00031-8
https://doi.org/https:/doi.org/10.1016/B978-0-12-812012-5.00031-8

Cooper-Kuhn, C. M., Winkler, J., & Kuhn, H. G. (2004). Decreased neurogenesis after
cholinergic forebrain lesion in the adult rat. J Neurosci Res, 77(2), 155-165.
https://doi.org/10.1002/jnr.20116

Costa, V., Lugert, S., & Jagasia, R. (2015). Role of adult hippocampal neurogenesis in
cognition in physiology and disease: pharmacological targets and biomarkers.
Handb Exp Pharmacol, 228, 99-155. https://doi.org/10.1007/978-3-319-16522-
6 4

Cutolo, M., Soldano, S., & Smith, V. (2019). Pathophysiology of systemic sclerosis:
current understanding and new insights. Expert Rev Clin Immunol, 15(7), 753-
764. https://doi.org/10.1080/1744666x.2019.1614915

D'Mello, C., Le, T., & Swain, M. G. (2009). Cerebral microglia recruit monocytes into
the brain in response to tumor necrosis factoralpha signaling during peripheral
organ inflammation. J Neurosci, 29(7), 2089-2102.
https://doi.org/10.1523/jneurosci.3567-08.2009

Dantzer, R., O'Connor, J. C., Freund, G. G., Johnson, R. W., & Kelley, K. W. (2008).
From inflammation to sickness and depression: when the immune system
subjugates the brain. Nat Rev Neurosci, 9(1), 46-56.
https://doi.org/10.1038/nrn2297

Darwish, B., Chamaa, F., Al-Chaer, E. D., Saade, N. E., & Abou-Kheir, W. (2019).
Intranigral Injection of Endotoxin Suppresses Proliferation of Hippocampal
Progenitor Cells. Front Neurosci, 13, 687.
https://doi.org/10.3389/tnins.2019.00687

Darwish, B., Chamaa, F., Al-Chaer, E. D., Saadé, N. E., & Abou-Kheir, W. (2019).
Intranigral Injection of Endotoxin Suppresses Proliferation of Hippocampal
Progenitor Cells [Original Research). Frontiers in Neuroscience, 13.
https://doi.org/10.3389/fnins.2019.00687

Darwish, B., Chamaa, F., Awada, B., Lawand, N., Saade, N. E., Abou Fayad, A. G., &
Abou-Kheir, W. (2022). Urinary Tract Infections Impair Adult Hippocampal
Neurogenesis. Biology (Basel), 11(6). https://doi.org/10.3390/biology 11060891

Darwish, B., Chamaa, F., Awada, B., Lawand, N., Saad¢, N. E., Abou Fayad, A. G., &
Abou-Kheir, W. (2022). Urinary Tract Infections Impair Adult Hippocampal
Neurogenesis. Biology, 11(6), 891.
https://doi.org/https://doi.org/10.3390/biology 11060891

Dayer, A. G., Ford, A. A., Cleaver, K. M., Yassaee, M., & Cameron, H. A. (2003).
Short-term and long-term survival of new neurons in the rat dentate gyrus. J
Comp Neurol, 460(4), 563-572. https://doi.org/10.1002/cne.10675

Deng, W., Aimone, J. B., & Gage, F. H. (2010). New neurons and new memories: how
does adult hippocampal neurogenesis affect learning and memory? Nat Rev
Neurosci, 11(5), 339-350. https://doi.org/10.1038/nrn2822

Dominguez-Escriba, L., Hernandez-Rabaza, V., Soriano-Navarro, M., Barcia, J. A.,
Romero, F. J., Garcia-Verdugo, J. M., & Canales, J. J. (2006). Chronic cocaine
exposure impairs progenitor proliferation but spares survival and maturation of
neural precursors in adult rat dentate gyrus. Eur J Neurosci, 24(2), 586-594.
https://doi.org/10.1111/j.1460-9568.2006.04924.x

Draganski, B., Gaser, C., Busch, V., Schuierer, G., Bogdahn, U., & May, A. (2004).
Changes in grey matter induced by training. Nature, 427(6972), 311-312.
https://doi.org/10.1038/427311a

65


https://doi.org/10.1002/jnr.20116
https://doi.org/10.1007/978-3-319-16522-6_4
https://doi.org/10.1007/978-3-319-16522-6_4
https://doi.org/10.1080/1744666x.2019.1614915
https://doi.org/10.1523/jneurosci.3567-08.2009
https://doi.org/10.1038/nrn2297
https://doi.org/10.3389/fnins.2019.00687
https://doi.org/10.3389/fnins.2019.00687
https://doi.org/10.3390/biology11060891
https://doi.org/https:/doi.org/10.3390/biology11060891
https://doi.org/10.1002/cne.10675
https://doi.org/10.1038/nrn2822
https://doi.org/10.1111/j.1460-9568.2006.04924.x
https://doi.org/10.1038/427311a

Dreyfus, C. F. (1989). Effects of nerve growth factor on cholinergic brain neurons.
Trends Pharmacol Sci, 10(4), 145-149. https://doi.org/10.1016/0165-
6147(89)90166-1

Duan, X., Chang, J. H., Ge, S., Faulkner, R. L., Kim, J. Y., Kitabatake, Y., Liu, X. B.,
Yang, C. H., Jordan, J. D., Ma, D. K., Liu, C. Y., Ganesan, S., Cheng, H. J.,
Ming, G. L., Lu, B., & Song, H. (2007). Disrupted-In-Schizophrenia 1 regulates
integration of newly generated neurons in the adult brain. Cell, 130(6), 1146-
1158. https://doi.org/10.1016/j.cell.2007.07.010

Duh, K., Funaro, M. G., DeGouveia, W., Bahlani, S., Pappas, D., Najjar, S., Tabansky,
I., Moldwin, R., & Stern, J. N. H. (2018). Crosstalk between the immune system
and neural pathways in interstitial cystitis/bladder pain syndrome. Discov Med,
25(139), 243-250.

