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Abstract

Hippocampal neurogenesis occurs within the subgranular zone of the dentate gyrus
and is important for learning and memory. Neurogenesis is impaired in many
pathological conditions; an observation that may account for learning and memory
deficits in patients suffering from these conditions. Studies on immune-deficient
mice show reduced hippocampal neurogenesis and associated learning and

memory impairments in mice devoid of CD4* T lymphocytes.

Neuropeptides are potential candidates for mediating neuro-immune interactions.
Vasoactive Intestinal Peptide (VIP) is a neuropeptide, released by firing
interneurons from the stem cell niche, that modulates hippocampal neurogenesis

via VPAC1/2 receptors. VIP receptors are also present on T lymphocytes.

Microglia are innate immune cells that regulate hippocampal neurogenesis. They
are ideally placed to communicate with T lymphocytes that normally reside outwith
the brain parenchyma. Given the nescience underlying T lymphocyte regulation of
hippocampal neurogenesis, we sought to investigate the hypothesis that VIP
modulates T lymphocytes to release cytokines to regulate hippocampal

neurogenesis via interaction with microglia.

We have shown that T lymphocytes supernatant increases the proliferation of
hippocampal nestin-expressing cells. This effect is further enhanced under VIP
treatment via VPAC1 receptor subtype. Examining possible cytokine involvement,
we found that IL-4 mediates proliferation. Using Mac-1-SAP to deplete resident
microglia, we demonstrated that supernatant acts primarily via microglia to
increase supernatant effects. T lymphocytes induce microglia to upregulate
cytokines and mediators such as IL-10 and BDNF. Phenotyping showed an

additional neurogenic effect under VIP treated supernatant.

Our results show VPAC1 receptor subtype expressed by CD4* T lymphocytes
mediates VIP proliferative effects on hippocampal precursor cells via IL-4 cytokine
release. Microglia are key for mediating this effect via release of mediators. The

findings of this study implicate a novel mechanism for VPAC1 CD4* T lymphocyte



receptor as a neuro-immune mediator of hippocampal neurogenesis, and from a
therapeutic perspective, shows that the effect can be pharmacologically

manipulated.
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Chapter 1

Introduction



1. Introduction

1.1: Neurogenesis: A brief history

“Once development has ended, the founts of growth and regeneration
of the axons and dendrites dries up irrevocably. In the adult centres, the
nerve paths are something fixed and immutable: everything may die,
nothing may be regenerated. It is for the science of the future to
change, if possible, this harsh decree.”

- Ramon y Cajal

The last 60 years has birthed a paradigm shift, revolutionizing our understanding of
neurogenesis. Pioneering neuroscientist Ramon y Cajal’s (1913) doctrine on the
nervous system’s inability to regenerate after birth was widely accepted and it took
several decades before a body of work was able to refute his theory, giving
prominence to the concept of adult neurogenesis. Numerous studies documented as
early as 1898 showed preliminary evidence for adult neurogenesis, however limited
study tools at the time hindered research in to the field (Levi, 1898; Allen, 1912). In
the 1960s, Altman and Das (1965) were the first to demonstrate the generation of
newly dividing cells within the dentate gyrus of the mammalian hippocampus using
autoradiography. However challenging Cajal’s decree did not prove fruitful and
indeed it took a further 20 - 30 years before this idea gained momentum. Even after
Goldman and Nottebohm (1983) published their seminal paper on adult songbirds -
revealing neuronal replacement and functional integration - resistance continued
on a broad scale. It was, in fact, a combination of in vitro generation of neurons and
glia from the adult rodent brain (Reynolds and Weiss, 1992) and the subsequent
identification of neural progenitor cells in the human dentate gyrus (Eriksson et al,,
1998) that truly marked a turning point in moving the scientific community towards
accepting this change in dogma. At last, neural stem cells were able to provide a

viable conceptual basis underlying adult neurogenesis.

Our understanding of neurogenesis has transpired over most of the last century to
be defined today as the generation of neurons, from neural progenitors cells,

throughout adulthood within defined microenvironments (niches) (Riquelme et al,,



2008). In mammals, these microenvironments are restricted to the subventricular
zone of the lateral ventricles and the subgranular zone of the hippocampal dentate
gyrus (Kaplan and Hinds, 1977, Eriksson et al., 1998, Gage et al., 1995, Richards et
al., 1992). Newly synthesised neurons are able to migrate, differentiate and mature
to become functionally integrated within the neural network (van Praag et al,, 1999,

Jessberger and Kempermann, 2003, Ge et al., 2006).

1.2: Hippocampal neurogenesis

Hippocampal neurogenesis is important for learning and memory, with impaired
hippocampal neurogenesis associated with pathological states such as epilepsy,
ischaemia and depression (Parent et al., 1997, Hattiangady et al., 2004, Liu et al,,
1998, Tsai et al,, 2013, Malberg et al,, 2000, Perera et al., 2007, Gray and Sundstrom,
1998). A combination of intrinsic factors and external cues regulate hippocampal
neurogenesis within a specialized stem cell niche. These multifactorial influences
are involved in a dynamic process of neurogenic regulation, highlighting that the
niche cannot be thought of in isolation as an anatomically distinct area. Rather, it is
a “functional entity” influenced by the highly organized niche structure itself and
factors such as environmental cues (exercise, enriched environments) and systemic

regulation, to name but a few (Russo et al., 2011).

1.2.1: Hippocampal neurogenesis: a role in learning and memory

Learning and memory is associated with hippocampal neurogenesis (Kempermann
and Gage, 2002). The acquisition and retention of memories is a complex process,
which may be explained by fine pattern separation whereby the dentate gyrus can
separate information into distinct memories. Cortical inputs are received by dentate
granule cells from the entorhinal cortex. In particular, immature granule cells are
ideal for maintaining and transmitting inputs, given their increased intrinsic
excitability and sparse connectivity with CA3 pyramidal cells (Amaral et al., 1990,
Esposito et al, 2005, Ge et al., 2007). The accuracy of memory encoding is
dependent on fine pattern separation, with lesions of the dentate gyrus impairing
pattern separation-dependent memory (Gilbert et al, 2001, Gilbert et al., 1998,
Hunsaker and Kesner, 2008). Clelland and colleagues (2009) have shown the

importance of newborn neurons for normal pattern separation function in the



dentate gyrus using two behavioural assays. They used a spatial navigation radial
arm task and a spatial, non-navigable task. Ablating neurogenesis impaired
performance when stimuli were presented with little spatial separation but not
when widely separated. This supports the role of neurogenesis in other studies,
where learning hippocampal-dependent tasks not only increases survival of newly
generated neurons in the dentate gyrus, it also induces a more persistent memory
and in turn correlates to an increase in the number of cells in the hippocampus
(Gould et al., 1999, Sisti et al., 2007). The dentate gyrus, the stem cell niche and the
factors the modulating it are therefore critical to our understanding of the
relationship between neurogenesis and cognition. This subject area is therefore of

paramount importance in addressing pathological conditions.

1.2.2: Neural stem cells and the stem cell niche

Neural stem cells are defined as cells derived from the nervous system that 1) have
the potential to self renew through symmetrical division and 2) are able to give rise
to the major cell types of the brain (neurons, astrocytes, oligodendrocytes) (Gage,
2000). Neural stem cells are present within the subgranular zone, with the stem cell
niche residing at the interface between the granule cell layer and hilus region of the
dentate gyrus (Abrous et al, 2005). The subgranular zone is exclusively
concentrated around blood vessels and comprises of endothelial cells, astrocytes,
microglia, local interneurons and factors such as hormones that are delivered by the

blood stream (Cameron and Gould, 1994, Palmer et al., 2000, Riquelme et al., 2008).

Astrocytes are key components within the niche that provide support to other cell
types by secreting local signals (cytokines, growth factors) and modulating adult
neurogenesis (Song et al., 2002, Ashton et al.,, 2012, Barkho et al., 2006). In vitro
studies have shown that astrocytes co-cultured with neural stem cells increase
proliferation and neuronal fate commitment of these cells (Song et al., 2002). A
specific population of cells loosely classified as astrocytes, but what we regard as
neural progenitor/stem cells, are responsible for giving rise to differentiated
progeny (Seri et al, 2001). These astrocytes are characterized by the stem cell
marker nestin and the astrocytic marker glial fibrillary acidic protein (GFAP). These

quiescent neural progenitor (Type I) cells are an early precursor population that



share morphological and antigenic features with radial glial cells (Fukuda et al,,
2003). These Type I cells divide asymmetrically to produce a morphologically
distinct transiently amplifying neural progenitor (Type II) cell population
(Nestin*GFAP-). Following a series of symmetrical divisions, these cells become
post-mitotic Type 1 neuroblasts which mature into Type 2 neuroblasts and
immature neurons (Figure 1). These newly formed neurons migrate a short
distance to the granule cell before differentiating into granule neurons and
becoming integrated into the functional hippocampal circuit, with mossy fibres
extending towards the CA3 region (van Praag et al, 2002, Carlen et al, 2002,
Doetsch, 2003). Indeed, it is of importance to note that neural stem cells are present
throughout different regions of the mammalian brain outwith the two neurogenic
regions (SGZ and SVZ). These areas include the forebrain, spinal cord, corpus
callosum, cerebral cortex (Weiss et al., 1996, Seri et al.,, 2006, Reznikov, 1991, Gage
et al,, 1995, Gage, 2000). However, neural stem cells within these regions remain in

a quiescent state (Gage, 2000); a factor determined by the niche and intrinsic cues.
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Figure 1: Neuronal differentiation in the dentate gyrus. Quiescent neural progenitor (Type I)
cells generate a population of transiently amplifying neural progenitor (Type II) cells through
asymmetrical divisions. After several rounds of symmetrical divisions, Type II cells exit the cell cycle
within 1-3 days and become post-mitotic Type 1 neuroblasts. Within the next 15-21 days, these Type
I neuroblasts mature into Type 2 neuroblasts and then immature neurons. These neurons have
apical processes, basal axons and soma located in the granule cell layer. After another 1-15 days,
immature neurons acquire the characteristics of mature granule neurons, developing extensive
branching, long axonal processes that form the mossy fiber (taken from (Encinas et al., 2006)).

1.2.3: Arole for interneurons in modulation of neurogenesis

Local networks are increasingly implicated in modulating activity, with a key role
for local interneurons in excitation-neurogenesis coupling. Although there is diverse
heterogeneity amongst hippocampal dentate gyrus interneurons, most are
GABAergic and therefore the role of GABA has been studied extensively (Maccaferri
and Lacaille, 2003). New born neurons respond to extracellular GABA, stimulating
differentiation and migration (Conover and Notti, 2007). Dentate gyrus progenitor
cells in mice lacking the GABA4 receptor subunit a (responsible for tonic GABA
input) have decreased proliferation (Mihalek et al., 1999; Rudolph and Antkowiak,
2004). These mice also have impaired cell migration (Mihalek et al., 1999). Mature
dentate granule cells respond to GABA and receive GABAergic inputs, which causes

depolarization and subsequent increased Ca?* levels (Deisseroth et al, 2004).



Increased Ca?* stimulated NeuroD expression, a transcriptional factor required for
neuronal survival and maturation (Kobayashi and Buckmaster, 2003, Deisseroth et
al, 2004). Other studies have shown that GABAas receptor antagonists shorten
dendrites and decrease spine density, while GABA receptor agonist administration
increases dendrite length (Sun et al,, 2009, Ge et al,, 2006). Other neurotransmitters
with an important role include glutamate, which decreases cell proliferation in the
hippocampus. Conversely the use of an NMDA antagonist enhances proliferation

(Mackowiak et al., 2009).

Neuropeptides are co-localized with classical neurotransmitters, particularly
GABAergic interneurons in the hippocampus, and are released under specific firing
conditions. The role of neuropeptides released by interneurons ha been extensively
studied. Neuropeptide Y (NPY) is proliferative for postnatal hippocampal precursor
cells acting via the Y1 receptor subtype, which subsequently activates the Erk1/2
pathway (Howell et al., 2003). Adult NPY knock-out mice have significantly reduced
cell proliferation and immature neurons (Howell et al., 2005). Galanin is another
neuropeptide and is involved in cognition. It is co-localized with
serotonergic/noradrenergic projection neurons in the dentate gyrus and mediates
proliferative and trophic effects on postnatal hippocampal precursor and neuroblast
via GalR2/3 receptors (Abbosh et al., 2011). The neuropeptide vasoactive intestinal
peptide (VIP) is trophic for hippocampal precursor cells and drives fate
determination via its VPAC2 and VPAC1 receptors, respectively (Zaben et al., 2009).
This was confirmed in vivo using adult VIP knock-out mice, which has significantly
reduced numbers of precursor cells (Zaben et al, 2009). Both NPY and VIP are
released by GABAergic interneurons in the dentate gyrus. These studies stress the

importance of neurotransmitters in the regulation of hippocampal neurogenesis.

1.2.4: Intrinsic regulation

Intrinsic factors are expressed by neural stem cells and dictate their fate. The list of
intrinsic factors are extensive and discussed in depth in a review by Hseih (2012).
The transcriptional factor Sox2 regulates stem cell self-renewal and is expressed by
neural precursor cells in the subgranular zone (Lefebvre et al.,, 2007, Komitova and

Eriksson, 2004, Sun et al., 2007, Lugert et al., 2010, Favaro et al., 2009). Deletion of



Sox2 in adult subgranular zone neural stem cells results in a decrease in the number
of immature neurons and granule cells (Favaro et al, 2009). Notch signalling is

believed to control Sox2 expression (Ehm et al., 2010).

Pax6 is another noteworthy intrinsic factor regulating cell proliferation and
maintaining the stem cell pool (Maekawa et al., 2005). During development, Pax6
mediates self-renewal via (-catenin signalling (Gan et al., 2014). In adults, Pax6
directly interacts with the Brgl-containing BAF complex in neural progenitor cells

to maintain self-renewal. Deletion of Brg1 or Pax6 results in fate determination

Similarly, cell fate is determined by a multitude of factors including the
transcriptional factor NeuroD1. Fewer immature granule cells are found following
the conditional deletion of NeuroD1, which supports the findings that NeuroD1 is
critical for neuronal precursor cell differentiation and survival (Gao et al.,, 2009).
Wnt/-catenin signalling controls NeuroD1 transcription (Kuwabara et al., 2009).
The granule neuronal marker prospero-related homeobox gene Prox1, expressed by
immature and mature neurons, is required for neuronal survival and maturation
(Jessberger et al., 2008, Lavado et al, 2010, Karalay et al, 2011). Studies have
shown that conditional deletion of Prox1 in neural stem cells reduces the number of
granule cells (Lavado et al., 2010). Interestingly, the Prox1 gene is also controlled by
Wnt/[-catenin signalling (Karalay et al.,, 2011). In addition to these intrinsic cues,

extrinsic factors play an essential role in neurogenic regulation.

1.2.5: Environmental cues

One of the well established modulators of hippocampal neurogenesis are external
cues: environmental enrichment and exercise. The concept of environmental
enrichment dates back to the 1960s and has since been recognized as a setting to
enhance brain stimulation, increasing net hippocampal neurogenesis and improves
spatial learning in rodents (van Praag et al., 1999, Nilsson et al., 1999, Rosenzweig,
1966). Environmental enrichment comprises larger housing conditions and objects
for physical exertion (e.g. running wheel), whilst facilitating greater social

interaction (Sztainberg and Chen, 2010).



Kempermann and colleagues (1997) were the first to show a link between
environmental enrichment and neurogenesis. Mice housed in enriched
environments had an increased number of new neurons survive compared to
control mice. Mice in enriched environments also exhibited faster learning in the
Morris water maze paradigm, where mice are trained to find a hidden platform
(Morris et al.,, 1982). This suggests new neurons contribute to enhanced cognition.
Though it has been shown that water maze performance improves in “enriched”
mice despite ablation of neurogenesis, these tasks were not specific to dentate
gyrus-specific learning (Meshi et al., 2006, McHugh et al., 2007). Voluntary exercise
on a running wheel alone also enhances survival of newly born neurons in the
dentate gyrus (van Praag et al., 1999). Taken together, current research indicates a

role for environmental-induced hippocampal neurogenesis in mediating cognition.

1.2.6: Systemic modulation of hippocampal neurogenesis

Given the close proximity of the subgranular zone to blood vessels, interaction
between the stem cell niche and the systemic niche is not surprising. Factors
delivered from the blood stream can therefore potentially modulate hippocampal
neurogenesis. In a study published in 2007, magnetic resonance imaging was used
to generate cerebral blood volume maps of exercising mice (Pereira et al., 2007).
This study showed that an increase in exercise was accompanied by an increase in
cerebral blood volume of the dentate gyrus; this positively correlated to increased
neurogenesis. Another cleverly designed experimental model, heterochronic
parabiosis, has further demonstrated the significance of the systemic system in the
modulation of neurogenesis (Villeda et al.,, 2011). This experimental design involved
coupling the blood stream of two animals - one aged and one young - and showed
decreased neurogenesis and cognitive decline in young animals exposed to “aged
blood”. Further to this, “rejuvenation” with blood from young animals increased
neurogenesis. These experiments are keeping in line with the concept of aging,
whereby studies suggest that age-associated decline in hippocampal proliferation is
a result of changing levels of circulating hormones, which are indeed important in
neurogenic regulation; it has been shown that while adrenal steroids decrease
production of new neurons, adrenalectomy increases cell proliferation and

generation of neurons and glia in the dentate gyrus (Cameron and McKay, 1998,



Cameron and Gould, 1994, Montaron et al., 1999). These studies suggest potent
effects of systemic circulation and is an intriguing prospect for immune signalling in

neurogenic modulation; a factor fast-emerging as a key player.