Dupret, D., Fabre, A., Dobrossy, M. D., Panatier, A., Rodriguez, J. J., Lamarque, S.,
Lemaire, V., Oliet, S. H., Piazza, P. V., & Abrous, D. N. (2007). Spatial learning
depends on both the addition and removal of new hippocampal neurons. PLoS
Biol, 5(8), e214. https://doi.org/10.1371/journal.pbio.0050214

Ekdahl, C. T., Claasen, J. H., Bonde, S., Kokaia, Z., & Lindvall, O. (2003).
Inflammation is detrimental for neurogenesis in adult brain. Proc Natl Acad Sci
US A4, 100(23), 13632-13637. https://doi.org/10.1073/pnas.2234031100

Ekonomou, A., Cedar, S. H., Ballard, C., & Minger, S. (2008). Stem-cells: Prospects for
treating dementia. British Journal of Neuroscience Nursing, 4, 220-222.
https://doi.org/10.12968/bjnn.2008.4.5.29320

Engert, F., & Bonhoeffer, T. (1999). Dendritic spine changes associated with
hippocampal long-term synaptic plasticity. Nature, 399(6731), 66-70.
https://doi.org/10.1038/19978

Eriksson, P. S., Perfilieva, E., Bjork-Eriksson, T., Alborn, A. M., Nordborg, C.,
Peterson, D. A., & Gage, F. H. (1998). Neurogenesis in the adult human
hippocampus. Nat Med, 4(11), 1313-1317. https://doi.org/10.1038/3305

Escobar, M. L., & Derrick, B. (2007). Frontiers in Neuroscience

Long-Term Potentiation and Depression as Putative Mechanisms for Memory
Formation. In F. Bermtudez-Rattoni (Ed.), Neural Plasticity and Memory: From
Genes to Brain Imaging. CRC Press/Taylor & Francis

Copyright © 2007, Taylor & Francis Group, LLC.

Eu, W. Z., Chen, Y. J., Chen, W. T., Wu, K. Y., Tsai, C. Y., Cheng, S. J., Carter, R. N.,
& Huang, G. J. (2021). The effect of nerve growth factor on supporting spatial
memory depends upon hippocampal cholinergic innervation. Transl Psychiatry,
11(1), 162. https://doi.org/10.1038/s41398-021-01280-3

Fan, L. W., Tien, L. T., Zheng, B., Pang, Y., Lin, R. C., Simpson, K. L., Ma, T.,
Rhodes, P. G., & Cai, Z. (2011). Dopaminergic neuronal injury in the adult rat
brain following neonatal exposure to lipopolysaccharide and the silent
neurotoxicity. Brain Behav Immun, 25(2), 286-297.
https://doi.org/10.1016/5.bbi.2010.09.020

Fu, X., Zunich, S. M., O'Connor, J. C., Kavelaars, A., Dantzer, R., & Kelley, K. W.
(2010). Central administration of lipopolysaccharide induces depressive-like
behavior in vivo and activates brain indoleamine 2,3 dioxygenase in murine
organotypic hippocampal slice cultures. J Neuroinflammation, 7, 43.
https://doi.org/10.1186/1742-2094-7-43

66


https://doi.org/10.1016/0165-6147(89)90166-1
https://doi.org/10.1016/0165-6147(89)90166-1
https://doi.org/10.1016/j.cell.2007.07.010
https://doi.org/10.1371/journal.pbio.0050214
https://doi.org/10.1073/pnas.2234031100
https://doi.org/10.12968/bjnn.2008.4.5.29320
https://doi.org/10.1038/19978
https://doi.org/10.1038/3305
https://doi.org/10.1038/s41398-021-01280-3
https://doi.org/10.1016/j.bbi.2010.09.020
https://doi.org/10.1186/1742-2094-7-43

Fujioka, H., & Akema, T. (2010). Lipopolysaccharide acutely inhibits proliferation of
neural precursor cells in the dentate gyrus in adult rats. Brain Res, 1352, 35-42.
https://doi.org/10.1016/j.brainres.2010.07.032

Fuster-Matanzo, A., Llorens-Martin, M., Hernandez, F., & Avila, J. (2013). Role of
neuroinflammation in adult neurogenesis and Alzheimer disease: therapeutic
approaches. Mediators Inflamm, 2013, 260925.
https://doi.org/10.1155/2013/260925

Gampierakis, 1.-A., Koutmani, Y., Semitekolou, M., Morianos, 1., Polissidis, A.,
Katsouda, A., Charalampopoulos, I., Xanthou, G., Gravanis, A., & Karalis, K. P.
(2021). Hippocampal neural stem cells and microglia response to experimental
inflammatory bowel disease (IBD). Molecular Psychiatry, 26(4), 1248-1263.
https://doi.org/10.1038/s41380-020-0651-6

Ge, S., Yang, C. H., Hsu, K. S., Ming, G. L., & Song, H. (2007). A critical period for
enhanced synaptic plasticity in newly generated neurons of the adult brain.
Neuron, 54(4), 559-566. https://doi.org/10.1016/j.neuron.2007.05.002

Gibertini, M., Newton, C., Friedman, H., & Klein, T. W. (1995). Spatial learning
impairment in mice infected with Legionella pneumophila or administered
exogenous interleukin-1-beta. Brain Behav Immun, 9(2), 113-128.
https://doi.org/10.1006/brbi.1995.1012

Gongalves, J. T., Schafer, S. T., & Gage, F. H. (2016). Adult Neurogenesis in the
Hippocampus: From Stem Cells to Behavior. Cell, 167(4), 897-914.
https://doi.org/10.1016/j.cell.2016.10.021

Gundersen, H. J., Jensen, E. B., Kiéu, K., & Nielsen, J. (1999). The efficiency of
systematic sampling in stereology--reconsidered. J Microsc, 193(Pt 3), 199-211.
https://doi.org/10.1046/j.1365-2818.1999.00457.x

Hastings, N. B., & Gould, E. (1999). Rapid extension of axons into the CA3 region by
adult-generated granule cells. J Comp Neurol, 413(1), 146-154.
https://doi.org/10.1002/(sici)1096-9861(19991011)413:1<146::aid-
cnel0>3.0.co;2-b

Hauss-Wegrzyniak, B., Dobrzanski, P., Stoehr, J. D., & Wenk, G. L. (1998). Chronic
neuroinflammation in rats reproduces components of the neurobiology of
Alzheimer's disease. Brain Res, 780(2), 294-303. https://doi.org/10.1016/s0006-
8993(97)01215-8

Hein, A. M., Stasko, M. R., Matousek, S. B., Scott-McKean, J. J., Maier, S. F.,
Olschowka, J. A., Costa, A. C., & O'Banion, M. K. (2010). Sustained
hippocampal IL-1beta overexpression impairs contextual and spatial memory in
transgenic mice. Brain Behav Immun, 24(2), 243-253.
https://doi.org/10.1016/1.bbi.2009.10.002

Hickey, W. F. (1999). Leukocyte traffic in the central nervous system: the participants
and their roles. Semin Immunol, 11(2), 125-137.
https://doi.org/10.1006/smim.1999.0168

Hou, M., Wang, S., Yu, D., Lu, X., Zhao, X., Chen, Z., & Yan, C. (2022). Cannabidiol
prevents depressive-like behaviors through the modulation of neural stem cell
differentiation. Front Med, 16(2), 227-239. https://doi.org/10.1007/s11684-021-
0896-8

Huang, G. J., Ben-David, E., Tort Piella, A., Edwards, A., Flint, J., & Shifman, S.
(2012). Neurogenomic evidence for a shared mechanism of the antidepressant

67


https://doi.org/10.1016/j.brainres.2010.07.032
https://doi.org/10.1155/2013/260925
https://doi.org/10.1038/s41380-020-0651-6
https://doi.org/10.1016/j.neuron.2007.05.002
https://doi.org/10.1006/brbi.1995.1012
https://doi.org/10.1016/j.cell.2016.10.021
https://doi.org/10.1046/j.1365-2818.1999.00457.x
https://doi.org/10.1002/(sici)1096-9861(19991011)413:1
https://doi.org/10.1016/s0006-8993(97)01215-8
https://doi.org/10.1016/s0006-8993(97)01215-8
https://doi.org/10.1016/j.bbi.2009.10.002
https://doi.org/10.1006/smim.1999.0168
https://doi.org/10.1007/s11684-021-0896-8
https://doi.org/10.1007/s11684-021-0896-8

effects of exercise and chronic fluoxetine in mice. PLoS One, 7(4), €35901.
https://doi.org/10.1371/journal.pone.0035901

Huang, X., Hussain, B., & Chang, J. (2021). Peripheral inflammation and blood-brain
barrier disruption: effects and mechanisms. CNS Neurosci Ther, 27(1), 36-47.
https://doi.org/10.1111/cns.13569

lIosif, R. E., Ekdahl, C. T., Ahlenius, H., Pronk, C. J., Bonde, S., Kokaia, Z., Jacobsen,
S. E., & Lindvall, O. (2006). Tumor necrosis factor receptor 1 is a negative
regulator of progenitor proliferation in adult hippocampal neurogenesis. J
Neurosci, 26(38), 9703-9712. https://doi.org/10.1523/jneurosci.2723-06.2006

Jessberger, S., & Gage, F. H. (2014). Adult neurogenesis: bridging the gap between
mice and humans. Trends Cell Biol, 24(10), 558-563.
https://doi.org/10.1016/j.tcb.2014.07.003

Jure, 1., De Nicola, A. F., Encinas, J. M., & Labombarda, F. (2022). Spinal Cord Injury
Leads to Hippocampal Glial Alterations and Neural Stem Cell Inactivation. Cell
Mol Neurobiol, 42(1), 197-215. https://doi.org/10.1007/s10571-020-00900-8

Jure, L., Pietranera, L., De Nicola, A. F., & Labombarda, F. (2017). Spinal Cord Injury
Impairs Neurogenesis and Induces Glial Reactivity in the Hippocampus.
Neurochem Res, 42(8), 2178-2190. https://doi.org/10.1007/s11064-017-2225-9

Kanaan, S. A., Saadé, N. E., Haddad, J. J., Abdelnoor, A. M., Atweh, S. F., Jabbur, S.
J., & Safieh-Garabedian, B. (1996). Endotoxin-induced local inflammation and
hyperalgesia in rats and mice: a new model for inflammatory pain. PAIN®,
66(2), 373-379. https://doi.org/https://doi.org/10.1016/0304-3959(96)03068-0

Kang, W., & Hébert, J. M. (2015). FGF Signaling Is Necessary for Neurogenesis in
Young Mice and Sufficient to Reverse Its Decline in Old Mice. J Neurosci,
35(28), 10217-10223. https://doi.org/10.1523/jneurosci.1469-15.2015

Kempermann, G., Gast, D., Kronenberg, G., Yamaguchi, M., & Gage, F. H. (2003).
Early determination and long-term persistence of adult-generated new neurons
in the hippocampus of mice. Development, 130(2), 391-399.
https://doi.org/10.1242/dev.00203

Kempermann, G., Song, H., & Gage, F. H. (2015). Neurogenesis in the Adult
Hippocampus. Cold Spring Harb Perspect Biol, 7(9), a018812.
https://doi.org/10.1101/cshperspect.a018812

Kempuraj, D., Thangavel, R., Selvakumar, G. P., Zaheer, S., Ahmed, M. E., Raikwar, S.
P., Zahoor, H., Saeed, D., Natteru, P. A., Iyer, S., & Zaheer, A. (2017). Brain
and Peripheral Atypical Inflammatory Mediators Potentiate Neuroinflammation
and Neurodegeneration [Review]. Frontiers in Cellular Neuroscience, 11.
https://doi.org/10.3389/fncel.2017.00216

Khakh, B. S., & Sofroniew, M. V. (2015). Diversity of astrocyte functions and
phenotypes in neural circuits. Nat Neurosci, 18(7), 942-952.
https://doi.org/10.1038/nn.4043

Kohman, R. A., & Rhodes, J. S. (2013). Neurogenesis, inflammation and behavior.
Brain Behav Immun, 27(1), 22-32. https://doi.org/10.1016/1.bb1.2012.09.003

Kolb, B., & Gibb, R. (2011). Brain plasticity and behaviour in the developing brain. J
Can Acad Child Adolesc Psychiatry, 20(4), 265-276.