1.3: Immune regulation of neurogenesis

Immune regulation of the central nervous system is a dynamic and complex area of
research still in its infancy. We now appreciate the CNS is not an “immune-
privileged” site mutually exclusive of immunological function (Shrestha et al., 2013).
Rather, there is a complex and delicate relationship between the two systems under
both physiological and pathological states (Karman et al., 2004, Butovsky et al,,
2006). Conventionally, the concept of neuro-immune regulation has been
dominated by the belief that the immune system is a responsive system that
adheres to an organized response following infection. Although this is true, the
immune system is also heavily involved in brain homeostatic regulation and indeed
neurogenesis (Ziv et al.,, 2006, Wolf et al., 2009). Our understanding of this subject
area has altered dramatically in the last decade and is paving the way for new
insights into neurogenic regulation (Moalem et al., 1999, Shechter et al., 2009, Ziv et
al, 2006). Whilst immune cells are being appreciated as effectors of CNS
maintenance and repair, a novel role for distinct populations of innate immune cells,
particularly microglia, are being identified outwith the parameters of immune
regulation; this extends to a complex relationship with components of the adaptive
immune system, in particular T lymphocytes (Ziv et al., 2006, Ginhoux et al., 2010,

Derecki et al., 2010).

1.3.1: Innate vs. adaptive immunity

There are two types of immunity: innate and adaptive. Components of innate “non-
specific” immunity, as the name suggests, target all foreign antigens and include
macrophages, dendritic cells and microglia. On the contrary, adaptive immunity is
antigen specific and includes T and B lymphocytes. The origin of these cell types is

illustrated in Figure 2.
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Figure 2: Cells of the immune system. Stem cells divide into two distinct groups that give rise to
precursor cells of innate (myeloid progenitor) and adaptive (lymphoid stem cell) immunity.
These cells further differentiate into specific cell types (Taken from Online Textbook of
Bacteriology, Todar).

1.3.2: Microglia: innate immune cells

Microglia, innate immune cells that comprise approximately 15% of the brain cell
population, are primarily involved in maintaining homeostatic regulation. These
cells are found in high densities in the hippocampus (Lawson et al, 1990).
Microglial activity primarily involves tissue surveillance and appropriate phagocytic
action. Microglia are also antigen-presenting cells and have the capacity to produce
a variety of cytokines and chemokines (Aloisi et al, 2000, Ladeby et al., 2005).
Recently, fate map analysis has shown that microglia are derived from myeloid

progenitor cells (Ginhoux et al,, 2010).

Under physiological conditions, microglia have a quiescent phenotype characterised

by ramified processes (Ladeby et al., 2005). These microglia become “activated”
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following a brain insult that changes their phenotype; cells have enlarged cell bodies
and withdrawn processes. Microglial populations are divided into two primary
subsets, M1 and M2, however other subsets do exist (M2a, M2b, M2c) (Kigerl et al,,
2009, Chhor et al., 2013). These subpopulations are categorized on the premise of
cytokine production. Cytokines are a diverse group of proteins that act as chemical
messengers between cells (Kronfol and Remick, 2000). M1 “classical” subsets are
regarded as pro-inflammatory and associated with interferon gamma (IFNy)
production while M2 “alternative” microglia are of an anti-inflammatory nature and
associated with interleukin-4 (IL-4) production. However, there is some
controversy surrounding this classification due to overlaps in some cytokines
between M1 and M2 phenotypes, which was highlighted at the Venusberg meeting
in 2013. It was suggested that a simple M1/M?2 classification cannot necessarily

distinguish a “good” cell from a “bad” cell.

Historically, microglia are regarded as detrimental to neurogenesis. Indeed,
microglia activated by the bacterial endotoxin lipopolysaccharide (LPS) decrease
the survival of hippocampal progenitor cells (Cacci et al., 2005). Systemic LPS
injection also activates microglia in the hippocampus and is associated with
decreased neurogenesis (Ekdahl et al.,, 2003). However, this conventional thinking is
fast changing as microglia exhibit beneficial effects (Ekdahl et al., 2009, Ziv et al,,
2006). It is postulated that the environment and duration, nature and intensity of
microglia-activating stimuli contribute to the beneficial or detrimental function
(Ajmone-Cat et al., 2003, Schwartz et al., 2006). This is also said to be the reason
why cells cannot be classified purely as M1/M2 cells; there is a complexity to
microglia that is dictated by environment. For instance, contrary to short-term LPS
exposure, chronic LPS exposure to microglia progressively inhibits pro-
inflammatory secretion (Ajmone-Cat et al., 2003). In their capacity as beneficial
immune cells, microglia regulate basal neurogenesis levels. Blocking microglia using
the anti-inflammatory agent minocycline decreases proliferation of newly generated
neurons (Ziv et al., 2006). Furthermore, hippocampal microglia exposed to enriched
environments express the neuroprotective factor IGF-1 (Ziv et al, 2006). IL-4-
activated microglia are also shown to increase the number of newly generated

neurons (Butovsky et al., 2006).
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It is clear that microglia play a key role in both immune and homeostatic regulation.
The exact nature of the relationship between microglia and neurons remains
unclear. However, microglial involvement reinforces the importance of innate

immunity in modulating neurogenesis.

1.3.3: Adaptive immunity

Immune cell entry into the brain is tightly regulated to prevent adverse events.
Immune cells are able to traverse the CNS during inflammatory states in an attempt
to minimize the damage (Moalem et al., 1999, Shechter et al., 2009). T lymphocytes
and other components of the adaptive immune system are therefore subject to the
regulatory mechanisms that specify which cells are able to enter the CNS. Indeed,
this explains why T lymphocytes are essentially absent from the brain parenchyma
under physiological conditions (Wolf et al., 2009, Ziv et al., 2006). However, FACS
analysis of cerebrospinal fluid, which is produced within the choroid plexus and
occupies the subarachnoid space and ventricular system, shows a subpopulation of
T lymphocytes called CD4* T lymphocytes that express the cell adhesion molecule P-
selectin; this suggests a possible mechanism by which T lymphocytes could be
recruited to the brain parenchyma via P-selectin interactions (Kivisakk et al., 2003).
However, the jury is still out on how T lymphocytes enter the brain. In fact, this

remains one of the most challenging areas of study in neuroimmunology.

1.3.4: Classification of T lymphocytes

T lymphocytes originate from lymphoid cells in the bone marrow and migrate to the
thymus where they differentiate and then proliferate. These T lymphocytes go
through a series of changes distinguished by changes in surface proteins. T
lymphocytes are eventually subdivided into two distinct populations: cytotoxic T
lymphocytes that express the surface marker CD8* and helper T lymphocytes that
express the CD4* marker (Zhu and Paul, 2008). Cytotoxic CD8* T lymphocytes, as
their name suggests, are involved in the destruction of infected cells whilst CD4+ T
lymphocytes mediate immune response via cytokine release. CD4* T lymphocytes
are further subdivided primarily into two distinct groups, Th1l and Th2, however

other subgroups do exist (e.g. Th17, Treg) (Zhu and Paul, 2008). These CD4* T
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lymphocytes are categorized based on the production of signature cytokines. The
Th1 phenotype is conventionally regarded as pro-inflammatory and associated with
the production of IFNy, interleukin-2 (IL-2) and tumour necrosis factor alpha
(TNFa) (Zhu and Paul, 2008, Mosmann et al., 1986). These cytokines activate
immune response against macrophages, whilst Th2 phenotypes are associated with
anti-inflammatory activities and the secretion of IL-4, -10, -13 (Mosmann et al,,
1986, Zhu and Paul, 2008). Although these cytokines are associated with pro- or
anti- inflammatory activity, they play a role in non-immune regulation of
neurogenesis (Vallieres et al., 2002, Song and Wang, 2011). Of note here is that
various cell types, including microglia and astrocytes, locally produce cytokines in
the brain (Freidin et al.,, 1992, Krady et al., 2005). Although cytokines are usually
produced in response to certain stimuli such as infection, studies suggest there is
constant low-level cytokine expression within blood vessels in the brain (Licinio et
al., 1998). Also of importance is that cytokines cannot transcend the blood-brain
barrier under physiological conditions. Cytokines can enter the brain via 2

mechanisms:

1. passive transport from circumventricular regions lacking a blood-brain
barrier

2. carrier-mediated transportation across the blood-brain barrier

Similarly, T lymphocytes cannot traverse the blood-brain barrier under

physiological conditions.

1.3.5: T lymphocyte entry into the brain

Paul Ehlrich’s work during the late 19t Century was the first in demonstrating that
the CNS was an anatomically distinct region. Later, it would be recognized that the
inability of the water-soluble dye he injected into peripheral circulation to stain all
organs except the brain was due to the restrictive nature of the blood-brain barrier.
It is well established that blood-brain barrier breakdown manifests in an influx of
immune mediators entering the brain, including T lymphocytes (Lightman and
Greenwood, 1992, Gronberg et al, 2013). Mounting evidence implicates T

lymphocytes in modulating hippocampal neurogenesis under physiological
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conditions but few T lymphocytes are found within the brain parenchyma.
Therefore, what remains perplexing is the ability of T lymphocytes to modulate

neurogenesis if, indeed, they do not infiltrate the brain.

There is much evidence to support this notion of “long-distance” action, whereby T
lymphocytes are not present within the brain. Rather, they are situated in close
proximity to elicit their neurogenic effects (Wolf et al., 2009, Derecki et al., 2010,
Zhu and Paul, 2008). In a mouse model of Alzheimer’s disease, cognitively impaired
mice showed significant improvement in memory tasks following T cell infusion of
AB-specific Th2 cells (Cao et al., 2009). Analysis of brain sections showed some CD3*
(a T lymphocyte specific marker) cells (3-10 cells) in a few brain sections but not all.
Ziv and colleagues (2006) also showed a few sections with some CD3* staining
when investigating T lymphocyte modulation of hippocampal neurogenesis. Again,
these cells were very few in number. This supports findings that suggest some
constant trafficking of T lymphocytes in to the brain in low numbers (Kivisakk et al.,
2003). However, even if T lymphocytes manage to traverse the blood-brain barrier
or indeed traffic through areas where the blood-brain barrier is absent, it seems
highly unlikely that such a small number of cells are able to elicit the effects that
have been observed in studies of T lymphocyte regulation of neurogenesis under
physiological conditions. Rather, the question to address is where could these T

lymphocytes reside?

Blood capillaries reside deep within the brain supplying the brain parenchyma and
could be a potential route of T lymphocyte entry. There is a significant population of
T lymphocytes and myeloid cells (from which they originate) within the meningeal
spaces surrounding the brain parenchyma. Derecki and colleagues (2010) showed
increased accumulation of CD4* T lymphocytes in the meningeal spaces in wild type
mice following Morris water maze training. The choroid plexus is another region
from which CD4* T lymphocytes could modulate neurogenesis. Approximately 80%
of human CSF cellular composition constitutes CD4* T lymphocytes (Ransohoff et
al., 2003, Svenningsson et al., 1995). It is therefore possible that CSF is a potential
reservoir from which T lymphocytes could migrate into meningeal spaces -

specifically the subarachnoid space though which CSF flows - ideally positioning
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them to interact with the brain. Homing studies support this concept, showing
systemically injected T lymphocytes preferentially localize within the
leptomeningeal (pia and arachnoid mater) compartment within two hours due to P-
selectin interactions (Carrithers et al.,, 2000). These studies show a preference of T
lymphocytes for meningeal spaces and provide a potential area of activity for
communication with the brain. However, it is evident that the mechanisms
underlying T lymphocyte modulation of neurogenesis remains poorly understood.
Regardless, their role in neuromodulation is compelling and therefore

understanding the mechanisms is central to studying this area.
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Figure 3: Structure of brain and routes of leukocyte entry. The brain membranes (dura,
arachnoid and pia mater) lie underneath the skull and enclose the brain parenchyma.
Leukocytes/lymphocytes can enter via the choroid plexus which flows through the
subarachnoid space and exits through the venous sinus. They can also enter through blood
since the main arterial branches divide into capillaries that terminate within the brain (Taken
from Wilson et al,, 2010).
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1.3.6: T lymphocytes: a role in neuromodulation

Immune-deficient mice have impaired hippocampal neurogenesis. Ziv and
colleagues’ (2006) seminal paper observed reduced proliferation of newly
generated neurons in immune-deficient mice devoid of T and B cells compared to
wild types. Environmental enrichment could not enhance hippocampal
neurogenesis in these mice whilst replenishment with T lymphocytes recognizing
CNS-specific antigens did. When investigating nude mice devoid specifically of T
lymphocytes, proliferation and neuronal differentiation was reduced (Ziv et al,
2006). Again, this effect was rescued by intravenous injection of T lymphocytes.
Other studies showed impairment of cognitive function in models of general
immune deficiency, with a role for T lymphocytes (Brynskikh et al., 2008, Kipnis et
al, 2004). However these studies did not identify a correlation to hippocampal
neurogenesis. It was, in fact, Wolf and colleagues (2009) that confirmed the role of T
lymphocytes in mediating the change in neurogenesis reported by Ziv et al. (2006);
however replenishment was in contrast to previous work as Wolf et al. (2009) used
non-CNS specific T lymphocytes. Wolf et al. (2009) also investigated cognitive
performance and showed impaired learning. In an attempt to further elucidate this
mechanism, Derecki et al. (2010) reported increased accumulation of IL-4
producing CD4* T lymphocytes in the meninges. Furthermore, IL-4 knockout mice
exhibit cognitive defects. These studies are supportive of each other and suggest a
beneficial role for T lymphocytes in regulating hippocampal neurogenesis. However,
one key question remains unanswered: how do T lymphocytes communicate with
the hippocampal stem cell niche? Neuropeptides present themselves as potentially

ideal candidates for this role.

1.4: Vasoactive Intestinal Peptide: a role in neuromodulation

1.4.1: VIP: receptors and distribution

Vasoactive Intestinal Peptide (VIP) is a neuropeptide that, as the name suggests,
was originally identified as a vasodilator in the gut by Said and Mutt over 40 years
ago (Said and Mutt, 1970). However, we have now come to appreciate its role as a
neuropeptide with potent immunomodulatory effects (Bryant et al., 1976). It is, in
fact, one of the most extensively studied neuropeptides. The primary structure of

this 28 amino acid peptide is conserved across most mammalians and it is
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structurally related to secretin and glucagon (Said and Mutt, 1970, Said and Mutt,
1972). VIP is widely distributed across the central/peripheral nervous systems and
the central/peripheral lymphoid organs (Said and Rosenberg, 1976, Larsson et al.,
1976). In the brain, VIP is widely distributed, particularly by interneurons within
the dentate gyrus of the hippocampus (Acsady et al., 1996). VIP nerve endings are
present within lymph organs, including the spleen where they are found amongst T
lymphocytes (Bellinger et al., 1996, Moody et al.,, 2003). Indeed, these VIP-nerve

terminals provide a direct link between the CNS and immune system.

VIP acts via its three G-protein coupled seven transmembrane receptors, VPAC1,
VPAC2 and PAC1. VIP binds to VPAC1 and VPAC2 receptors with high affinity but
has a 1000-fold lower affinity to PAC1 (DiCicco-Bloom, 1996). VPAC1 mouse and rat
receptors share an 83% homology with human receptors, whilst VPAC2 rat
receptors share an 87% homology (Moody et al, 2003). Expression of all their
receptors varies during development. Whilst all three receptors are highly
expressed during embryonic development, neuropithelial VPAC1 and PAC1
expression is downregulated during postnatal period (Basille et al., 2000). However,
PAC1 postnatal expression levels remain controversial (Basille et al., 2000, Shioda
et al., 2006). In adult rats, all three receptors are shown to have high expression,
particularly in the dentate gyrus of the hippocampus (Moody et al., 2003, Sheward
etal,, 1995).