Kumar, A., Pareek, V., Faiq, M. A., Ghosh, S. K., & Kumari, C. (2019). ADULT
NEUROGENESIS IN HUMANS: A Review of Basic Concepts, History,
Current Research, and Clinical Implications. /nnov Clin Neurosci, 16(5-6), 30-

68


https://doi.org/10.1371/journal.pone.0035901
https://doi.org/10.1111/cns.13569
https://doi.org/10.1523/jneurosci.2723-06.2006
https://doi.org/10.1016/j.tcb.2014.07.003
https://doi.org/10.1007/s10571-020-00900-8
https://doi.org/10.1007/s11064-017-2225-9
https://doi.org/https:/doi.org/10.1016/0304-3959(96)03068-0
https://doi.org/10.1523/jneurosci.1469-15.2015
https://doi.org/10.1242/dev.00203
https://doi.org/10.1101/cshperspect.a018812
https://doi.org/10.3389/fncel.2017.00216
https://doi.org/10.1038/nn.4043
https://doi.org/10.1016/j.bbi.2012.09.003

37. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6659986/pdf/icns 16 _5-
6_30.pdf

Kvajo, M., McKellar, H., Arguello, P. A., Drew, L. J., Moore, H., MacDermott, A. B.,
Karayiorgou, M., & Gogos, J. A. (2008). A mutation in mouse Discl that
models a schizophrenia risk allele leads to specific alterations in neuronal
architecture and cognition. Proc Natl Acad Sci U S A, 105(19), 7076-7081.
https://doi.org/10.1073/pnas.0802615105

Labrousse, V. F., Costes, L., Aubert, A., Darnaudéry, M., Ferreira, G., Amédée, T., &
Layé¢, S. (2009). Impaired interleukin-1beta and c-Fos expression in the
hippocampus is associated with a spatial memory deficit in P2X(7) receptor-
deficient mice. PLoS One, 4(6), €6006.
https://doi.org/10.1371/journal.pone.0006006

Lau, C. L., Perreau, V. M., Chen, M. J., Cate, H. S., Merlo, D., Cheung, N. S., O'Shea,
R. D., & Beart, P. M. (2012). Transcriptomic profiling of astrocytes treated with
the Rho kinase inhibitor fasudil reveals cytoskeletal and pro-survival responses.
J Cell Physiol, 227(3), 1199-1211. https://doi.org/10.1002/jcp.22838

Li, Y.-D., Luo, Y.-J., Chen, Z.-K., Quintanilla, L., Cherasse, Y., Zhang, L., Lazarus,
M., Huang, Z.-L., & Song, J. (2022). Hypothalamic modulation of adult
hippocampal neurogenesis in mice confers activity-dependent regulation of
memory and anxiety-like behavior. Nature Neuroscience, 25(5), 630-645.
https://doi.org/10.1038/s41593-022-01065-x

Liu, B. L., Yang, F., Zhan, H. L., Feng, Z. Y., Zhang, Z. G., Li, W. B., & Zhou, X. F.
(2014). Increased severity of inflammation correlates with elevated expression
of TRPV1 nerve fibers and nerve growth factor on interstitial cystitis/bladder
pain syndrome. Urol Int, 92(2), 202-208. https://doi.org/10.1159/000355175

Lois, C., & Alvarez-Buylla, A. (1994). Long-distance neuronal migration in the adult
mammalian brain. Science, 264(5162), 1145-1148.
https://doi.org/10.1126/science.8178174

Lossinsky, A. S., & Shivers, R. R. (2004). Structural pathways for macromolecular and
cellular transport across the blood-brain barrier during inflammatory conditions.
Review. Histol Histopathol, 19(2), 535-564. https://doi.org/10.14670/hh-19.535

Lucas, S.-M., Rothwell, N. J., & Gibson, R. M. (2006). The role of inflammation in
CNS injury and disease. British Journal of Pharmacology, 147(S1), S232-S240.
https://doi.org/https://doi.org/10.1038/s].bjp.0706400

Luskin, M. B. (1993). Restricted proliferation and migration of postnatally generated
neurons derived from the forebrain subventricular zone. Neuron, 11(1), 173-189.
https://doi.org/10.1016/0896-6273(93)90281-u

Lv, X., Ren, S. Q., Zhang, X. J., Shen, Z., Ghosh, T., Xianyu, A., Gao, P., Li, Z., Lin,
S., Yu, Y., Zhang, Q., Groszer, M., & Shi, S. H. (2019). TBR2 coordinates
neurogenesis expansion and precise microcircuit organization via Protocadherin
19 in the mammalian cortex. Nat Commun, 10(1), 3946.
https://doi.org/10.1038/s41467-019-11854-x

Makhija, K., & Karunakaran, S. (2013). The role of inflammatory cytokines on the
aetiopathogenesis of depression. Aust N Z J Psychiatry, 47(9), 828-839.
https://doi.org/10.1177/0004867413488220

Manepalli, J., Grossberg, G. T., & Mueller, C. (1990). Prevalence of delirium and
urinary tract infection in a psychogeriatric unit. J Geriatr Psychiatry Neurol,
3(4), 198-202. https://doi.org/10.1177/089198879000300404

69


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6659986/pdf/icns_16_5-6_30.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6659986/pdf/icns_16_5-6_30.pdf
https://doi.org/10.1073/pnas.0802615105
https://doi.org/10.1371/journal.pone.0006006
https://doi.org/10.1002/jcp.22838
https://doi.org/10.1038/s41593-022-01065-x
https://doi.org/10.1159/000355175
https://doi.org/10.1126/science.8178174
https://doi.org/10.14670/hh-19.535
https://doi.org/https:/doi.org/10.1038/sj.bjp.0706400
https://doi.org/10.1016/0896-6273(93)90281-u
https://doi.org/10.1038/s41467-019-11854-x
https://doi.org/10.1177/0004867413488220
https://doi.org/10.1177/089198879000300404

Mateos-Aparicio, P., & Rodriguez-Moreno, A. (2019). The Impact of Studying Brain
Plasticity. Front Cell Neurosci, 13, 66. https://doi.org/10.3389/fncel.2019.00066

Matsumura, K., & Kobayashi, S. (2004). Signaling the brain in inflammation: the role
of endothelial cells. Front Biosci, 9, 2819-2826. https://doi.org/10.2741/1439

Matsuzaki, M., Honkura, N., Ellis-Davies, G. C. R., & Kasai, H. (2004). Structural
basis of long-term potentiation in single dendritic spines. Nature, 429(6993),
761-766. https://doi.org/10.1038/nature02617

McAfoose, J., & Baune, B. T. (2009). Evidence for a cytokine model of cognitive
function. Neurosci Biobehav Rev, 33(3), 355-366.
https://doi.org/10.1016/j.neubiorev.2008.10.005