1.4.2: VIP: arole in the CNS

VIP has pleiotropic effects in the CNS, from regulating synaptic transmission to
circadian rhythms (Scharf et al, 2008). VIP mediates neurotrophic and
neuroprotective effects on the CNS via the release of cytokines and growth factors
(Brenneman et al., 2003, Brenneman et al., 1998, Servoss et al,, 2001). These include
BDNF and IGF-1, which are pro-neurogenic mediators that enhance neuron survival

(Reichenstein et al., 2008, Bondy and Cheng, 2004, Servoss et al., 2001).
VIP is important for neurogenesis from embryonic development through to
adulthood. Blocking VIP receptors during embryonic development increases cell

death in the neocortex of mice, results in reduced brain size and reduced cell DNA
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content (Zupan et al,, 2000, Gressens et al.,, 1994). VIP also modulates postnatal
hippocampal neurogenesis and acts via VPAC2 receptors to alter proliferating
precursor fate choice. It expands the pool of symmetrically dividing dentate gyrus
neural precursor cells, as well as having independent VPAC2 mediated trophic
effects (Zaben et al., 2009). VIP also acts on VPAC1 receptors to direct these cells
towards a neuronal fate. In vivo models using VPAC2 knockout mice further
substantiate these findings (Zaben et al., 2009).

In addition to modulating hippocampal neurogenesis, VIP modulates learning and
memory. There is a dual role for VIP in the CNS. Both administration of VIP and
inhibition impairs spatial memory (Itoh et al, 1994, Glowa et al, 1992). When
administered to pregnant mice, these antagonists result in cognitive deficits in off-
spring (Hill et al., 2007). Interestingly, in mouse models of Alzheimer’s disease, VIP
agonists provide protection against impaired spatial learning (Gozes et al., 1996,

Gozes et al., 1999).

1.4.3: Arole for VIP and T lymphocytes in immunomodulation

T lymphocytes express the VIP receptors VPAC1 and PAC1 constitutively, whilst
VPAC2 expression is differentially regulated (Delgado et al., 1999b, Delgado and
Ganea, 2001b). It is therefore not surprising that VIP plays an important role in the
modulation of T lymphocytes, favouring a Th2 phenotype and VPAC2 responses
(Delgado et al., 2004). The reason for a bias towards Th2 over Thl is not fully

known.

Naive CD4* T lymphocytes require activation by antigen presenting cells such as
microglia to induce cytokine production. Two signals are delivered by antigen
presenting cells: 1) binding of the antigenic peptide/MHC class Il complex with the
T cell receptor 2) binding of co-stimulatory molecules on antigen presenting cells.
These co-stimulatory molecules include B7.1 and B7.2, which interact with counter-
receptors CD28 and CTL-4 on T lymphocytes (June et al., 1994). VIP down-regulates
their expression without affecting MHC class Il expression in LPS-stimulated bone
marrow derived dendritic cells (Ganea et al., 2003). This is similar to the effects of
VIP on macrophages and suggests a potential mechanism by which VIP favours a

Th2 phenotype and its anti-inflammatory role.
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A number of cytokines have been identified in the relationship between VIP and T
lymphocytes. IL-12 is a key mediator of the Th1/Th2 balance. VIP inhibits IL-12, a
cytokine whose suboptimal doses favour a Th2 phenotype (Xin and Sriram, 1998,
Delgado et al., 1999b). VIP promotes Th2 cell proliferation and survival (not Th1)
(Delgado et al., 2002). In vitro studies have shown that the Th2 cytokines IL-4 and
IL-5 are produced by macrophages following treatment with VIP, while Thl
cytokines IFN-y and IL-2 were inhibited (Delgado et al., 1999a). Inhibition of IL-2
production is mediated by VPAC1 and VPAC2 receptors via induction of
intracellular cAMP (Wang et al, 1999). This is supported in vivo where VIP
administration in immunized mice reduces the number of IFN-y-producing cells,
while increasing the number of IL-4-producing cells (Delgado et al., 1999a). VIP
treatment of macrophages also favours Th2 production and Th1 inhibition in CD4+*
T lymphocytes (Delgado et al,, 1999a). Also, VIP pushes the T lymphocyte subset
ratio in favour of a protective Th2 phenotype associated with anti-inflammatory
production in non-obese diabetic mice (Jimeno et al., 2010). VIP promotes Th2
differentiation and subsequent IL-4 production on established Th2 cell lines(Voice
et al,, 2001). In fact, the relationship between VIP and IL-4 is of a complex nature.
Antigen-stimulated Th2 cells secrete VIP, which then favour Th2 differentiation and
survival, followed by further IL-4 production. However, IL-4 inhibits VIP production
whilst reducing VPAC2 expression on Th2 cells, not Th1 (Voice et al., 2001, Delgado
et al.,, 2002, Delgado and Ganea, 2001a, Metwali et al., 2000, Metwali et al., 2002).

In its regulation of T lymphocytes, VIP activates a number of transcriptional factors.
VIP induces the Th2 transcriptional factor JunB in stimulated T lymphocytes
(Delgado and Ganea, 2000, Wang et al., 2000). It also upregulates the transcriptional
factor c-Maf which is essential for IL-4 expression (Voice et al., 2003). Given the
mounting evidence implicating VIP in T lymphocyte mediation, it is plausible that

VIP can play a key role in modulating neuro-immune interactions.
1.5: Neurogenesis in pathological states
It is important to understand the implications of impaired hippocampal

neurogenesis. This is observed in pathological states including epilepsy, mood
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disorders, stress and ischaemia.

i) Epilepsy

Temporal lobe epilepsy is characterized by recurrent seizures and cognitive
impairment (Murphy, 2013) Animal models of epilepsy have demonstrated
increased cell proliferation in the hippocampal dentate gyrus following acute
seizures produced by pilocarpine, kindling or kainate treatment (Parent et al.,, 1997,
Bengzon et al, 1997, Gray and Sundstrom, 1998). This increase in neurogenesis
returns to baseline within 2 months after the initial seizure (Jessberger et al., 2007).
A significant proportion of the newly generated dentate granule cells exhibit
abnormal morphological features in the form of basal dendrites, which have
immature synapses (Shapiro et al., 2005). These persist for prolonged periods and
could therefore be involved in the development of chronic epilepsy (Shapiro and
Ribak, 2006). The underlying mechanisms in increasing cell genesis remain to be
fully determined but it is postulated that mitogenic factors released by dying cells or
reactive microglia could account for the increase in neural stem cells. These include
nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), fibroblast
growth factor-1 (FGF-1) and vascular endothelial growth factor (VEGF) (Figure 4)
(Gomez-Pinilla et al., 1995, Shetty et al., 2003, Croll et al., 2004, Shetty et al., 2004).
There is also the involvement of neurotransmitters such as neuropeptide Y, which
regulates physiological neurogenesis in the dentate gyrus in a neuroproliferative
manner (Howell et al, 2003). Interestingly, NPY is essential for seizure-induced
proliferation as demonstrated in studies with NPY knock-out mice; there is a
significant reduction in seizure induced dentate gyrus proliferation (Howell et al,,
2007). Increase in cell number is also observed in the hippocampus of children with
temporal lobe epilepsy (Blumcke et al., 2001). Interestingly, while acute seizures
induce an increase in cell proliferation, chronic epilepsy (characterized by
significant spontaneous seizures) reduces hippocampal neurogenesis by 64-81%
(Parent et al, 1998, Hattiangady et al., 2004). Furthermore, there is impaired

differentiation of neural stem cells (Blumcke et al., 2001).

In addition to impaired hippocampal neurogenesis, both animal models and

patients of temporal lobe epilepsy exhibit cognitive impairments (Howard et al,,

21



2010, Barkas et al., 2012, Inostroza et al., 2011, Cardoso et al, 2011). Indeed,
treatment with antiepileptic and antidepressant drugs can block seizure-induced
neurogenesis in rodents and reverse impairment in patients with temporal lobe
epilepsy, restoring some learning and memory deficits (Jessberger et al., 2007,
Barkas et al.,, 2012). Since temporal lobe epilepsy combines deficits in hippocampal
neurogenesis and learning and memory, this pathological state emphasises the

importance for studying hippocampal neurogenesis.

Indeed, emerging literature implicates a role for inflammation as both a causative
agent of pathology as well as a consequence of the disease. Pro-inflammatory
molecules and activated microglia have been identified in the hippocampus of
patients with temporal lobe epilepsy (Crespel et al, 2002, Aronica et al., 2007,
Ravizza et al.,, 2008, van Gassen et al., 2008). Pro-inflammatory cytokine (IL-1(, TNF
and IL-6) induction is triggered within 2 hours of status epilepticus, predominantly
by microglia and astrocytes (De Simoni et al., 2000, Vezzani and Granata, 2005). A
pathological cascade ensues, activating the complement system and up-regulating
chemokine production and receptor expression. Increased chemokine expression by
neurons and glia are suggested to direct leukocytes to the brain (Fabene et al,
2008). This is in line with studies that show the presence of T lymphocytes in
epileptic tissue from humans and TLE models (Fabene et al.,, 2008, Ravizza et al,,
2008). Tissue from humans and TLE models have identified activated astrocytes
and microglia expressing inflammatory mediators (Ravizza et al., 2008, Crespel et
al, 2002, Dube et al.,, 2010). Therefore, there is strong evidence for the immune
system in chronic TLE, which may account for the associated learning and memory

deficits in pathological neurogenesis.

ii) Mood disorders

Hippocampal neurogenesis is implicated in depression. Patients with depression
have reduced hippocampal volume (Small et al.,, 2011, Fotuhi et al.,, 2012). Adult-
generated hippocampal neurons are required to regulate mood and also to ensure
the effectiveness of antidepressant treatment (Petrik et al., 2012, Santarelli et al,,
2003). Treatment with antidepressant drugs enhances cell proliferation in the

dentate gyrus and reduces stress levels, which is a predisposing factor of depression
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(Santarelli et al., 2003, Encinas et al., 2006) (Malberg et al., 2000, Czeh et al., 2001).
In keeping with the concept of antidepressant effectiveness, ablation of
hippocampal neurogenesis in mice does in fact impair antidepressant efficacy
(Santarelli et al., 2003). However, of note here is that ablation of neurogenesis in
animal models does not always cause depressive-like symptoms, nor does stress
always decrease neurogenesis (Jayatissa et al., 2010, Lagace et al., 2010). Eisch and
Petrik (2012) propose the neurogenic interconnectome model with the idea that a
multitude of factors reflecting the delicate balance of neurogenic regulation may
come in to play here. This involves different regions of the brain, the diverse
functions of the hippocampus and the involvement of the stem cell niche itself. It is
clear that the pathophysiology of depression remains undetermined. Whether
hippocampal dysfunction and altered stress response is a predisposing factor rather
than a causative agent in depression remains unclear. Understanding the factors
regulating hippocampal neurogenesis and the stem cell niche can provide effective

strategies for antidepressant drug treatments.
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Figure 4: Changes following acute seizures. Changes include structural, neurochemical and
cellular changes. These are primarily observed in the hippocampus (Taken from Kuruba et al., 2009).

Global and focal (stroke) ischaemia increase hippocampal neurogenesis. Following
global ischaemia, there is an increase in the proliferation of neural progenitor cells,
with almost all of the newly generated progenitors in the dentate gyrus adopting a

neuronal phenotype (Liu et al., 1998, Kee et al.,, 2001). Neurons are able to extend




their dendrites to the molecular layer of the dentate gyrus, thereby establishing
synapses with other neurons (Tanaka et al, 2004). There is also increased
neurogenesis in the subgranular zone of the dentate gyrus following focal ischaemia
(Jin et al,, 2001). Again, cognitive impairments are associated with ischaemic insults
(Hattori et al., 2000). Increasing hippocampal neurogenesis could potentially repair
cognitive impairments and restore hippocampal neurogenesis. (Nunn and Hodges,

1994).

1.6: Using animal models to investigate human neurogenesis

Using rodent models to understand human neurogenesis has proven highly
controversial. Does the magnitude of hippocampal neurogenesis in rodents reflect
that in humans? Is this level of neurogenesis in the human brain at a level that has
functional significance? Are the study tools used for rodents applicable for human

studies?

Until recently, the seminal paper by Eriksson et al. (1998) was the only study to
show adult neurogenesis within the human brain using the unambiguous cell
proliferation marker BrdU. However, given the high risk of mutations associated
with BrdU, this compound has since been banned and subsequent studies have not
been able to utilize this key marker. As such, the quantification of neuronal
generation and dynamics of hippocampal neurogenesis remained elusive. More
recently, advances have been made to address these points. Knoth and colleagues
(2010) used doublecortin (DCX), a marker of immature neurons in the rodent
dentate gyrus, to determine its viability as an alternative marker to measure
neurogenesis in humans. In agreement with studies in rodents, there was a decline
in neurogenesis as demonstrated with the reduction in the number of DCX* cells
with age. This 10-fold decrease from puberty to adulthood is comparable to rodent
studies. Cell staining showed DCX* cells co-expressed maturation markers such as
NeuN; providing strong evidence of cell differentiation and maturation. However
the proportion of proliferating cells and mature cells was not quantified. More
recently, Spalding et al. (2013) have provided compelling evidence to support the
original findings of Eriksson and colleagues (Eriksson et al, 1998). Having

previously used carbon dating to investigate neurogenesis in the SVZ (Bergmann et
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al, 2012), they applied the same methodology to investigate adult human
hippocampal neurogenesis and its dynamics. They quantified the total number of
neurons added daily to the hippocampus (1400) and calculated this as a 1.75%
turnover within the renewing fraction. The rate in adult humans was comparable to
that observed in adult rodents. In further agreement with rodent studies, there is a
decline in neurogenesis with age, however it is at a steadier rate than the dramatic
decline observed between the young and adult stage in rodents (4 fold vs. 10 fold,
respectively). These studies suggest a functional significance for neurogenesis in
humans and, as with rodent studies, could potentially reveal the importance for new
neurons in cognition. Therefore our study has the potential to be used for

translational research of human neuroimmunomodulation.

1.5: Research aims and hypothesis

The immune system and central nervous system are intertwined, with the
regulation of hippocampal neurogenesis focal to its relationship. Microglia and T
lymphocytes are important components in the regulation of hippocampal
neurogenesis with a potential role for neuropeptides in relaying signals from the
stem cell niche to these cells. The exact mechanism by which these cell types can
communicate remains largely undetermined. We have therefore sought to
investigate the role of VIP as a mediator of neuroimmune interactions in the
modulation of hippocampal neurogenesis. With the presence of VIP receptors on T
lymphocytes and the correlation between T lymphocytes and neurogenesis, we
postulate that VIP acts on T lymphocytes to regulate hippocampal neurogenesis via
release of cytokines. Of note here is VIP’s ability to cross the blood-brain barrier
(Dogrukol-Ak et al., 2003). Furthermore, given the importance of microglia, we
suggest a key role for these cells in this paradigm. Understanding and defining the
factors and mechanisms regulating the stem cell niche is crucial to hippocampal
neurogenesis. Restoring impaired neurogenesis can potentially restore cognitive
impairments in patients of epilepsy and mood disorders. In addition, it opens the
possibility to recapitulate the stem cell microenvironment in non-neurogenic areas
to allow neurogenesis and repair damaged regions following brain insult. This area

of regenerative medicine holds much promise.
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2. Methods

2.1: Generation of primary rat hippocampal neuronal cultures

Dentate granule cells are born during development and migrate from the dentate
notch (adjacent to the SVZ) to the nascent dentate gyrus, laying down the
foundation of the dentate granule cell layer (hilus, SGZ) (Nowakowski and Rakic,
1979, Altman and Bayer, 1990b). More than half of the granule cell layer, where
hippocampal neurogenesis occurs, forms during the postnatal period (Namba et al,,
2005, Namba et al,, 2007). During the first week of postnatal development, there is a
significantly large production of granule neurons (Altman and Bayer, 1990a). After a
systematic process of organization, precursor cells are found within the SGZ where
they divide at the region between the granule cell layer and the hilus. This process
of granule cell production occurs from postnatal day 5-7 throughout adulthood (Li
and Pleasure, 2007). Given that the dentate gyrus is established during the postnatal
period, coupled with the fact that there is significantly less anoxia in the postnatal
brain and therefore can withstand the process of cell culturing (Wheal, 1991), is the
reason we elected to utilise postnatal rat hippocampal cultures to investigate our
research questions. All animal work was performed in accordance to the United
Kingdom Animal (Scientific Procedures) Act 1986. Every effort was made to
minimise the number of animals used and their suffering. Primary rat hippocampal
neuronal cultures were generated following a multi-step procedure of hippocampal

dissection, cell release and dissociation and then cell plating.

2.1.1: Hippocampal dissection

For each experiment, 6-10 Sprague Dawley rats aged post-natal day 7-10 were
sacrificed by atlanto-axial dislocation (Schedule I) followed by quick decapitation.
The brains were removed and placed into a petri dish. The hippocampi were
dissected under sterile conditions and placed into Gey’s balanced salt solution
(Sigma, U.K.) supplemented with 4.5mg/mL glucose (Figure 5). The hippocampi
were then transferred onto a sterile melinex strip on the stage of a Macllwain tissue
chopper. Transverse sections of 400uM thickness were cut and the chopped tissue

was immediately transferred to a petri dish containing 4ml of Gey’s solution.
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Figure 5: Dissection of hippocampus. The brain was removed from the skull and placed dorsal side up. A. The
cerebellum was removed using a scalpel blade. B. A second cut was made sagittaly down the midline. C. The two
halves of the brain were gently separated. D & E One side of the brain was held steady using a flat brush while
the other brush was placed inside the hippocampal groove to roll out the hippocampus. These steps were
repeated for the other half of the brain (images taken from Kalifa, 2008).

2.1.2: Cell release and dissociation

Gey’s solution was aspirated and replaced with pre-warmed papain solution filter
sterilized through a 0.2pM filter (0.22uM pore, Millipore) for 30 minutes at 379C to
facilitate digestion of connective tissue. Papain (22.0 U/mg, Sigma) was prepared at
a concentration of 2Zmg/mL in Neurobasal A (Invitrogen) supplemented with 2% B-
27 (Invitrogen) and 0.5mM glutamine (Sigma). Papain solution was aspirated after
30 minutes and replaced with 4mL of NBA/B-27/glutamine and triturated to
initiate cell release. The top two layers of cell suspension were transferred on top of
an Optiprep gradient and a further 2mL were added to cell suspension, triturated
and all 4mL were transferred on top of the gradient. This enabled partial
purification of cells from debris by centrifugation for 15 minutes at room
temperature at 1900 rpm. The two-step density Optiprep gradient was prepared by
making two 2mL solutions of Optiprep (Axa-shields). The 10% solution was
carefully placed on top of the 20% solution. Following centrifugation, the fraction
containing cells was collected using a pipette and diluted in 2ZmL NBA/B-

27 /glutamine and centrifuged for 5 minutes at room temperature at 1100 rpm.
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Supernatant was aspirated and cells were re-suspended in NBA/B-27/glutamine

(ImL per animal used).

2.1.3: Cell plating

Live (Trypan blue excluding) cells were counted in a haemocytometer and cell
suspension was then diluted in pre-warmed NBA/B-27 /glutamine to yield 100, 000
cells/mL for plating. Cells were plated at 500uL per well at the above density
directly onto poly-L-lysine pre-coated cover slips in 24 well plates. 250uL of
50pg/mL poly-L-lysine (Sigma) was applied for an hour, aspirated and washed with
pre-warmed NBA/B-27/glutamine to remove excess poly-L-lysine. At 2 hours post-
plating, medium was aspirated to remove any non-adherent cells and washed once
with pre-warmed NBA/B-27/glutamine to remove residual debris. Medium was
then replaced with fresh pre-warmed medium supplemented with
antibiotic/antimycotic (Penicillin/Streptomycin and Fungizone). Conditions were
added as per experimental requirements. Cultures were maintained at 5%C02/9%
02/372C incubator conditions. For cultures longer than 3 days, two thirds medium

was replaced every 3 days.

2.2: Using a CD4+ isolation Kit to extract CD4* T lymphocytes from adult mice

The use of CD4* T lymphocyte cell cultures is an established study paradigm
(Palmer et al, 1978; Rouabhia et al, 1992). To determine the effects of T
lymphocytes supernatant on hippocampal cultures, we generated CD4* T
lymphocytes cultures following a multi-step protocol using a specifically designed
mouse CD4+ isolation kit (Cedarlane Laboratories, Figure 2.2). According to the
manufacturer, this isolation kit eliminates more than 95% of B cells and CD8* cells
from lymphocyte preparations, which result in enriched mouse CD4+* T cells in
column eluent (Cedarlane Laboratories). However, using immunohistochemical
analysis we have found our cultures have a purity of approximately 70% (Chapter
3). The cultures were generated in standard culture medium (NBA/B27/Glutamine)
which we have previously tested in the lab as a viable alternative to standard serum
based RPMI media (see Appendix I). This ensures hippocampal cultures are not
exposed to mitogens from the RPMI media which trigger neuronal differentiation. T

lymphocytes cultures were generated for 24 hours and then the supernatant was
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collected and stored at -209C until required for treatment on hippocampal cultures.

2.2.1: Spleen extraction and erythrocyte lysis

All animal work was performed in accordance to the United Kingdom Animal
(Scientific Procedures) Act 1986. Every effort was made to minimise the number of
animals used and their suffering. For each experiment, 4 eight week old C57/BL6
mice were sacrificed by atlanto-axial dislocation followed by quick decapitation
(Schedule I). The spleens were extracted under sterile conditions and placed in
phosphate buffered saline (PBS). Each spleen was placed in a 100uM cell strainer
(BD Biosciences, USA) with 1ml of fresh PBS and minced using the end of a 10mL
syringe plunger. The sieved mixture was triturated and put in a 15mL falcon tube
and diluted in 10mL of PBS. The cell solution was centrifuged for 6 minutes at room
temperature at 1300 rpm. Supernatant was discarded and the erythrocytes were
lysed by trituration in 5ml of 5x lysis buffer (Cedarlane). The solution was

centrifuged for 6 minutes at room temperature at 1300rpm.

2.2.2: Column activation

One column was used per 2 spleens. The cap and cotton wool were removed and the
bottom of the column was snapped off to attach a stopcock. The column was washed
with 10mL PBS and immediately followed by the addition of the total volume of the
reconstituted column reagent (Cedarlane). This was allowed to run through the
column bed and then the stopcock was immediately closed. The column reagent was

left at room temperature for a minimum of 30 minutes.

2.2.3: Addition of antibodies

Supernatant was removed from the centrifuged splenocytes and re-suspended in
1mL PBS. Two sets of centrifuged splenocyte solutions were combined and the total
volume of cell reagent (Cedarlane, Canada) was added to the solution. The solution
was vortexed and cell suspension was adjusted to 7mL with PBS and incubated at
4°C for 30 minutes. The solution was then further diluted in PBS to give a total

volume of 10mL and centrifuged for 6 minutes at room temperature at 1300 rpm.
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2.2.4: Cell sample loading and elution

The column was washed with 10mL PBS and immediately followed by the addition

of splenocytes which were collected in a sterile petri dish and then transferred to a

15mL falcon tube. Cells were centrifuged for 6 minutes at room temperature at

1300rpm. Supernatant was discarded and the cell pellet was re-suspended in 1mL

pre-warmed NBA/B-27/glutamine supplemented with 1% antibiotic/antimycotic.

Viable cells were determined as per section 2.1.3 to yield 1, 000, 000 cells/mL. Cells

were plated at 500uL per well in a 24 well plate pre-coated with poly-L-lysine.

Conditions were added as per experimental requirements. 1ug/mL of anti-CD3 was

used for activation of T lymphocytes. Cultures were maintained for 24 hours at 5%

CO2/9% 02/37°C incubator conditions, after which supernatant was collected in

falcon tubes and kept at -202C until required.
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Figure 6: CD4* isolation Kit. Schematic taken from Cedarlane Laboratories manual.

2.3: Generating pure CD4* T lymphocytes cultures by flow cytometry

Flow cytometry is an established technique that allows cell populations to be sorted

into distinct groups using specific markers to identify them (Ibrahim et al. 2007).
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Cells in a stream of fluid are passed through the flow cytometer in single file and
lasers are fired on to them. Light signals emitted from cells are collected and
correlated to specific parameters defined by the user including protein expression,
gene expression and cell morphology. Depending on the specifications outlined,
individual cells can be diverted from the fluid stream to be collected as a viable
specific population with a purity approaching 100%. To generate a pure CD4* T
lymphocytes culture independent to the CD4* isolation kit, flow cytometry was
applied. Three spleens from adult C57/BL6 mice were used per experiment to
generate a pure CD4* T lymphocytes population, a splenocytes population without

CD4* T lymphocytes and a population containing all splenocytes.

2.3.1: Preparation of single cell suspensions from tissues

Spleen tissue was homogenised in a multiwell plate using the back of a 10mL
syringe plunger and forced through a 70uM cell strainer (BD Biosciences).
Homogenised tissue was resuspended in 1mL standard culture medium and
centrifuged at 1300 rpm for 5 minutes at room temperature. Spleen cell pellets
were subjected to lysis of red blood cells by re-suspending in 5mL of RBC lysis
buffer (BioLegend) for 90 seconds at room temperature. Cells were then washed in
standard pre-warmed culture medium and transferred to a 15mL falcon tube via a
70uM cell strainer. Cells were plated out into a 96 well round bottom plate for

antibody staining.

2.3.2: Antibodies and cell staining

96 well plates were centrifuged at 1500 rpm for 3 minutes at room temperature and
washed twice with PBS. Anti-mouse antibodies for flow cytometric analysis are
described in Table 1. The correct dilutions of the antibodies to give efficient staining
were established by titration of the antibodies by various members of a lab group
well versed with flow cytometry. A fixable dead cell staining kit (LIVE/DEAD Aqua,
Invitrogen) was used prior to antibody staining to eliminate dead cells from flow
cytometric analysis. The kit is based on a reaction between a fluorescent reactive
dye with cellular amines. Intense fluorescent staining occurs when the reactive dye
enters compromised membranes of dead cells and reacts with free amines inside

the cell and also on its surface. Live cells only allow the dye to react with amines on
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the cell surface and therefore they produce a relatively dull fluorescence stain.
Therefore 3pl of diluted (1:10 in PBS) LIVE/DEAD aqua was added directly to cell
pellet and left at room temperature for 15 minutes in the dark. Cells were washed

twice with FACS buffer.

Fc receptors are glycoproteins found on blood cells (B cells, tissue macrophages)
that have high affinity for Fc regions of monomeric IgG and therefore can cause non-
specific binding and high background staining. To minimise this, Fc receptors were
blocked for 10 minutes at 4°C in the dark using anti-CD16/32 antibodies
(eBiosciences) diluted to 5pg/mL. For staining of surface markers, 25uL of diluted
(in FACS buffer) antibody (CD3, CD4; Table 1) were added to the cells and incubated
for 10 minutes at 4°C in the dark. To remove unbound antibodies, cells were washed
twice in FACS buffer. Cells were re-suspended in 200uL FACS buffer and transferred

to FACS tubes for flow cytometric analysis.

2.3.3: Flow cytometry analysis and gating strategy

For flow cytometric analysis, samples were acquired using a FACS Aria III cell sorter
(BD Biosciences) and were analysed using BD FACSDiva 7.0 software (BD
Biosciences). For analysis of each sample the same gating strategy was adopted
(Figures 7-9). Firstly, the lymphocyte population was gated based on typical
lymphocyte forward scatter and side scatter patterns. Then dead cells were gated
out to avoid non-specific antibody binding using live/dead aqua. Cells with
compromised membranes stain readily with live/dead aqua and have higher
fluorescence intensity compared to cells with intact membranes. The CD4+ and CD3*
T cell populations were gated from the live lymphocyte population based on
fluorescent intensity levels from CD4 and CD3 specific antibody staining. Relative

proportions of CD4* cells were determined as 1:4 with respect to total population.
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Figure 7: Spleen sort 1. Samples were acquired using a FACS Aria III cell sorter and were analysed
using BD FACSDiva 7.0 software. For analysis of each sample the same gating strategy was adopted.
Firstly, the lymphocyte population was gated based on typical lymphocyte forward scatter (FSC-A)
and side scatter (SSC-A) patterns. Dead cells were gated out to avoid non-specific antibody binding
using live/dead aqua. The CD4+ and CD3* T cell populations were gated from the live lymphocyte
population based on fluorescent intensity levels from CD4 and CD3 specific antibody staining. P1 =
all cells, P2 =live cells P3 = CD3+CD4+, P4 = CD3-CD4-, CD3+*CD4-, CD3-CD4+
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Figure 8: Spleen sort 2. Samples were acquired using a FACS Aria III cell sorter and were analysed
using BD FACSDiva 7.0 software. For analysis of each sample the same gating strategy was adopted.
Firstly, the lymphocyte population was gated based on typical lymphocyte forward scatter (FSC-A)
and side scatter (SSC-A) patterns. Dead cells were gated out to avoid non-specific antibody binding
using live/dead aqua. The CD4+ and CD3* T cell populations were gated from the live lymphocyte
population based on fluorescent intensity levels from CD4 and CD3 specific antibody staining. P1 =
all cells, P2 = live cells P3 = CD3+CD4+, P4 = CD3-CD4-, CD3+*CD4-, CD3-CD4+
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Figure 9: Spleen sort 3. Samples were acquired using a FACS Aria III cell sorter and were analysed
using BD FACSDiva 7.0 software. For analysis of each sample the same gating strategy was adopted.
Firstly, the lymphocyte population was gated based on typical lymphocyte forward scatter (FSC-A)
and side scatter (SSC-A) patterns. Dead cells were gated out to avoid non-specific antibody binding
using live/dead aqua. The CD4+ and CD3* T cell populations were gated from the live lymphocyte
population based on fluorescent intensity levels from CD4 and CD3 specific antibody staining. P1 =
all cells, P2 = live cells P3 = CD3+CD4+, P4 = CD3-CD4-, CD3+*CD4-, CD3-CD4+*

2.3.4: Sample collection and cultures

Cells were collected in two tubes, one with CD4* T lymphocytes and the other with
all cell populations. Another sample was comprised of all cell types based on a 1:4
ratio of CD4* T lymphocytes to all other cell types as calculated from BD FACSDiva
software analysis. Cells were treated with experimental conditions and maintained
for 24 hours at 5%C02/9%02/372C incubator conditions. Supernatant was collected

in falcon tubes and kept at -202C until required.



2.4: Studying cell proliferation

2.4.1: Using BrdU incorporation to study cell proliferation

Using 5-bromo-2-deoxyuridine (BrdU) to study cell proliferation is an established
method (Miller & Nowakowski, 1988; van Praag et al, 1999). This thymidine
analogue is incorporated into cells during the S-phase of the cell cycle and therefore
used to specifically label dividing cells (Taupin, 2007). The cell cycle of neural
progenitor cells is 12-14 hours and the S-phase equates to one third or half of this
period (Nowakowski & Hayes, 2000). Hippocampal cultures were generated as
detailed in section 2.1 for 3DIV under standard control conditions. Culture medium
was removed from cultures and replaced with experimental conditions and a final
concentration of 20uM BrdU for the terminal 6 hours before fixation. Cells were
fixed in 4% paraformaldehyde (PFA) for 30 minutes at 42C. Experimental conditions
were added at the same time as BrdU to study proliferative effects of the factors
being investigated in one cell cycle; the aim was to exclude trophic effects and
greatly reduce the risk of secondary mediators from having an effect. After fixation,
cells were washed twice with PBS and processed for expression of BrdU and
counterstained with the nuclear cell marker 4’6-diamidino-2-phenylindole (DAPI)
as detailed below in section 2.8. The total number of DAPI positive and BrdU
positive cells were counted to determine the mitotic index, which is calculated as
the total number of BrdU positive cells over the total number of DAPI* cells. This is
indicative of the total number of cells transitioning from the S phase to the G2 phase

of the cell cycle (Figure 10).

2.4.2: Determining the labelling index and growth fraction

Using Ki-67 to study cell kinetics is an established method (Kee et al, 2002,
Mandyam et al., 2007). Ki-67 is an endogenous proliferative marker expressed by
cells during the active phases of the cell cycle (G1, G2, M phase) and used to
determine the labelling index or growth fraction. The labelling index is calculated as
the number of Ki-67 expressing cells incorporating BrdU over the total number of
Ki-67 positive cells. The growth fraction is calculated as the number of cycling
precursors (Ki-67 positive cells) over the total number of DAPI positive cells. This
allows us to determine whether proliferative effects are due to speeding of the cell

cycle (labelling index) or recruitment of quiescent cells (growth fraction). Primary
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rat hippocampal cultures were generated under standard control conditions for
3DIV as detailed in section 2.1. At 3DIV, culture medium was removed from cultures
and replaced with experimental conditions and a final concentration of 20uM BrdU
for the terminal 6 hours before fixation in 4% PFA. After fixation, cells were washed

with PBS and stained for BrdU incorporation and Ki-67 expression as detailed in

section 2.8.
Cell cycle
Ki-67
Ki-67
G1 phase
Ki-67
S phase
G2 phase
M phase

Figure 10: Expression of proliferative markers during the cell cycle. BrdU is expressed
by cells transitioning from the S (synthesis) to G2 (growth) phase. Ki-67 is expressed
during the G2, G1 and M (mitosis) phase. There is overlap in the G2 phase.