Mietto, B. S., Mostacada, K., & Martinez, A. M. (2015). Neurotrauma and
inflammation: CNS and PNS responses. Mediators Inflamm, 2015, 251204.
https://doi.org/10.1155/2015/251204

Milenkovic, V. M., Stanton, E. H., Nothdurfter, C., Rupprecht, R., & Wetzel, C. H.
(2019). The Role of Chemokines in the Pathophysiology of Major Depressive
Disorder. Int J Mol Sci, 20(9). https://doi.org/10.3390/ijms20092283

Miranda, M., Morici, J. F., Zanoni, M. B., & Bekinschtein, P. (2019). Brain-Derived
Neurotrophic Factor: A Key Molecule for Memory in the Healthy and the
Pathological Brain. Front Cell Neurosci, 13, 363.
https://doi.org/10.3389/fncel.2019.00363

Monje, M. L., Toda, H., & Palmer, T. D. (2003). Inflammatory blockade restores adult
hippocampal neurogenesis. Science, 302(5651), 1760-1765.
https://doi.org/10.1126/science.1088417

Moore, A. H., Wu, M., Shaftel, S. S., Graham, K. A., & O'Banion, M. K. (2009).
Sustained expression of interleukin-1beta in mouse hippocampus impairs spatial
memory. Neuroscience, 164(4), 1484-1495.
https://doi.org/10.1016/j.neuroscience.2009.08.073

More, S. V., Kumar, H., Kim, I. S., Song, S.-Y., & Choi, D.-K. (2013). Cellular and
Molecular Mediators of Neuroinflammation in the Pathogenesis of Parkinson’s
Disease. Mediators of Inflammation, 2013, 952375.
https://doi.org/10.1155/2013/952375

Négerl, U. V., Eberhorn, N., Cambridge, S. B., & Bonhoeffer, T. (2004). Bidirectional
Activity-Dependent Morphological Plasticity in Hippocampal Neurons. Neuron,
44(5), 759-767. https://doi.org/https://doi.org/10.1016/j.neuron.2004.11.016

Needham, E. J., Helmy, A., Zanier, E. R., Jones, J. L., Coles, A. J., & Menon, D. K.
(2019). The immunological response to traumatic brain injury. J Neuroimmunol,
332, 112-125. https://doi.org/10.1016/j.jneuroim.2019.04.005

Pahwa, R., Goyal, A., & Jialal, I. (2023). Chronic Inflammation. In StatPearls.
https://www.ncbi.nlm.nih.gov/pubmed/29630225

Pan, W., & Kastin, A. J. (2001). Upregulation of the transport system for TNFalpha at
the blood-brain barrier. Arch Physiol Biochem, 109(4), 350-353.
https://doi.org/10.1076/apab.109.4.350.4238

Paxinos, G., & Watson, C. (2006). The rat brain in stereotaxic coordinates: hard cover
edition. Elsevier.

Perez-Dominguez, M., Avila-Mufioz, E., Dominguez-Rivas, E., & Zepeda, A. (2019).
The detrimental effects of lipopolysaccharide-induced neuroinflammation on
adult hippocampal neurogenesis depend on the duration of the pro-inflammatory

70


https://doi.org/10.3389/fncel.2019.00066
https://doi.org/10.2741/1439
https://doi.org/10.1038/nature02617
https://doi.org/10.1016/j.neubiorev.2008.10.005
https://doi.org/10.1155/2015/251204
https://doi.org/10.3390/ijms20092283
https://doi.org/10.3389/fncel.2019.00363
https://doi.org/10.1126/science.1088417
https://doi.org/10.1016/j.neuroscience.2009.08.073
https://doi.org/10.1155/2013/952375
https://doi.org/https:/doi.org/10.1016/j.neuron.2004.11.016
https://doi.org/10.1016/j.jneuroim.2019.04.005
https://www.ncbi.nlm.nih.gov/pubmed/29630225
https://doi.org/10.1076/apab.109.4.350.4238

response. Neural Regen Res, 14(5), 817-825. https://doi.org/10.4103/1673-
5374.249229

Pliimpe, T., Ehninger, D., Steiner, B., Klempin, F., Jessberger, S., Brandt, M., Romer,
B., Rodriguez, G. R., Kronenberg, G., & Kempermann, G. (2006). Variability of
doublecortin-associated dendrite maturation in adult hippocampal neurogenesis
is independent of the regulation of precursor cell proliferation. BMC Neurosci,
7, 77. https://doi.org/10.1186/1471-2202-7-77

Prieur, E. A. K., & Jadavji, N. M. (2019). Assessing Spatial Working Memory Using
the Spontaneous Alternation Y-maze Test in Aged Male Mice. Bio Protoc, 9(3),
€3162. https://doi.org/10.21769/BioProtoc.3162

Saab, C. Y., Shamaa, F., El Sabban, M. E., Safieh-Garabedian, B., Jabbur, S. J., &
Saadé, N. E. (2009). Transient increase in cytokines and nerve growth factor in
the rat dorsal root ganglia after nerve lesion and peripheral inflammation. J
Neuroimmunol, 208(1-2), 94-103.
https://doi.org/10.1016/j.jneuroim.2009.01.011

Saadé, N. E., Massaad, C. A., Ochoa-Chaar, C. 1., Jabbur, S. J., Safieh-Garabedian, B.,
& Atweh, S. F. (2002). Upregulation of proinflammatory cytokines and nerve
growth factor by intraplantar injection of capsaicin in rats. The Journal of
Physiology, 545(1), 241-253.
https://doi.org/https://doi.org/10.1113/jphysi0l.2002.028233

Safieh-Garabedian, B., Kanaan, S. A., Haddad, J. J., Abou Jaoude, P., Jabbur, S. J., &
Saadé, N. E. (1997). Involvement of interleukin-1f, nerve growth factor and
prostaglandin E2 in endotoxin-induced localized inflammatory hyperalgesia.
British Journal of Pharmacology, 121(8), 1619-1626.
https://doi.org/https://doi.org/10.1038/sj.bjp.0701313

Safieh-Garabedian, B., Ochoa-Chaar, C. 1., Poole, S., Massaad, C. A., Atweh, S. F.,
Jabbur, S. J., & Saadé, N. E. (2003). Thymulin reverses inflammatory
hyperalgesia and modulates the increased concentration of proinflammatory
cytokines induced by i.c.v. endotoxin injection. Neuroscience, 121(4), 865-873.
https://doi.org/10.1016/s0306-4522(03)00500-1

Safieh-Garabedian, B., Poole, S., Haddad, J. J., Massaad, C. A., Jabbur, S. J., & Saadé,
N. E. (2002). The role of the sympathetic efferents in endotoxin-induced
localized inflammatory hyperalgesia and cytokine upregulation.
Neuropharmacology, 42(6), 864-872. https://doi.org/10.1016/s0028-
3908(02)00028-x

Sahay, A., Scobie, K. N., Hill, A. S., O'Carroll, C. M., Kheirbek, M. A., Burghardt, N.
S., Fenton, A. A., Dranovsky, A., & Hen, R. (2011). Increasing adult
hippocampal neurogenesis is sufficient to improve pattern separation. Nature,
472(7344), 466-470. https://doi.org/10.1038/nature09817

Saraiva, C., Barata-Antunes, S., Santos, T., Ferreiro, E., Cristovao, A. C., Serra-
Almeida, C., Ferreira, R., & Bernardino, L. (2019). Histamine modulates
hippocampal inflammation and neurogenesis in adult mice. Scientific Reports,
9(1), 8384. https://doi.org/10.1038/s41598-019-44816-w

Sarkis, R., Saadé, N., Atweh, S., Jabbur, S., & Al-Amin, H. (2011). Chronic dizocilpine
or apomorphine and development of neuropathy in two rat models I: behavioral
effects and role of nucleus accumbens. Exp Neurol, 228(1), 19-29.
https://doi.org/10.1016/j.expneurol.2010.12.004

71


https://doi.org/10.4103/1673-5374.249229
https://doi.org/10.4103/1673-5374.249229
https://doi.org/10.1186/1471-2202-7-77
https://doi.org/10.21769/BioProtoc.3162
https://doi.org/10.1016/j.jneuroim.2009.01.011
https://doi.org/https:/doi.org/10.1113/jphysiol.2002.028233
https://doi.org/https:/doi.org/10.1038/sj.bjp.0701313
https://doi.org/10.1016/s0306-4522(03)00500-1
https://doi.org/10.1016/s0028-3908(02)00028-x
https://doi.org/10.1016/s0028-3908(02)00028-x
https://doi.org/10.1038/nature09817
https://doi.org/10.1038/s41598-019-44816-w
https://doi.org/10.1016/j.expneurol.2010.12.004

Saxe, M. D., Battaglia, F., Wang, J. W., Malleret, G., David, D. J., Monckton, J. E.,
Garcia, A. D., Sofroniew, M. V., Kandel, E. R., Santarelli, L., Hen, R., & Drew,
M. R. (2006). Ablation of hippocampal neurogenesis impairs contextual fear
conditioning and synaptic plasticity in the dentate gyrus. Proc Natl Acad Sci U S
A, 103(46), 17501-17506. https://doi.org/10.1073/pnas.0607207103

Schain, M., & Kreisl, W. C. (2017). Neuroinflammation in Neurodegenerative
Disorders-a Review. Curr Neurol Neurosci Rep, 17(3), 25.
https://doi.org/10.1007/s11910-017-0733-2

Seibenhener, M. L., & Wooten, M. C. (2015). Use of the Open Field Maze to measure
locomotor and anxiety-like behavior in mice. J Vis Exp(96), €52434.
https://doi.org/10.3791/52434

Shapiro, L. A., Korn, M. J., Shan, Z., & Ribak, C. E. (2005). GFAP-expressing radial
glia-like cell bodies are involved in a one-to-one relationship with doublecortin-
immunolabeled newborn neurons in the adult dentate gyrus. Brain Res, 1040(1-
2), 81-91. https://doi.org/10.1016/j.brainres.2005.01.098

Shigemoto-Mogami, Y., Hoshikawa, K., & Sato, K. (2018). Activated Microglia
Disrupt the Blood-Brain Barrier and Induce Chemokines and Cytokines in a Rat
in vitro Model. Front Cell Neurosci, 12, 494.
https://doi.org/10.3389/fncel.2018.00494

Skaper, S. D. (2018). Neurotrophic Factors: An Overview. Methods Mol Biol, 1727, 1-
17. https://doi.org/10.1007/978-1-4939-7571-6_1

Skelly, D. T., Hennessy, E., Dansereau, M. A., & Cunningham, C. (2013). A systematic
analysis of the peripheral and CNS effects of systemic LPS, IL-1p, [corrected]
TNF-a and IL-6 challenges in C57BL/6 mice. PLoS One, 8(7), €¢69123.
https://doi.org/10.1371/journal.pone.0069123

Sloan, S. A., & Barres, B. A. (2014). Mechanisms of astrocyte development and their
contributions to neurodevelopmental disorders. Curr Opin Neurobiol, 27, 75-81.
https://doi.org/10.1016/j.conb.2014.03.005

Spinieli, R. L., Cazuza, R. A., Sales, A. J., Carolino, R. O. G., Martinez, D., Anselmo-
Franci, J., Tajerian, M., & Leite-Panissi, C. R. (2022). Persistent inflammatory
pain is linked with anxiety-like behaviors, increased blood corticosterone, and
reduced global DNA methylation in the rat amygdala. Mol Pain, 18,
17448069221121307. https://doi.org/10.1177/17448069221121307

Stampanoni Bassi, M., lezzi, E., Gilio, L., Centonze, D., & Buttari, F. (2019). Synaptic
Plasticity Shapes Brain Connectivity: Implications for Network Topology. Int J
Mol Sci, 20(24). https://doi.org/10.3390/ijms20246193

Stanfield, B. B., & Trice, J. E. (1988). Evidence that granule cells generated in the
dentate gyrus of adult rats extend axonal projections. Exp Brain Res, 72(2), 399-
406. https://doi.org/10.1007/bf00250261

Stewart, A. G., & Beart, P. M. (2016). Inflammation: maladies, models, mechanisms
and molecules. Br J Pharmacol, 173(4), 631-634.
https://doi.org/10.1111/bph.13389

Takemiya, T., Fumizawa, K., Yamagata, K., Iwakura, Y., & Kawakami, M. (2017).
Brain Interleukin-1 Facilitates Learning of a Water Maze Spatial Memory Task
in Young Mice. Front Behav Neurosci, 11, 202.
https://doi.org/10.3389/fnbeh.2017.00202