2.5: Pharmacological manipulation to investigate mediation of proliferative
effects

2.5.1: Examining VPAC1 mediating proliferation

Investigating expression of VIP receptors in T lymphocyte cultures in the lab has
shown VPAC1 and PAC1 mRNA expression before and after CD3 activation; VPAC2
is not expressed (see Appendix II). A VPAC1 receptor agonist [Lys15, Argl6, Leu27]-
VIP (1-7) - GRF (8-27) (Phoenix Pharmaceuticals, Inc.) and a VPAC1 receptor
antagonist [Ac-His1, D-Phe2, Lys15, Argl6, Leu27]-VIP (1-7)-GRF (8-27) (Phoenix

Pharmaceuticals, INC.) were used to investigate VIP receptor mediation of T
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lymphocytes. Primary rat hippocampal cultures were generated as detailed in
section 2.2 under standard control conditions for 3DIV. Culture medium was
removed from cultures and experimental conditions and a final concentration of
20uM BrdU were added for the terminal 6 hours before fixation in 4% PFA.
Experimental conditions for T lymphocytes supernatant were added when T
lymphocytes were plated as detailed in section 2.2. To investigate VPAC1 mediation
using the VPAC1 antagonist, 1uM VPAC1 antagonist and 1uM VPAC1 antagonist with
30nM VIP was added to T lymphocytes. Similarly for VPAC1 mediation using a
VPAC1 agonist, 1uM VPAC1 agonist was added to T lymphocytes. Therefore,
experimental conditions for investigating the effect of VPAC1 antagonist on
hippocampal cultures were standard control conditions, 5% supernatant, 30nM VIP
added directly to hippocampal cultures, 5% supernatant pre-treated with VIP, 1uM
VPAC1 antagonist added directly to hippocampal cultures, 5% supernatant pre-
treated with 1pM VPAC1 antagonist and 5% supernatant pre-treated with VPAC1
antagonist and 30nM VIP. Similarly for investigating the effect of VPAC1 agonist on
hippocampal cultures, experimental conditions were standard control conditions,
5% supernatant, 30nM VIP added directly to hippocampal cultures, 5% supernatant
pre-treated with VIP, 1uM VPAC1 agonist added directly to cultures and 5%
supernatant pre-treated with 1uM VPAC1 agonist. After fixation in 4% PFA, cells

were immunostained as described below in section 2.8.

2.5.2: Examining IL-4 mediation of T lymphocytes supernatant

Candidate cytokines have been investigated in T lymphocytes cultures following
activation and under treatment with VIP (see Appendix II). Given the role of IL-4 in
T lymphocyte mediated effects and its importance as a Th2 effector cytokine, IL-4
mRNA expression has been investigated as detailed in section 2.9. To further
investigate the role of IL-4 in mediating T lymphocytes effect on hippocampal cells,
IL-4 antagonists were used. To investigate the role of mouse IL-4 (released by T
cells), a mouse-specific anti-IL-4 antibody was used. Similarly, in a separate set of
experiments, the role of rat IL-4 (released by resident microglia and other cells) was
investigated using a rat-specific anti-IL-4 antibody. Primary rat hippocampal
cultures were generated under standard control conditions for 3DIV as detailed in

section 2.1. At 3DIV, culture medium was replaced with experimental conditions, a
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final concentration of 20pM BrdU and 10pg/mL mouse or rat anti-IL-4 antibody
(Huang et al., 2007; Sigma) for the terminal 6 hours before fixation in 4% PFA.
Experimental conditions were standard control conditions, 5% supernatant, 30nM
VIP added directly to hippocampal cultures, 5% supernatant pre-treated with VIP,
standard control conditions with 10pg/mL anti-IL-4, 5% supernatant with 10pg/mL
anti-IL-4, 30nM VIP added directly to hippocampal cultures with 10pg/mL anti-IL-4
and 5% supernatant pre-treated with VIP with 10pg/mL anti-IL-4. Cells were then

immunostained as described in section 2.8.

2.6: Investigating cell death in cultures

Using the highly polar cell death marker propidium iodide (PI, Invitrogen) to
quantify cell death is an established method (Brana et al, 2002, Eguchi et al., 1997).
Used in conjunction with the nuclear cell marker DAPI (Sigma), cell death was
quantified in cultures using a protocol previously established and validated in the
lab. PI is a fluorescent dye that enters dead or dying cells with leaky membranes and
binds to the nucleic acid of the cytoplasm and nucleus, where it fluoresces (Lecoeur,
2002). DAPI is a non-polar dye that binds to double-stranded DNA of all (live and
dead) cells and therefore gives total cell numbers. Rat hippocampal cultures were
grown under experimental conditions for 5DIV. At 5DIV, culture medium was
replaced with fresh pre-warmed culture medium containing PI (5pg/ml) and DAPI
(20pg/ml) for 40 minutes at 372C. The medium was removed and replaced with
fresh NBA/B-27/glutamine and imaged live for quantification of cell death. Cell
death was determined as the total number of PI* cells over the total number of

DAPI* cells.

2.7: Investigating the role of microglia in cultures
To investigate the role of microglia, two approaches were utilised. One involved
depletion of microglia and the other involved studying pure microglial cultures.

Both these techniques have been previously verified and validated in our lab.
2.7.1: Depletion of microglia from hippocampal cultures
Microglia represent approximately 15% of the total cell population in the brain and

are present in high densities in the hippocampus (Lawson et al., 1990). To deplete
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microglial cells from hippocampal cultures, rat-Mac-1-SAP (Advanced Targetting
Systems) was used. The Mac-1-SAP antibody specifically binds to CD11b receptors
on microglia; the antibody is conjugated to the ribosome-inactivating protein
saporin. Once the antibody binds to microglia, saporin is internalized and breaks
away from the antibody, inactivating the ribosome. This in turn leads to protein
inhibition and ultimately kills microglia. Primary rat hippocampal cultures were
generated as detailed in section 2.1 and grown under standard control conditions
for 2DIV. At 2DIV, culture medium was removed and 100pg/mL Mac-1-SAP (in pre-
warmed standard culture medium) was added to cultures for 24 hours. For control
conditions, cultures were replaced with fresh culture medium. After 24 hours,
medium was removed from both Mac-1-SAP containing cultures and control
cultures and washed with fresh pre-warmed culture medium before treatment with
experimental conditions and 20uM BrdU. These were added for the terminal 6
hours before fixation in 4% PFA. Cells were then immunostained as detailed in

section 2.8.

2.7.2: Generation of pure microglia cultures

Pure microglial cultures (>95%) were generated from rat hippocampal tissue. This
protocol was adapted in our lab by Dr Robert Nunan from the original protocol for
microglial isolation by Guilian and Baker (2006). Primary rat hippocampal cultures
were generated as detailed in section 2.1. Cells were plated 1mL/well in poly-L-
lysine pre-coated 6 well plates at a density of 500, 000 cells/mL. Cultures were
maintained for 7DIV without medium change in standard culture medium (NBA/B-
27 /glutamine/antibiotic) supplemented with 10% fetal bovine serum (FBS). At
7DIV, cells were placed on a plate shaker for 10 minutes at 1200 rpm at 372C. This
is a modification to the method previously described by Guilian and Baker; their
methods were either a shake at 372C for 15 hours at 180 rpm or alternatively a
"cold shake" for 30 minutes at 42C. The modified method has the distinct advantage
of being less time consuming whilst generating high purity cultures. Furthermore,
these microglia are isolated from the hippocampus, which has only been described
by a few groups (Ren et al., 1999; Frank et al., 2006; de Haas et al., 2007; Choi et al,,
2008). Following "shaking", plates were subjected to several hard taps and swirling

to dislodge weakly attached cells (microglia) into the medium. Cell suspensions
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from several wells were pooled together in a 15mL falcon tube. Viable cells were
counted in a haemocytometer using trypan blue. Cells were plated 1mL/well in
uncoated 6 well plates at a density of 100, 000 cells/mL. After 1 hour, cultures were
washed with fresh pre-warmed culture medium to remove FBS and weakly attached
cells. Cells were then treated with experimental conditions for specific time frames

as detailed in Chapter 5.

2.8: Immunohistochemistry
Following fixation in 4% PFA for 30 minutes at 42C, cells were washed three times

with PBS to completely remove it.

2.8.1: BrdU detection

To detect BrdU, cells were incubated in 250uL/well 2M hydrochloric acid (HCI;,
Fisher Scientific) for 30mins in a 372C water bath. This unfolds double stranded
DNA and allows antibodies to attach to the BrdU. Cells were washed three times

with PBS to remove residual HCI. Primary antibodies were then added.

2.8.2: Addition of primary antibodies

Non-specific binding sites were blocked with 250uL/well of 5% donkey blocking
serum (DBS, Sigma) in 0.1% Triton-X (Sigma) in PBS (PBS-T) for 30 minutes at
room temperature. Blocking solution was replaced with 250puL/well primary
antibodies diluted in blocking solution overnight at 42C (see Table 1 for antibodies

and dilutions)

2.8.3: Addition of secondary antibodies

Cells were washed three times with PBS and incubated with 250uL/well secondary
antibodies (see Table 1 for antibodies and dilutions) diluted in 0.1% PBS-T for 2
hours at room temperature in the dark. Cells were washed three times with PBS and
then counterstained with 250uL/well of 5ug/mL DAPI diluted in ddH20 for 6
minutes at room temperature in the dark. Cells were then washed three times with
PBS to remove residual DAPI. For each experiment, negative controls (absence of
primary antibodies) were used to exclude non-specific secondary antibody binding.

Cover slips were then mounted on slides and sealed with clear nail varnish and
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stored at 42C until imaged. A mounting solution comprising 50% glycerol and 50%

PBS was used.

Table 1: List of antibodies and dilutions

Antibody Manufacturer | Dilution | Function

Rat anti-BrdU AbD serotec 1:200 Binds to BrdU incorporated into single
stranded DNA. Used to measure cell
proliferation.

mouse anti-rat | BD Biosciences 1:200 Nestin is an intermediate filament

. expressed by dividing neuroepithelial stem
nestin cells and transient radial glial cells in the
developing rat CNS.

rabbit anti-TuJ1 Cambridge 1:500 Class III B-tubulin is expressed by neurons

N in the CNS and PNS. It is used as a neural
Biosciences
stem cell marker

rabbit anti-Prox1 Abcam 1:500 Prox1 is a protein-coding gene expressed
during embryonic development and adult
neurogenesis. It is used as a dentate specific
granule cell marker.

Ki-67 DAKO 1:500 Ki-67 antigen is a larger nuclear protein
expressed during the active phases of the
cell cycle. It is used to determine the
growth fraction and labelling index.

CD4 APC-efluor 780 | eBiosciences 1:100 CD4 is a cell surface receptor expressed by
a subpopulation of mature T lymphocytes.

CD3 PeCy5 BD Pharmingen 1:50 CD3¢ is a chain of the CD3/TCR complex
found on all mature T lymphocytes.

donkey anti-mouse | Invitrogen 1:1000 Alexa Fluor 555 is labeled with a bright,

Alexa Fluor 555 photostable, orang.e-ﬂuoresFent.. It is used
to detect mouse primary antibodies.

donkey anti-rat | Invitrogen 1:1000 Alexa Fluor 488 is labeled with a bright,

hotostable, green-fluorescent dye. It is

Alexa Fluor 488 Esed to detectgrat primary antibodi}:es.

donkey anti-rabbit | Invitrogen 1:1000 Alexa Fluor 555 is labeled with a bright,

hotostable, orange-fluorescent. It is used

Alexa Fluor 555 ‘Ic)o detect rabbit prt‘igmary antibodies.

donkey anti-rabbit | Invitrogen 1:1000 Alexa Fluor 488 is labeled with a bright,

hotostable, green-fluorescent dye. It is

Alexa Fluor 488 Esed to detectgrabbit primary antib}(l)dies.

anti-CD4 Sigma 1:500 CD4 is a cell surface glycoprotein expressed

by a subset of mature T lymphocytes

2.9: Real-time PCR analysis

To investigate mRNA expression, cDNA was generated from samples. At the

specified time points, cells were collected in 1mL TRIzol (Invitrogen) to isolate high

quality RNA, DNA and proteins from cells (Chomczynski, 1993). RNA was isolated

and converted to cDNA following a multistep protocol. cDNA samples were used for

quantitative PCR analysis.
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2.9.1: Phase separation and RNA isolation

After homogenizing the sample in 1mL TRIzol, 200puL of chloroform was added and
the tube was vigorously shaken by hand for 15 seconds. After incubating for 2-3
minutes at room temperature, each sample was centrifuged at 12000 rpm for 15
minutes at 42C. The sample separated into three layers, with RNA almost exclusively
present in the upper aqueous phase. The aqueous phase was removed and
transferred into a fresh tube. 500puL of 100% isopropanol was added to the aqueous
phase and incubated at room temperature for 10 minutes. Samples were then
centrifuged at 12000 rpm for 10 minutes at 42C. Supernatant was removed and the
pellet was washed with 1mL of 75% ethanol. The samples were vortexed and then
centrifuged at 75000 rpm for 5 minutes at 42C. Supernatant was removed and the
RNA pellet was left to air dry for 10 minutes. 30uL of RNAse free water was added

to each sample and incubated on a heat block set at 552C for 10 minutes.

2.9.2: DNAse treatment

DNAse treatment removes genomic DNA contamination. The protocol was followed
according to the manufacturer's instructions (PrimerDesign Ltd). 3uL of 10x
Precision DNAse reaction buffer and 1pL of Precision DNAse enzyme was added to
each sample. Samples were incubated for 10 minutes at 302C (DNAse treatment)

and then for 5 minutes at 552C (DNase inactivation).

2.9.3: Reverse transcription

After quantifying the amount of RNA per sample (ng/uL) using a NanoDrop ND-
1000 UV-Vis Spectrophotometer (as detailed below in section 2.9.4 for cDNA
quantification), RNA was transcribed into cDNA using a reverse transcription kit
(PrimerDesign Ltd). For each RNA sample, 1pug of RNA template was added with 1pL
RT primer and RNAse/DNAse-free water to make a final volume of 10uL in a 200pL
thin-walled PCR tube. Each sample was placed in a heat block set to 65°C for 5
minutes and then immediately cooled in an ice water bath. After this annealing step,
10pL of the mix was added to each sample on ice to extend RNA templates into
complementary DNA strands (cDNA). Samples were then placed on a heat block for
20 minutes at 552C. The reaction was heat inactivated by incubation at 752C for 15

minutes.
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Table 2: Components of PCR reaction tube

Components of PCR reaction tube Volume per sample
2X Precision MasterMix 10pL

Reconstituted primer 1uL

RNAse/DNAse free water 4uL

cDNA template (25ng/pL) 5ul

TOTAL VOLUME 20pL

2.9.4: Determining cDNA concentration and purity

All cDNA samples, concentration and purity were determined using a NanoDrop
ND-1000 UV-Vis Spectrophotometer. Distilled water was used as a buffer to blank
the cycle. 1.5uL. of cDNA sample was loaded and measured in ng/pL. Standard
260nm:280nm spectrophotometric analysis was used to determine the purity of
cDNA by calculating the A260/A280 ration. A ratio greater than 1.50 is indicative of
good quality cDNA.

2.9.5: Quantitative real-time PCR

Quantitative real-time PCR was conducted on single-stranded cDNA using a one-
step PCR kit designed by PrimerDesign Ltd, Southampton. A rat-specific or mouse-
specific real-time PCR assay with SYBR green was used depending on the species
sample. PCR reactions were performed in a real-time thermocycler (Rotar-Gene
6000, Corbett Robotics Ltd) according to the manufacturer's instructions for 50
cycles. All primers were designed by PrimerDesign Ltd (see Table 3) and provided

in a lyophilised form to be reconstituted in 600uL. RNAse free water.

PCR reaction tubes comprise of the reconstituted primer, Primer Design 2X
Precision MasterMix with SYBRgreen and RNAse/DNAse free water. 2ng/pL of
cDNA was added to the mix to be reverse transcribed. The volumes are detailed in
Table 2. PrimerDesign 2X MasterMix comprises of 2X reaction buffer, 0.025 U/uL
Taq polymerase, 5mM MgCl2 and dNTP mix (200uM of each dNTP). The PCR
reaction amplification conditions were programmed according to the

manufacturer's instructions as detailed in Table 4.
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Table 3: Primers and their sequences

Primer Sequence Position Tm Product length

Chi3I3 CCTGGGTCTCGTGGAAGC (forward) 424 57.1 122
GCAGTGAGAAGCAGCCTTG (reverse) 545 56.9

Nos2 CACCACCCTCCTTGTTCAAC (forward) 2431 56.7 132
CAATCCACAACTCGCTCCAA (reverse) 2562 56.5

IL-10 CTGGACAACATACTGCTGACA (forward) 182 56.2 107
GGCATCACTTCTACCAGGTAAA (reverse) 288 56.3

TNF GCTCCCTCTCATCAGTTCCA (forward) 345 56.8 109
CTCCTCTGCTTGGTGGTTTG (reverse) 453 56.8

IL-4 AGCAACGAAGAACACCACAG (forward) 258 56.7 125
GCAGCTCCATGAGAACACTAG (reverse) 382 56.7

BDNF ATTACCTGGATGCCGCAAAC (forward) 1010 56.9 102
TGACCCACTCGCTAATACTGT (reverse) 1111 56.8

GAPDH (rat) CACTGAGCATCTCCCTCACA (forward) 59.4 110
AGAGGGTGCAGCGAACTTTA (reverse) 57.3

GAPDH (mouse) ATGACATCAAGAAGGTGGT (forward) 832 60 1296
CATACCAGGAAATGAGCTT (reverse) 990 59.7

Table 4: PCR reaction amplification conditions

Process Time Temperature
enzyme activation 10 minutes 95°C
denaturation 15 seconds 95°C
data collection 60 seconds 60°C

2.9.6: Data collection and analysis

Since SYBR green binds to double-stranded DNA and fluoresces, the amount of
cDNA being amplified by specific primers can be quantified. This data was used to
determine the amount of cDNA amplified by the genes of interest and the house-
keeping gene GAPDH. Following automatic normalization of data by Rotar Gene
software (version 2.1.0), a threshold at which fluorescence data was analyzed was
set. This is the level at which the rate of amplification is greatest during the
exponential phase. The Ct values (threshold cycle), defined as the number of cycles
for each sample to attain the threshold level (and thus equates to the abundance of
cDNA target present), were collected and the comparative Ct (2[-Delta Delta C(t)] or
[2-AACt]) method was used to analyse raw data; this compares Ct values of the

sample against a calibrator. ACt value was calculated as the average Ct value of the
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gene of interest minus the average Ct value for the housekeeping gene. Therefore
the AACt value was calculated as the ACt value of the control minus the ACt value of
the sample of interest. These values were calculated as absolute values of the level

of comparative expression based on the equation:

Comparative Expression Level= 2 *-AACt

Data was then analysed for statistical significance using a statistical analysis

software programme called prism (GraphPad Inc.).