Tang, M. M., Lin, W.J, Pan, Y. Q., Guan, X. T., & L1, Y. C. (2016). Hippocampal
neurogenesis dysfunction linked to depressive-like behaviors in a

72


https://doi.org/10.1073/pnas.0607207103
https://doi.org/10.1007/s11910-017-0733-2
https://doi.org/10.3791/52434
https://doi.org/10.1016/j.brainres.2005.01.098
https://doi.org/10.3389/fncel.2018.00494
https://doi.org/10.1007/978-1-4939-7571-6_1
https://doi.org/10.1371/journal.pone.0069123
https://doi.org/10.1016/j.conb.2014.03.005
https://doi.org/10.1177/17448069221121307
https://doi.org/10.3390/ijms20246193
https://doi.org/10.1007/bf00250261
https://doi.org/10.1111/bph.13389
https://doi.org/10.3389/fnbeh.2017.00202

neuroinflammation induced model of depression. Physiol Behav, 161, 166-173.
https://doi.org/10.1016/j.physbeh.2016.04.034

Taupin, P. (2007). BrdU immunohistochemistry for studying adult neurogenesis:
Paradigms, pitfalls, limitations, and validation. Brain Research Reviews, 53(1),
198-214. https://doi.org/https://doi.org/10.1016/].brainresrev.2006.08.002

Taupin, P. (2008). Adult neurogenesis, neuroinflammation and therapeutic potential of
adult neural stem cells. Int J Med Sci, 5(3), 127-132.
https://doi.org/10.7150/ijms.5.127

Ulmer, A. J., Rietschel, E. T., Zéhringer, U., & Heine, H. (2002). Lipopolysaccharide:
Structure, bioactivity, receptors, and signal transduction. Trends in glycoscience
and glycotechnology, 14(76), 53-68. https://doi.org/10.4052/tigg.14.53

Valero, J., Mastrella, G., Neiva, 1., Sanchez, S., & Malva, J. O. (2014). Long-term
effects of an acute and systemic administration of LPS on adult neurogenesis
and spatial memory. Front Neurosci, 8, §83.
https://doi.org/10.3389/fnins.2014.00083

van Praag, H., Schinder, A. F., Christie, B. R., Toni, N., Palmer, T. D., & Gage, F. H.
(2002). Functional neurogenesis in the adult hippocampus. Nature, 415(6875),
1030-1034. https://doi.org/10.1038/4151030a

von Bohlen Und Halbach, O. (2007). Immunohistological markers for staging
neurogenesis in adult hippocampus. Cell Tissue Res, 329(3), 409-420.
https://doi.org/10.1007/s00441-007-0432-4

Walf, A. A., & Frye, C. A. (2007). The use of the elevated plus maze as an assay of
anxiety-related behavior in rodents. Nat Protoc, 2(2), 322-328.
https://doi.org/10.1038/nprot.2007.44

Wang, K. C., Fan, L. W, Kaizaki, A., Pang, Y., Cai, Z., & Tien, L. T. (2013). Neonatal
lipopolysaccharide exposure induces long-lasting learning impairment, less
anxiety-like response and hippocampal injury in adult rats. Neuroscience, 234,
146-157. https://doi.org/10.1016/j.neuroscience.2012.12.049

Wee Yong, V. (2010). Inflammation in neurological disorders: a help or a hindrance?
Neuroscientist, 16(4), 408-420. https://doi.org/10.1177/1073858410371379

Whitney, N. P., Eidem, T. M., Peng, H., Huang, Y., & Zheng, J. C. (2009).
Inflammation mediates varying effects in neurogenesis: relevance to the
pathogenesis of brain injury and neurodegenerative disorders. Journal of
Neurochemistry, 108(6), 1343-1359.
https://doi.org/https://doi.org/10.1111/1.1471-4159.2009.05886.x

Williams, H. C., Carlson, S. W., & Saatman, K. E. (2022). Chapter Fourteen - A role for
insulin-like growth factor-1 in hippocampal plasticity following traumatic brain
injury. In G. Litwack (Ed.), Vitamins and Hormones (Vol. 118, pp. 423-455).
Academic Press. https://doi.org/https://doi.org/10.1016/bs.vh.2021.11.009

Wilson, C. J., Finch, C. E., & Cohen, H. J. (2002). Cytokines and cognition--the case
for a head-to-toe inflammatory paradigm. J Am Geriatr Soc, 50(12), 2041-2056.
https://doi.org/10.1046/].1532-5415.2002.50619.x

Winocur, G., Wojtowicz, J. M., Sekeres, M., Snyder, J. S., & Wang, S. (2006).
Inhibition of neurogenesis interferes with hippocampus-dependent memory
function. Hippocampus, 16(3), 296-304. https://doi.org/10.1002/hipo.20163

Wu, J., Zhao, Z., Kumar, A., Lipinski, M. M., Loane, D. J., Stoica, B. A., & Faden, A. L.
(2016). Endoplasmic Reticulum Stress and Disrupted Neurogenesis in the Brain
Are Associated with Cognitive Impairment and Depressive-Like Behavior after

73


https://doi.org/10.1016/j.physbeh.2016.04.034
https://doi.org/https:/doi.org/10.1016/j.brainresrev.2006.08.002
https://doi.org/10.7150/ijms.5.127
https://doi.org/10.4052/tigg.14.53
https://doi.org/10.3389/fnins.2014.00083
https://doi.org/10.1038/4151030a
https://doi.org/10.1007/s00441-007-0432-4
https://doi.org/10.1038/nprot.2007.44
https://doi.org/10.1016/j.neuroscience.2012.12.049
https://doi.org/10.1177/1073858410371379
https://doi.org/https:/doi.org/10.1111/j.1471-4159.2009.05886.x
https://doi.org/https:/doi.org/10.1016/bs.vh.2021.11.009
https://doi.org/10.1046/j.1532-5415.2002.50619.x
https://doi.org/10.1002/hipo.20163

Spinal Cord Injury. J Neurotrauma, 33(21), 1919-1935.
https://doi.org/10.1089/neu.2015.4348

Wu, J., Zhao, Z., Sabirzhanov, B., Stoica, B. A., Kumar, A., Luo, T., Skovira, J., &
Faden, A. 1. (2014). Spinal cord injury causes brain inflammation associated
with cognitive and affective changes: role of cell cycle pathways. J Neurosci,
34(33), 10989-11006. https://doi.org/10.1523/jneurosci.5110-13.2014