2.10: Imaging and statistical analysis

Images were taken on a DM RBE microscope (Leica Microsystems Limited) at 20x
magnification. Six systemically randomized fields per well were taken using the
Leica Application Suite image-capturing system version 3.8.0. (Figure 9) Data was
averaged per well and expressed in cells/mm? or as a percentage, based on a sample
of 4 wells per condition per experiment. All experiments were repeated a minimum
of three times to give a value of n = 12. This is an established method that has been
validated for cell counting (Howell et al,, 2003; Howell et al.,, 2005; Zaben et al,,
2009). One experiment consisted of hippocampi from 6-10 animals, pooled and
prepared as described in section 2.1. Graph Pad prism data analysis software
(GraphPad Inc.) was used to plot data points. For statistical comparisons, One
Sample t-Test, Student’s t test or a one way analysis of variance (ANOVA) with
Bonferroni correction for multiple comparisons were used (p < 0.05 considered
significant). One Sample t-Test was used to test the mean value of distribution
within a single sample. Student’s t test was used when comparing the mean of two
sample groups and a single variable. A one way ANOVA was used to compare the
mean of three or more independent sample groups and a single variable. Bonferroni
correction for multiple comparisons was used with the one way ANOVA to adjust P

values and controls for false positives.
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Figure 11: Cell counting in the well. Examples of cell counting in the well. 6
images were taken per well. Images 1-4 were taken in a clockwise manner and
images 5 and 6 were taken anywhere at random in the centre of the well.
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Chapter 3
Activated CD4+ T Ilymphocytes supernatant

increases proliferation of hippocampal progenitor

cells
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3.1 Introduction

3.1.1: Introduction

Restricted immune cell entry into the CNS, courtesy of the blood-brain barrier, has
primarily been the driving force behind prescribing the term “immune-privileged”
to describe the brain. This term is rather misleading, suggesting the brain is
impervious to immune regulation; in fact the brain is an immune specialized organ
that combines cross-talks between innate and adaptive components of immunity to
regulate CNS homeostasis in a distinct fashion (Ziv et al., 2006, Ekdahl et al., 2003,
Wolf et al.,, 2009, Derecki et al, 2010). Signalling molecules such as cytokines,
chemokines and growth factors are central to homeostatic regulation and although
their role is well documented in inflammatory response following injury or disease,

their contribution under physiological conditions remains to be defined.

3.1.2: Immune regulation of the neurogenic niche

Conventionally, immune regulation of the CNS was associated with detrimental
effects on neurogenesis (Ekdahl et al.,, 2003, Monje et al., 2003). In this capacity,
immune cells such as macrophages and lymphocytes are recruited to the CNS to
execute their immune functions. However, mounting research suggests a beneficial
role for immune cells in the regulation of neurogenesis under physiological
conditions (Kipnis et al., 2004, Wolf et al,, 2009, Butovsky et al., 2006, Ziv et al,,
2006). In this respect, there is a delicate balance between the innate and adaptive

components of the immune system.

The neurogenic niche represents a functionally distinct region of the brain
permissive for neuronal development. This dynamic microenvironment is
influenced by an array of factors including the immune system. In addition to the
innate components of immunity such as microglia and TLRs, it is becoming apparent
that adaptive immune regulation of neurogenesis is crucial, with T lymphocytes as
key players (Bsibsi et al,, 2002, Ziv et al., 2006, Wolf et al., 2009). Although largely
absent from the brain parenchyma under physiological conditions, T lymphocytes
are positioned within close proximity to the brain parenchyma and indeed the
subgranular zone niche where hippocampal neurogenesis occurs. In fact, the

subgranular zone is approximately 100uM from the ventricle walls; it is within the
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choroid plexus of the lateral ventricles that T lymphocytes are found in abundance
(Ziv et al., 2006, McMenamin et al.,, 2003). Mice devoid of T lymphocytes have
impaired neurogenesis, which is restored partially upon T lymphocytes
replenishment from wild types (Sartori et al,, 1997, Ziv et al,, 2006). Interestingly,
this is specific to CD4* T lymphocytes (Wolf et al, 2009). Further still, these T
lymphocytes do not act independent of other components involved in immunity.
Rather, evidence supports the need for an intact immune system for homeostatic
maintenance of neurogenesis, whereby innate cells such as microglia must be
present for T lymphocytes to exhibit their neurogenic regulatory function (Ziv et al,,

2006).

3.1.3: T lymphocyte entry into the CNS

There is much controversy surrounding the route of T lymphocyte entry into the
CNS under physiological conditions. There is evidence for some constant T
lymphocyte trafficking in low numbers into the brain parenchyma and of interest
are the high numbers of T lymphocytes in the cerebrospinal fluid (CSF), a protective
fluid which flows within the subarachnoid space of the meningeal layers that cover
the brain (Kivisakk et al., 2003). The cellular composition of CSF of a healthy human
individual comprises some 150, 000 cells, of which 80% are CD4* memory T
lymphocytes (Ransohoff et al., 2003, Svenningsson et al., 1995). From the point of
immune surveillance, it is likely that these cells could traverse the CSF-blood barrier
in a steady, tightly controlled manner, albeit in low numbers. In the context of T
lymphocyte modulation of hippocampal neurogenesis, these CSF T lymphocytes
could be responsible for increased proliferation of neural progenitor cells within the
hippocampal stem cell niche, either through direct contact with the stem cell niche
or from close proximity including the meningeal spaces (Ziv et al., 2006, Wolf et al.,
2009). Direct interaction could also potentially include systemically delivered T
lymphocytes via blood vessels in the subgranular zone. Regardless of the source and
route of T lymphocytes entry, it is established that they must be in an “activated”
state to elicit their effects. This “activation” is a result of T lymphocyte-antigen
interaction. In their capacity as “activated” cells, T lymphocytes are able to release
effector mediators (Flamand et al,, 1990, Baran et al,, 2001). In contrast, “naive” T

lymphocytes that have not received a signal, circulate without having the capacity to
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release notable levels of cytokines until activated by a signal. These signals are
delivered by antigen presenting cells. This signal is the result of binding of the
antigenic peptide/MHC class Il complex with the T cell receptor and binding of co-
stimulatory molecules on antigen presenting cells. These co-stimulatory molecules
include B7.1 and B7.2, which interact with counter-receptors CD28 and CTL-4 on T
lymphocytes (June et al., 1994).

3.1.4: Activated T lymphocytes traverse the CNS

T lymphocyte entry into the CNS remains unclear. Recent studies using
experimental autoimmune encephalomyelitis (EAE) models have shown that
systemically injected encephalitogenic T lymphocytes preferentially enter
leptomeningeal spaces; that is the arachnoid and pia mater of the meninges
(Carrithers et al., 2000, Bartholomaus et al., 2009). These T lymphocytes are also
found within the choroid plexus parenchyma and given that CSF, which is produced
in the choroid plexus, runs within the space between the arachnoid and pia mater
suggests a strong link for T lymphocyte modulation and regulation from this region
(Carrithers et al, 2000). Activated T lymphocytes are restricted to immune-
surveillance in the leptomeningeal space until triggered by a specific antigen
(Bartholomaus et al., 2009). Indeed, it is only activated T lymphocytes that are
equipped with the necessary molecular components that enable trafficking to the
CNS (Engelhardt and Coisne, 2011). In vivo activation of naive T lymphocytes occurs
when an antigen presenting cell (APC) presents an antigen to the T cell receptor on
the T lymphocyte; this binding to the T cell receptor works in conjunction with the
transmembrane protein CD3 to convert the binding into intracellular signals
(Alberts et al., 2002). Similarly, T lymphocytes can be activated in vitro by the
addition of an anti-CD3 antibody, which mimics T lymphocyte stimulation (Tsoukas

et al., 1985).

3.1.5: Aims and overview

The aim of the work described in this chapter was to generate a novel culture
paradigm to investigate the effect of CD4* T lymphocytes supernatant on primary
hippocampal cultures. The aim was to establish a valid culture paradigm to

determine whether CD4* T lymphocytes must be in an activated state to elicit an
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effect on hippocampal cultures. Specifically, we wanted to investigate the effects of
supernatant on hippocampal proliferation of cell-specific phenotypes, cell survival

and differentiation.
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3.2 Methods

The spleen is the largest secondary lymphoid organ in the body. It contains
approximately a quarter of all lymphocytes and is responsible for initiating immune
responses to blood-borne antigens (Kuper et al., 2002; Nolte et al., 2002; Balogh et
al, 2004). In rodents, the spleen reaches peak development at puberty (Losco,
1992). Splenocytes is a vague term used to describe all spleen cells, including red
and white blood cells. Typically, an adult mouse spleen consists of 1x10"8 white
blood cells (50-60% B cells, 30% T cells, 5% macrophages, and <5% others). To
investigate the effect of T lymphocytes on hippocampal cells, 5% supernatant from
CD4* T lymphocytes cultures were added to primary hippocampal cultures.
Hippocampal cells were treated with T lymphocytes supernatant from either
“naive” cells that are in an inactive state or “activated” cells that are treated with
anti-CD3 to mimic stimulation by antigen presenting cells. Experimental conditions
in this chapter are defined as either treatment in standard culture medium (NBA/B-
27/Glutamine) or the addition of 5% T lymphocytes supernatant in standard

culture medium at the given time point.

3.2.1: Generation of primary rat hippocampal cultures

For each experiment, 6-10 Sprague-Dawley rat pups aged P7-10 were used to
generate primary hippocampal cultures as detailed in section 2.1. Viable cells were
plated at a density of 100, 000 cells/mL directly on to poly-L-lysine coated
coverslips in 24-well plates. At 2 hours post-plating, cells were washed to remove
residual debris and replenished with fresh NBA/B-27/glutamine medium
supplemented with antibiotic/antimycotic. Cells were grown under control or
treatment conditions as per experimental requirements (5%C02/9%02/37°C

incubator conditions).

3.2.2: Isolating CD4* T lymphocytes using a CD4+ isolation kit

For each experiment, 4 spleens were used from adult mice to generate CD4* T
lymphocytes cultures as detailed in section 2.2. Following a multi-step protocol as
part of a CD4+* isolation kit, viable cells were plated at a density of 1, 000, 000
cells/mL directly on to poly-L-lysine coated 24 well plates. 1ug/mL of anti-CD3 was

added at plating to activate cells or left untreated for “naive” cultures. Cells were
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grown in standard culture medium (NBA/B-27/glutamine) supplemented with
antibiotic/antimycotic for 24 hours (5%C02/9%02/37°C incubator conditions) and

then supernatant was collected and stored at -20°C until required.

3.2.3 Examining purity of CD4+ T lymphocytes cultures

CD4+ T lymphocytes cultures generated using the CD4+ isolation kit were tested for
their purity. Cultures were generated as per section 2.2. Cultures were grown for 24
hours in standard culture medium supplemented with antibiotic/antimycotic and
then fixed in 4% PFA. Cells were washed with PBS and immunostained for CD4* and

DAPI expression as detailed in section 2.8.

3.2.4 Isolating cell populations from the spleen by flow cytometry

3 spleens were used from adult mice to generate three populations of cultures: pure
CD4+ T lymphocytes, splenocytes without CD4* T lymphocytes, splenocytes with
CD4+ T lymphocytes. Spleens were collected and stained for flow cytometric sorting
following a multi-step protocol as detailed in section 2.3. Cells were treated with a
fixable dead cell staining kit (LIVE/DEAD Aqua; 1:10 in PBS) to identify dead cells
for flow cytometric analysis. The fluorescent reactive dye in the kit enters
compromised membranes, reacts with free amides and fluoresces intensely. The dye
also reacts with cell surface amines but with much less intensity. Therefore viable
cells that do not allow the dye to enter the cell produce a much weaker fluorescence
signal. Fc receptors were blocked for 10 minutes at 4°C using 5ug/mL anti-CD16/32
antibodies. Fc receptors are glycoproteins found on blood cells (B cells, tissue
macrophages) that have high affinity for Fc regions of monomeric IgG and therefore
can cause non-specific binding and high background staining. To minimise this, Fc
receptors were blocked. Cells were then stained with antibodies for CD3 and CD4
diluted in FACS buffer. Samples were acquired using a FACS Canto II flow cytometer
(BD Biosciences). Each spleen sample was analysed using the same gating strategy
(section 2.3.3). Once the samples were collected in standard culture medium
supplemented with antibiotic/antimycotic, cells were plated as before (section
3.2.2) on 24 well plates for 24 hours (5%C02/9%02/37°C incubator conditions)
under control or treatment conditions. Supernatant was then collected and stored at

-20°C until required.
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3.2.5: Studying supernatant effect on cell proliferation

The thymidine analogue BrdU is incorporated into cells during the S-phase of the
cell cycle and therefore used to specifically label dividing cells (Taupin, 2007). BrdU
is used to calculate the mitotic index, which is indicative of the total number of cells
transitioning from the S phase to the G2 phase of the cell cycle. The mitotic index is
the number of BrdU positive cells with respect to total number of cells (DAPI
positive cells). Therefore to measure cell proliferation, a final concentration of 20pM
BrdU was added at 3DIV for the terminal 6 hours. Experimental conditions (control
or 5% supernatant) were added at the same time point. Cells were then fixed in 4%
PFA for 30 minutes at 4°C. Cells were washed with PBS before being processed for
BrdU incorporation. Specific cell markers nestin (putative progenitor cell markers),
TuJ1 (neuronal marker) and Prox1 (dentate gyrus granule cell neuron marker)
were used during processing by immunohistochemistry to investigate proliferation
of these cell types. The total numbers and proportions of each specific marker were

determined.

3.2.6: Defining supernatant effect on the labelling index and growth fraction

Ki-67 is an endogenous proliferative marker expressed by cells during the active
phases of the cell cycle (G1, G2, M phase) and used to determine the labelling index
or growth fraction. The labelling index is calculated as the number of Ki-67
expressing cells incorporating BrdU over the total number of Ki-67 positive cells.
The growth fraction is calculated as the number of Ki-67 positive cells over the total
number of DAPI positive cells. This allows us to determine whether proliferative
effects are due to speeding of the cell cycle (labelling index) or recruitment of
quiescent cells (growth fraction). Cells were grown under control conditions for
3DIV. Experimental conditions and 20uM BrdU were added for the terminal 6 hours.
Cells were then fixed in 4% PFA for 30mins at 4°C. Cells were washed with PBS
before being processed for BrdU incorporation and Ki-67 expression to determine

the labelling index and growth fraction.
3.2.7: Characterising the effect of CD4+ T lymphocytes supernatant on cell-
specific phenotypes

To characterize cell-specific phenotypes, cultures were treated with experimental
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conditions over time. In these set of experiments, cells were grown under control
conditions for 3DIV and then replaced with treatment conditions for 3 days. At 6DIV
cells were fixed in 4% PFA for 30 minutes at 4°C and washed with PBS before being
processed for nestin and TuJ1 expression. The total numbers and proportions of

each cell marker were determined.

3.2.8: Quantifying cell death in cultures treated with CD4* T lymphocytes
supernatant

In two separate sets of experiments, cells were grown under experimental
conditions for either 3DIV or 5DIV. At each given time point, cells were exposed to
the cell death marker PI (5pg/ml) and nuclear cell marker DAPI (20pg/ml) for 40
minutes at 372C. The medium was then replaced with fresh culture medium
(NBA/B-27/glutamine) and imaged live for quantification of cell death. The
proportions of non-viable cells (PI*) in the total cell population (DAPI*) were

calculated.

3.2.9: Imaging and statistical analysis

Images were taken on a DM RBE microscope (Leica Microsystems Limited) at 20x
magnification. Six systemically randomized fields per well were taken using the
Leica Application Suite image-capturing system version 3.8.0. Data was averaged
per well and expressed in cells/mm 2 or as a percentage, based on a sample of 4
wells per condition per experiment. All experiments were repeated a minimum of
three times. Graph Pad prism data analysis software (GraphPad Inc, San Diego, CA,
USA) was used to plot data points. For statistical comparisons Student’s t test was
used (p < 0.05 considered significant). To determine the mean distribution, a One

Sample t-Test was used.

£Q



3.3 Results

3.3.1: CD4* T lymphocyte kit does not generate pure cultures

Using a CD4* T lymphocyte isolation kit to isolate CD4* T lymphocyte cultures is a an
established method. According to the manufacturer, this isolation kit eliminates
more than 95% of B cells and CD8* cells from lymphocyte preparations, which
result in enriched mouse CD4* T cells in column eluent (Cedarlane Laboratories).
Immunohistochemical analysis was used to quantify the purity of our cultures. The
isolation kit was used to generate cultures (section 2.2) for 24 hours under standard
control conditions. Cells were fixed in 4% PFA and processed for expression of CD4
and DAPIL The total number of cells and the proportion of CD4* cells were
calculated. The proportion of CD4+ cells, with respect to the total number of cells

(DAPI*) was 0.71 SE £ 0.02 (Figure 12 B). Therefore our cultures have a purity of

approximately 70%.
"
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Figure 12: Purity of cultures generated using a CD4+ T lymphocyte isolation kit. CD4+ T
lymphocyte isolation kit was used to generate cultures for 24 hours under standard control
conditions. Cells were fixed in 4% PFA and processed for expression of CD4+* and DAPI. A. Total
number of DAPI* cells B. Proportion of CD4+* cells with respect to total cell numbers. Data
represents mean * SE based on a sample that represents 8 wells from two different
experiments. A One Sample ¢-Test was used.

3.3.2: Naive supernatant does not change total cell counts in hippocampal
cultures

Despite the high percentage of CD4* T lymphocytes present within the splenocyte
preparation, a supernatant effect on hippocampal cells was not expected as T
lymphocytes that are in an inactive “naive” state generate very little/negligible

levels of cytokines, chemokines and growth factors (Baran et al, 2001). To
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investigate the effect of supernatant generated from CD4* T lymphocyte isolation kit
on hippocampal cells in vitro, hippocampal cultures were generated under control
conditions for 3DIV. At 6DIV, cultures were treated with experimental conditions
and then fixed in 4% PFA. Cells were processed for expression of the stem cell
marker nestin and the immature neuronal marker class III B-tubulin (Tu]1). Cells
were counterstained with DAPI to measure total cell numbers. There was no change
in the total number of cells between naive supernatant treated cells and control
conditions (137.3 * 4.38 vs. 139.9 £ 3.85; t(22)=0.46) (Figure 13 A). There was also
no change in the proportions of cell specific phenotypes, as observed in the
proportions of nestin positive cells (0.35 * 0.019 vs. 0.35 + 0.012; t(22)=0.18)
(Figure 13 B) and TuJ1 positive cells (0.09 * 0.004 vs. 0.11 + 0.003; t(22)=1.92)
(Figure 13 C), with respect to total cell numbers, following treatment with naive
supernatant. Naive supernatant does not change cell numbers in hippocampal

cultures.
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Figure 13: Naive supernatant does not increase the proportion of cell-specific
phenotypes. Hippocampal cells were generated under control conditions for 3DIV and then
treated with experimental conditions until 6DIV. Cells were immunostained for nestin and Tu]1
expression. A. Total cell counts as measured by the number of DAPI positive cells B. Proportion
of nestin cells and C. TuJ1 cells, with respect to total number of cells. Data represents mean * SE
based on a sample that represents 12 wells per condition from three different experiments.
Comparisons between control and treatment is a Student’s t-test (*, p < 0.05, **, p < 0.01, ***, p <
0.001)

3.3.3: Activated supernatant increases the total number of hippocampal cells

In vitro, naive T lymphocytes are activated by treatment with anti-CD3 (Flamand et
al,, 1990, Li and Kurlander, 2010). This mimics T lymphocyte activation by antigen
presenting cells, which gives T lymphocytes the capacity to produce sufficient
quantities of inflammatory mediators. To investigate the effect of activated T
lymphocytes on hippocampal cultures, cultures generated from the isolation kit
were treated with an anti-CD3 compound (Cambridge Biosciences). Hippocampal
cultures were generated for 3DIV under control conditions and treated with

experimental conditions until 6DIV. Cells were stained with DAPI to measure total
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cell counts. There was an increase in total cell counts under treatment with 5%
activated supernatant compared to control (167.0 + 0.97 vs. 138.3 = 1.09;
t(22)=19.66) (Figure 14). These results suggest activated supernatant increases

the total number of cells in culture.
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Figure 14: Activated supernatant increases the total number of hippocampal cells.
Hippocampal cells were generated under control conditions for 3DIV and then treated with
experimental conditions until 6DIV. Cells were stained with DAPI. Total cell counts as
measured by the number of DAPI positive cells. Data represents mean + SE based on a
sample that represents 12 wells per condition from three different experiments.
Comparisons between control and treatment is a Student’s t-test (¥, p < 0.05, **, p < 0.01, ***,
p < 0.001)

3.3.4: Activated supernatant is not trophic for hippocampal cultures

The increase in total cell numbers is either a trophic or proliferative effect. To
determine the effect of activated supernatant on cell survival, cultures were
generated for 3DIV under control and experimental conditions. At 3DIV, cultures
were exposed to the cell death marker propidium iodide (Lecoeur, 2002) prior to
live imaging. DAPI was used to measure total cell numbers. There was an increase in
the total number of cells under treatment with 5% supernatant compared to control
(157.7 £ 4.38 vs. 137.2 + 1.151; t(22)=4.51) (Figure 15 A). However, there was no
change in the proportion of dead cells with respect to total cell numbers at 3DIV
under treatment with 5% supernatant compared to control (0.21 + 0.005 vs. 0.21 *
0.004; t(22)=0.5) (Figure 15 B). These results suggest activated supernatant has no

effect on cell survival in culture.
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Figure 15: Activated supernatant has no effect on cell survival. Hippocampal cells were
generated under control and experimental conditions for 3DIV. At 3DIV cells were exposed
to the cell death marker propidium iodide and DAPI. A. Total cell counts as measured by the
number of DAPI positive cells. B. Proportion of propidium iodide positive cells, with respect
to total number of cells. Data represents mean + SE based on a sample that represents 12
wells per condition from three different experiments. Comparisons between control and
treatment is a Student’s t-test (¥, p < 0.05, **, p < 0.01, ***, p < 0.001)

3.3.5: Activated supernatant increases the mitotic index of hippocampal cells

Given the increase in hippocampal cell numbers is not due to a trophic effect of
activated supernatant, proliferative effects were investigated. BrdU is proliferative
marker used to specifically label dividing cells and calculate the mitotic index
(Taupin, 2007). The mitotic index is indicative of the total number of cells
transitioning from the S phase to the G2 phase of the cell cycle and calculated as the
number of BrdU positive cells with respect to total number of cells (DAPI positive
cells). Therefore to measure cell proliferation, hippocampal cell cultures were
generated for 3DIV under standard control conditions and pulsed with BrdU for the
terminal 6 hours before fixation. Cultures were treated with experimental
conditions at the same time as the addition of BrdU. Cells were processed for BrdU
incorporation and DAPI expression to calculate the mitotic index (BrdU+*/DAPI*).
There was a significant increase in the proportion of BrdU positive cells, with
respect to total number of cells, following treatment with 5% activated supernatant
compared to control (0.18 * 0.005 vs. 0.12 + 0.003; t(22)=9.55) (Figure 16 B).
There was no change in the total number of cells as measured by the number of
DAPI positive cells (129.4 £ 1.22 vs. 1289 = 0.91; t(22)=0.3) (Figure 16 A). These
results show that activated supernatant has a proliferative effect on hippocampal

cells.
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Figure 16: Activated supernatant increases the mitotic index of hippocampal cells.
Hippocampal cells were generated under control conditions for 3DIV. BrdU and treatment
conditions were added for the terminal 6 hours before fixation. Cells were immunostained
for BrdU incorporation. A. Total cell counts as measured by the number of DAPI positive
cells. B. Proportion of BrdU incorporating cells with respect to total number of cells. Data
represents mean + SE based on a sample that represents 12 wells per condition from three
different experiments. Comparisons between control and treatment is a Student’s t-test (¥, p
<0.05, **, p <0.01, ***, p < 0.001)
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Figure 17: BrdU stained cells. Hippocampal cells were generated under control conditions
for 3DIV and then treated with BrdU and treatment conditions for the terminal 6 hours
before fixation. Cells were then processed for BrdU and counterstained with DAPI. A. DAPI
stained cells B. BrdU incorporated cells C. merged image.

3.3.6: Activated supernatant increases proliferation of nestin-expressing
hippocampal cells

Nestin is widely employed as a neural stem cell marker (Kitajima et al., 2005, Ernst
and Christie, 2006), with nestin-expressing cells representing the main population
of cycling cells in our cultures. The effects on proliferation of this cell subpopulation
by activated supernatant was investigated by generating hippocampal cultures for
3DIV and treating them with experimental conditions for the terminal 6 hours
before fixation. Cultures were immunostained for BrdU and nestin expression.

There was an increase in the number of nestin-expressing cells incorporating BrdU,
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with respect to the total population of nestin-expressing cells, following treatment
with 5% supernatant compared to control (0.23 * 0.022 vs. 0.15 * 0.007;
t(22)=3.28) (Figure 18 B). There was no change in the total number of nestin-
expressing cells, with respect to total cell numbers, between control and treatment
with T lymphocytes supernatant (0.35 + 0.008 vs. 0.34 + 0.01; t(22)=0.78) (Figure
18 A). These results suggest activated supernatant increases the rate of

proliferation of nestin-expressing cells.
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Figure 18: Activated supernatant increases proliferation of nestin-expressing
hippocampal cells. Hippocampal cells were generated under control conditions for 3DIV. BrdU
and treatment conditions were added for the terminal 6 hours before fixation. Cells were
immunostained for BrdU incorporation and nestin expression. A. Proportion of nestin positive
cells with respect to total cell numbers. B. Proportion of nestin-expressing cells incorporating
BrdU, with respect to the total number of nestin positive cells. Data represents mean # SE based
on a sample that represents 12 wells per condition from three different experiments.

Comparisons between control and treatment is a Student’s t-test (*, p < 0.05, **, p < 0.01, ***, p <
nNnN1\
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Figure 19: Nestin-expressing cells incorporating BrdU. Hippocampal cells were generated
under control conditions for 3DIV and then treated with BrdU and treatment conditions for the
terminal 6 hours before fixation. Cells were then processed for nestin, BrdU and counterstained
with DAPI. A. DAPI stained cells B. BrdU incorporated cells C. nestin-expressing cells D. nestin-
expressing cells incorporating BrdU.

3.3.7: Activated supernatant increases proliferation of neuronal class III §-
tubulin expressing hippocampal cells

TuJ1 is a marker for immature neurons (Menezes and Luskin, 1994, Gould et al,,
2001). To investigate the effect of activated supernatant on the proliferation of this
cell subpopulation, cultures were generated under standard control conditions for
3DIV. BrdU and experimental conditions were added for the terminal 6 hours before
fixation. Cultures were immunostained for BrdU and TuJ1 expression. There was an
increase in the number of TuJ1-expressing cells incorporating BrdU, with respect to
the total population of TuJ1-expressing cells, following treatment with 5% activated
supernatant compared to control (0.078 + 0.004 vs. 0.14 * 0.004; t(22)=10.38)
(Figure 20 B). There was no change in the total number of TuJ1-expressing cells,

with respect to total cell numbers, between control and treatment with T



lymphocytes supernatant (0.315 + 0.01 vs. 0.31 + 0.01; t(22)=0.46) (Figure 20 A).
These results suggest activated supernatant increases the rate of proliferation of

TuJ1-expressing hippocampal cells.
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Figure 20: Activated supernatant increases proliferation of neuronal class III $-tubulin
expressing hippocampal cells. Hippocampal cells were generated under control conditions
for 3DIV. BrdU and treatment conditions were added for the terminal 6 hours before fixation.
Cells were immunostained for BrdU incorporation. A. Proportion of Tu]l positive cells with
respect to total cell numbers. B. Proportion of TuJ1-expressing cells incorporating BrdU, with
respect to the total number of nestin positive cells. Data represents mean * SE based on a
sample that represents 12 wells per condition from three different experiments. Comparisons
between control and treatment is a Student’s t-test (*, p < 0.05, **, p < 0.01, ***, p < 0.001)
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Figure 21: TuJ1-expressing cells incorporating BrdU. Hippocampal cells were generated
under control conditions for 3DIV and then treated with BrdU and treatment conditions for the
terminal 6 hours before fixation. Cells were then processed for TuJ1, BrdU and counterstained
with DAPI. A. DAPI stained cells B. BrdU incorporated cells C. Tu]J1-expressing cells D. TuJ1-
expressing cells incorporating BrdU.

3.3.8: Activated T lymphocytes supernatant does not alter the growth fraction
but increases the labelling index of hippocampal cells

To determine whether proliferative effects were due to speeding of the cell cycle
(labelling index) or recruitment of quiescent cells (growth fraction), the endogenous
proliferative marker Ki-67 was used. Ki-67 is an endogenous proliferative marker
expressed by cells during the active phases of the cell cycle. The growth fraction is
calculated as the proportion of cycling precursor cells (Ki-67 positive) with respect
to the total number of cells (DAPI). When used with BrdU, the labelling index is
determined by the proportion of Ki-67 expressing cells incorporating BrdU with

respect to Ki-67 positive cells. Cells were generated under standard control
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conditions for 3DIV and treated with experimental conditions and BrdU for the
terminal 6 hours before fixation. Cultures were immunostained for BrdU and Ki-67
expression. There was no change in the proportion of Ki-67 positive cells, with
respect to total cell numbers, under treatment with 5% activated supernatant
compared to control (0.79 £ 0.005 vs. 0.79 = 0.004; t(22)=0.87) (Figure 22 A).
However, there was an increase in the proportion of BrdU positive cells, with
respect to Ki-67 expressing cells, under treatment with 5% activated supernatant
compared to control (0.19 * 0.003 vs. 0.14 = 0.003; t(22)=12.31) (Figure 22 B).
This increase in the labelling index suggests treatment with 5% activated
supernatant increases the speed of the cell cycle rather than recruiting more cells

into the cell cycle.
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Figure 22: Activated supernatant does not alter the growth fraction but increases the
labelling index of hippocampal cells. Hippocampal cells were generated under control
conditions for 3DIV. BrdU and treatment conditions were added for the terminal 6 hours before
fixation. Cells were immunostained for BrdU incorporation and Ki-67 expression. A. Proportion
of Ki-67 positive cells with respect to total cell numbers. B. Proportion of BrdU incorporating
cells, with respect to the total number of Ki-67positive cells. Data represents mean * SE based
on a sample that represents 12 wells per condition from three different experiments.

Comparisons between control and treatment is a Student’s t-test (¥, p < 0.05, **, p < 0.01, ***, p
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Figure 23: Ki-67-expressing cells incorporating BrdU. Hippocampal cells were generated under
control conditions for 3DIV and then treated with BrdU and treatment conditions for the terminal 6
hours before fixation. Cells were then processed for Ki-67, BrdU and counterstained with DAPI. A.
DAPI stained cells B. BrdU incorporated cells C. Ki-67-expressing cells D. Ki-67-expressing cells
incorporating BrdU.
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3.3.9: Activated supernatant increases the proportion of cell-specific
phenotypes

In a set of experiments, the overall effect of activated supernatant was investigated
by generating hippocampal cultures under control conditions for 3DIV and then
treating them with experimental conditions until 6DIV. Cultures were fixed and
processed for nestin and TuJ1 expression. There was an increase in total cell counts
as indicated by DAPI staining under treatment with 5% activated supernatant
compared to control (167.0 £ 0.97 vs. 138.3 + 1.09; t(22)=19.66) (Figure 24 A).
There was also an increase in the proportion of nestin-expressing cells with respect
to total cell numbers under treatment with 5% activated supernatant compared to
control (0.46 * 0.002 vs. 0.40 = 0.008; t(22)=7.58) (Figure 24 D). The same trend
was observed in the proportion of Tu]Jl positive cells with respect to total cell
numbers under treatment with 5% activated supernatant compared to control (0.15
+0.003 vs. 0.10 = 0.005; t(22)=6.75) (Figure 24 F). Interestingly, there was also an
increase in the proportion of nestin-positive cells expressing Tu]Jl following
treatment with 5% activated supernatant compared to control (0.09 * 0.001 vs. 0.05
+ 0.003; t(22)=12.59) (Figure 24 B). These results suggest activated supernatant
increases the total number of cells in culture, increasing progenitor cell

proliferation and driving progenitor cell progeny towards a neuronal fate.
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Figure 24: Activated supernatant increases the proportion of cell-specific phenotypes.
Hippocampal cells were generated under control conditions for 3DIV and then treated with
experimental conditions until 6DIV. Cells were immunostained for nestin and TuJ1 expression.
A. Total cell counts as measured by the number of DAPI positive cells. B. Proportion of nestin
cells expressing TuJ1, with respect to total number of cells C. Total number of nestin expressing
cells D. Proportion of nestin cells E. Total number of TuJ1 cells and F. Proportion of TuJ1 cells.
Data represents mean * SE based on a sample that represents 12 wells per condition from three
different experiments. Comparisons between control and treatment is a Student’s t-test (*, p <
0.05,**, p <0.01, *** p <0.001)



Figure 25: Nestin and TuJ1 co-localized staining. Hippocampal cells were generated under
control conditions for 3DIV and then treated with treatment conditions until 6DIV. After fixation,
cells were processed for nestin, TuJ1 and counterstained with DAPI. A. DAPI stained cells B.
nestin-expressing cells C. Tu]J1-expressing cells D. merged image.