Yoshizumi, M., Watanabe, C., & Mizoguchi, H. (2021). Gabapentin reduces painful
bladder hypersensitivity in rats with lipopolysaccharide-induced chronic cystitis.
Pharmacol Res Perspect, 9(1), €00697. https://doi.org/10.1002/prp2.697

Yourman, L. C., Kent, T. J., Israni, J. S., Ko, K. J., & Lesser, A. (2020). Association of
dementia diagnosis with urinary tract infection in the emergency department. J
Am Coll Emerg Physicians Open, 1(6), 1291-1296.
https://doi.org/10.1002/emp2.12268

Yousuf, A., Ibrahim, W., Greening, N. J., & Brightling, C. E. (2019). T2 Biologics for
Chronic Obstructive Pulmonary Disease. J Allergy Clin Immunol Pract, 7(5),
1405-1416. https://doi.org/10.1016/.jaip.2019.01.036

Zakaria, R., Wan Yaacob, W. M., Othman, Z., Long, 1., Ahmad, A. H., & Al-Rahbi, B.
(2017). Lipopolysaccharide-induced memory impairment in rats: a model of
Alzheimer's disease. Physiol Res, 66(4), 553-565.
https://doi.org/10.33549/physiolres.933480

Zhao, C., Deng, W., & Gage, F. H. (2008). Mechanisms and functional implications of
adult neurogenesis. Cell, 132(4), 645-660.
https://doi.org/10.1016/].cell.2008.01.033

Zhao, C., Teng, E. M., Summers, R. G., Jr., Ming, G. L., & Gage, F. H. (2006). Distinct
morphological stages of dentate granule neuron maturation in the adult mouse
hippocampus. J Neurosci, 26(1), 3-11. https://doi.org/10.1523/jneurosci.3648-
05.2006

Zhou, Q., Homma, K. J., & Poo, M.-m. (2004). Shrinkage of Dendritic Spines
Associated with Long-Term Depression of Hippocampal Synapses. Neuron,
44(5), 749-757. https://doi.org/https://doi.org/10.1016/j.neuron.2004.11.011

Zhu, F., Zhang, L., Ding, Y. Q., Zhao, J., & Zheng, Y. (2014). Neonatal
intrahippocampal injection of lipopolysaccharide induces deficits in social
behavior and prepulse inhibition and microglial activation in rats: Implication
for a new schizophrenia animal model. Brain Behav Immun, 38, 166-174.
https://doi.org/10.1016/.bbi.2014.01.017

74


https://doi.org/10.1089/neu.2015.4348
https://doi.org/10.1523/jneurosci.5110-13.2014
https://doi.org/10.1002/prp2.697
https://doi.org/10.1002/emp2.12268
https://doi.org/10.1016/j.jaip.2019.01.036
https://doi.org/10.33549/physiolres.933480
https://doi.org/10.1016/j.cell.2008.01.033
https://doi.org/10.1523/jneurosci.3648-05.2006
https://doi.org/10.1523/jneurosci.3648-05.2006
https://doi.org/https:/doi.org/10.1016/j.neuron.2004.11.011
https://doi.org/10.1016/j.bbi.2014.01.017

	ACKNOWLEDGEMENTS
	ABSTRACT
	ILLUSTRATIONS
	TABLES
	ABBREVIATIONS
	INTRODUCTION
	1.1. Neuroplasticity and Neurogenesis
	1.1.1. Overview on Neuroplasticity
	1.1.2. Overview on Neurogenesis
	1.1.2.1.  Defining Neurogenesis
	1.1.2.2.  Neurogenic Niches
	1.1.1.2.1. Subventricular Zone (SVZ)
	1.1.1.2.2. Subgranular zone (SGZ) of the Dentate Gyrus (DG)

	1.1.2.3. Detecting and Tracking Neurogenesis
	1.1.2.4.  Role of Neurogenesis
	1.1.2.5.  Factors regulating Neurogenesis
	1.1.2.5.1. Neurotrophins
	1.1.2.5.2. Cytokines



	1.2. Inflammation
	1.2.1. Central Nervous System (CNS) Inflammation
	1.2.2. Peripheral Nervous System (PNS) Inflammation

	1.3. Lipopolysaccharide (LPS) Model and Neurogenesis
	1.3.1.1.  Injection of LPS in the CNS
	1.3.1.2. Injection of LPS in the periphery

	1.4. Research Objective and Aim

	MATERIALS AND METHODS
	2.1. Animals
	2.2. Intraurethral Instillation of Lipopolysaccharide (LPS) into the Urinary Bladder
	2.3. Experimental Design
	2.4. BrdU Injection
	2.5. Behavioral Tests
	2.5.1. Thermal Sensitivity Testing
	2.5.2. Open Field
	2.5.3. Y-Maze
	2.5.4. Elevated Plus Maze (EPM)

	2.6. Euthanasia and Tissue Extraction
	2.7. Brain Sectioning and Tissue Processing
	2.8. Molecular Analysis
	2.8.1. Immunofluorescence Assay
	2.8.2. Cell Counting and Microscopy
	2.8.3. RNA Extraction
	2.8.4. cDNA Synthesis
	2.8.5. Quantitative Real-Time PCR (RT-qPCR)

	2.9. Statistical Analysis

	RESULTS
	3.1. General Observations
	3.2. Behavioral Observations
	3.2.1. Thermal Sensitivity

	3.3. Alterations in rats’ behavior in the field tests induced by instillation of LPS into the urinary bladder
	3.3.1. Instillations of LPS moderately affects the spontaneous motor behavior of rats
	3.3.2. Instillations of LPS significantly altered the rats’ performance in Y-maze test
	3.3.3. Instillations of LPS into the urinary bladder show alterations in the rats’ behavior in the EPM test

	3.4. LPS instillation and Hippocampal neural stem cells proliferation and neurogenesis
	3.4.1. LPS instillations in the urinary bladder significantly decreased the proliferation of neural stem cells
	3.4.2. LPS instillations in the urinary bladder significantly decreased the number of neural stem cells

	3.5. Effect of LPS instillations on cytokines and neurotrophic factors in the hippocampus

	DISCUSSION
	REFERENCES