7A



3.3.10: Activated supernatant increases the proportion of class III -tubulin
positive cells co-expressing Prox1

During hippocampal dissection, there is a risk of contamination of neural progenitor
cells from other regions of the brain. To determine whether the increase in the total
number of newly generated neurons was specific to progenitors and neurons of the
dentate gyrus, the antibody Prox1 was used. Prox1 defines granule cell identity
(Iwano et al, 2012) and was therefore used together with TuJ1. Cultures were
grown under control conditions for 3DIV and then treated with experimental
conditions until 6DIV. Cells were stained for expression of Tu]J1 and Prox1. There
was a difference in the total DAPI counts, with an increase under treatment with 5%
activated supernatant compared to control (164.9 + 0.45 vs. 138.1 = 0.39;
t(22)=44.80) (Figure 26 A). There was also difference in the total TuJ1 counts, with
an increase under treatment compared to control (26.55 * 0.45 vs. 15.78 + 0.38;
t(22)=18.23) (Figure 26 C). There was also an increase in total Prox1 numbers
under treatment compared to control (24.28 + 0.47 vs. 13.89 * 0.25; £(22)=19.50)
(Figure 26 E). This trend was also observed in the proportion of TuJ1 and Prox1
numbers, with respect to total cell counts, under treatment compared to control
(0.16 + 0.002 vs. 0.11 = 0.003, t(22)=13.13 df; 0.15 * 0.003 vs. 0.10 = 0.002,
t(22)=14.49, respectively) (Figure 26 D & F). There was also an increase in the
proportion of TuJ1 cells co-expressing Prox1 under treatment compared to control
(0.14 = 0.002 vs. 0.09 = 0.001; t(22)=26.05) (Figure 26 B). These results suggest
that the increase in newly generated neurons under treatment with activated

supernatant is specific to those of the dentate gyrus.
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Figure 26: Activated supernatant increases the proportion of class III B-tubulin positive
cells co-expressing Prox1. Hippocampal cells were generated under control conditions for 3DIV
and then treated with experimental conditions until 6DIV. Cells were immunostained for TuJ1 and
Prox1 expression. A. Total cell counts as measured by the number of DAPI positive cells. B.
Proportion of Tu]1 cells expressing Prox1, with respect to total number of cells C. Total number of
TuJ1 expressing cells D. Proportion of TuJ1 cells E. Total number of Prox1 cells and F. Proportion
of Prox1 cells. Data represents mean * SE based on a sample that represents 12 wells per
condition from three different experiments. Comparisons between control and treatment is a
Student’s t-test (*, p < 0.05, **, p < 0.01, ***, p < 0.001)
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Figure 27: TuJ1 and Prox1 co-localized staining. Hippocampal cells were generated under
control conditions for 3DIV and then treated with treatment conditions until 6DIV. After
fixation, cells were processed for Tu]1l, Prox1 and counterstained with DAPI. A. DAPI stained
cells B. Prox1-expressing cells C. TuJ1-expressing cells D. merged image.

3.3.11 CD4* T lymphocytes isolated using flow cytometry confirm their
proliferative effect on hippocampal cells

In addition to T lymphocytes, the spleen contains numerous cell types, including B
lymphocytes, macrophages, dendritic cells. There is contamination of other cell
types in CD4* cultures generated using the CD4* isolation kit (section 3.3.1).
However, given the effects of supernatant on hippocampal cells is purely by CD3-

activated cultures (and not naive supernatant) suggests the effect is mediated by T
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lymphocytes. This is due to the specificity of CD3 for T lymphocytes. To determine
whether the observed effects under treatment with 5% activated supernatant was
due to activation of CD4+* T lymphocytes, pure CD4* cultures were generated. Cells
were sorted by flow cytometry. Splenic populations were divided into CD4+ cells
and splenocytes without CD4+ cells. To determine whether supernatant effects were
a direct effect of CD4* T lymphocytes or a downstream effect on other cell
populations present in the cell culture, a mixed population containing all
splenocytes was generated. Flow cytomtery software (BDFacs Diva) was used to
determine the ratio of CD4* T lymphocytes to all other splenocytes (1:4). Cells were
pooled together from both samples according to this ratio and placed into a fresh
tube to produce splenocytes with CD4+ cells. Once sorted using a flow cytometry
sorter, the cells were grown for 24 hours under control (“naive”) or activated (anti-
CD3 added to cultures) conditions. The supernatant from these cultures were
collected and added to hippocampal cultures at 3DIV for the terminal 6 hours before
fixation. BrdU was also added during this 6 hour pulse and cells were processed for
BrdU and nestin expression. There was a difference in the mitotic index between
control and treatment groups (f(7,88)=0.81). There was an increase in the mitotic
index of hippocampal cultures treated with supernatant from pure CD4* cultures
activated with anti-CD3 compared to control (0.19 * 0.002 vs. 0.14 * 0.003; p <
0.001) (Figure 28 A). There was also an increase in the mitotic index of activated
cultures with all cell populations compared to control (0.19 + 0.002 vs. 0.14 *
0.003) (Figure 28 A). The magnitude of the effect was comparable to that of
treatment of hippocampal cultures with supernatant from pure CD4+ cultures
activated with anti-CD3 (0.19 + 0.002 vs. 0.19 * 0.002; p = n.s.). There was no
change in other treatment conditions compared to control. There was also a
difference in the mitotic index between control and treatment groups in the
proportion of nestin-expressing cells incorporating BrdU, with respect to the total
number of nestin-positive cells, (f(7,88)=5.7) (Figure 28 B). The same trend was
observed whereby there was an increase under treatment with supernatant from
anti-CD3 activated cultures with all cell population and from pure CD4* cultures
compared to control (0.19 + 0.002 vs. 0.14 * 0.003; 0.19 % 0.003 vs 0.14 * 0.003,
respectively) (Figure 28 B). These results confirm activated CD4* T lymphocytes

are directly involved in the modulation of hippocampal neurogenesis.
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Figure 28: CD4 T lymphocytes isolated using flow cytometry confirm their proliferative
effect on hippocampal cells. Cells were sorted using a flow cytometer and grown in culture
medium for 24 hours under experimental conditions and the supernatant was collected.
Hippocampal cells were generated under control conditions for 3DIV and then treated with 5%
supernatant and BrdU for the terminal 6 hours before fixation. Cells were processed for nestin
and BrdU expression. A. Proportion of BrdU incorporating cells with respect to total cell
numbers. B. Proportion of nestin-expressing cells incorporating BrdU, with respect to the total
number of nestin positive cells. Data represents mean * SE based on a sample that represents 12
wells per condition from three different experiments. Comparisons between control and
treatment is a Student’s t-test (*, p < 0.05, **, p < 0.01, ***, p < 0.001)
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3.4 Discussion

3.4.1: CD4+* T lymphocytes must be in an activated state to increase
hippocampal cell numbers through proliferative mechanisms

CD4+ T lymphocytes supernatant has a proliferative effect on hippocampal cells. In
vivo, there is strong evidence to suggest T lymphocyte modulation of hippocampal
neurogenesis via unknown mechanisms (Wolf et al., 2009, Ziv et al,, 2006). In this
novel in vitro model, hippocampal neuronal cultures generated from (P7-10)
Sprague Dawley rats were treated with supernatant derived from adult mice T
lymphocytes cultures. It is well established that T lymphocytes are in a resting
“naive” state, in which they do not elicit their immune functions. The activation of T
lymphocytes in this study design has demonstrated that CD4* T lymphocytes
activation is a pre-requisite for T lymphocyte modulation of hippocampal

neurogenesis.

Consistent with previously published work demonstrating a decrease in systemic
CD4+ T cells results in decreased hippocampal neurogenesis (Wolf et al., 2009), the
data in this chapter shows CD4* T Ilymphocytes modulate hippocampal
neurogenesis. Whilst treatment of hippocampal cells with T lymphocytes
supernatant from naive cultures did not change the total number of hippocampal
cells - or indeed the population of nestin or TuJ1 expressing cells - T lymphocytes
supernatant from cultures activated with anti-CD3 significantly increased the total
number of hippocampal cells. Given that naive supernatant would not be expected
to comprise of cytokines released by T lymphocytes, these findings support the
notion that activation of CD4* T lymphocytes triggers the release of cytokines and

factors supportive of hippocampal neurogenesis.

There are four possible mechanisms by which activated T lymphocytes supernatant
increase hippocampal cell numbers: (i) trophic effects (ii) increased proliferation
(iii) recruitment of quiescent cells to divide or (iv) a combination. Initially the
trophic effect of supernatant on hippocampal cells was investigated using the cell
death marker propidium iodide. There was no difference in cell death under
treatment with activated supernatant. Therefore the next mechanism investigated

was the proliferative effect of supernatant on hippocampal cells. Using the
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established proliferative marker BrdU to determine the number of cells undergoing
proliferation during the S phase of the cell cycle (Morstyn et al., 1986), results

showed an increase in the number of BrdU labelled cells.

In a set of experiments, the labelling index and growth fraction were determined to
further investigate the effect of supernatant on hippocampal cells. Adapted from (Lu
et al,, 1996) and established in our lab as a protocol for determining cell kinetics,
cells were treated with supernatant and stained for BrdU incorporation and Ki-67
expression. The growth fraction, calculated as the total number of Ki-67 positive
cells divided by the total number of cells, was not altered under treatment with
supernatant. However the labelling index, calculated as the number of BrdU
incorporating cells expressing Ki-67 divided by the total number of Ki-67 positive
cells, increased under treatment with supernatant. These results suggest that
activated T lymphocytes supernatant increases the speed of the cell cycle but does

not recruit quiescent cells.

3.4.2: Activated CD4+ T Ilymphocytes supernatant is proliferative for
hippocampal cells and their progeny

To further delineate the proliferative effects of activated T lymphocytes supernatant
on hippocampal cells, immunohistochemical analysis was used to determine the
effects on major cell phenotypes. The number of BrdU incorporating cells
expressing nestin and TuJ1 increased significantly during a 6 hour treatment. This
suggests supernatant enhances self-renewal by acting on nestin positive cells, whilst
also having a neuroproliferative effect on TuJ1 positive cells. By speeding the cell
cycle, as evident from data on labelling index, activated supernatant increases cell
proliferation resulting in an overall increase in cell numbers. Treatment with
activated supernatant over a 3 day period significantly increases the total number of
nestin and TuJl positive cells under treatment with activated T lymphocytes
supernatant. There was also a proportional increase, with respect to the total cell
numbers, of each cell type. This suggests that the increase in total cell numbers by
supernatant is attributed to the generation of newly generated neurons by

proliferative mechanisms.
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During hippocampal dissection, there is a risk of contamination from cells from
other regions outwith the hippocampus. To confirm that the proliferative effect on
cells was indeed representative of hippocampal dentate gyrus cells, the granule cell
marker Prox1 (Iwano et al., 2012) was used in conjunction with TuJ1. Almost all
Tu]1 positive cells were Prox1 positive, confirming the granule cell identity of these

early neurons.

3.4.3: Activated CD4* T lymphocytes supernatant as a valid study paradigm to
investigate neuro-immune modulation

Establishing a valid study paradigm for investigating neuro-immune modulation
was imperative to this study. A CD4* isolation column kit was used to generate CD4+*
cultures from mouse spleen. Although the isolation kit is a fast and efficient
technique to generate cultures, it does not produce a >95% purity of CD4* T
lymphocytes. Studies usually report the use of flow cytometry following the use of
an isolation kit to ensure >95% purity of cultures. The validation for using the
isolation kit alone (without flow cytometry) for this study paradigm was two fold.
Firstly, the data on naive vs. activated T lymphocytes supernatant clearly
demonstrated a need for CD3 activation to elicit neurogenic effects on hippocampal
cultures. Given the specificity of anti-CD3 for T lymphocytes, this suggests that T
lymphocytes are the mediators of the effects under treatment with supernatant.
However, it could be argued that the activation of T lymphocytes could trigger a
downstream effect on other cell populations within the culture that could
potentially release mediators to increase hippocampal neurogenesis. To address
this, pure CD4* cultures were generated using flow cytometry and compared to
cultures without CD4* T lymphocytes and “all” cultures containing all the cell types.
Each cell culture group was grown under control conditions or activated with anti-
CD3 for 24 hours. The data clearly demonstrated that CD4* T lymphocytes are
responsible for the supernatant effects on hippocampal cells; activated pure CD4*
cultures and activated “all” cultures were the only two supernatant groups that
replicated the effect to the same magnitude as observed under treatment with
supernatant generated from the CD4+ isolation kit. Activated cultures without CD4+
did not have an effect on hippocampal cells. This data suggests the use of a CD4*

isolation kit is a more productive method for generating CD4* T lymphocytes
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supernatant to study neuro-immune modulation.

Under physiological conditions, T lymphocytes have been suggested to modulate
hippocampal neurogenesis without infiltrating the brain (Kipnis et al., 2004, Wolf et
al,, 2009). Given the restrictive nature of the blood-brain barrier and evidence for T
lymphocytes present in the meningeal spaces surrounding the brain (and a lack of
evidence for T cells within the brain), this hypothesis seems logical yet remains
undetermined. This study paradigm has been designed with this in mind and given
the experimental results, it indeed suggests that T lymphocytes do not need to be
present in the culture system to mediate their effects. Broadly speaking, this is
suggestive of the notion that T lymphocytes do not need to be present in the
hippocampal stem cell niche. Rather, the mediators they release must be present in
the modulation of hippocampal neurogenesis and this in turn supports the idea for
long distance communication between the stem cell niche and the adaptive immune

system.

3.4.4: Chapter summary

The results of this chapter have highlighted the significance of T lymphocyte
activation in modulating hippocampal neurogenesis in postnatal rat hippocampal
cultures. Activated T lymphocytes supernatant acts via a proliferative mechanism,
as indicated by studying the population of BrdU incorporating cells, the labelling
index and growth fraction. Indeed, T lymphocytes supernatant increases cell
proliferation by speeding the cell cycle of hippocampal cells, enhancing nestin, Tu]1

and Prox1 cell populations.

The use of a CD4+ isolation kit to generate CD4* cultures from mouse spleen has
been validated as a viable and more efficient alternative to generating cultures using
flow cytometry Furthermore, the data from this chapter has established a novel
study paradigm for investigating neuro-immune interactions in an unprecedented
fashion, whilst supporting the idea that T lymphocytes do not need to be present for

neurogenic regulation.
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Chapter 4
Vasoactive Intestinal Peptide enhances activated

CD4+ T Ilymphocytes proliferative effect on

hippocampal cells
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4.1 Introduction

4.1.1: Introduction

Although originally identified as a vasodilator, VIP is now a well-established
neuropeptide (Henning and Sawmiller, 2001). In fact, it is fast transitioning from a
neuropeptide to a strong immune modulator. As such, VIP is shown to drive CD4*
(or T helper (Th)) lymphocyte cell differentiation, and indeed is regarded by some
as a Th2 cytokine itself (Pozo and Delgado, 2004). VIP is produced by most
lymphocytes and also released by firing interneurons under certain high level
frequencies (Martinez et al., 1999, Gomariz et al,, 1994, Zaben et al., 2009). This
biochemical messenger is a strong candidate for neuro-immune interactions that
could potentially drive communication between the hippocampal neurogenic niche

and immune cells.

4.1.2: VIP in the brain and a role in neurogenesis

VIP and its receptors are expressed throughout the brain (Dietl et al, 1990,
Vertongen et al., 1997). VIP is implicated in regulation of synaptic transmission and
also learning and memory (Itri and Colwell, 2003, Itoh et al.,, 1994). Removing VIP-
producing cells causes learning deficits whilst VIP agonists have been shown to
protect against impaired spatial learning (Gozes et al., 1993, Gozes et al,, 1996).
Similarly, VIP antagonists impair spatial learning and this has been further
investigated in pregnant mice; injecting VIP antagonists into pregnant mice results
in cognitive deficits in offspring (Glowa et al, 1992, Hill et al, 2007). VIP also
modulates expression and secretion of neurotrophic factors. VIP is also important
for neurogenesis and mediates its effects via both VPAC1 and VPAC2 receptors. It
acts via VPAC2 receptors and alters proliferating precursor fate choice. In doing
this, VIP expands the pool of symmetrically dividing dentate gyrus neural precursor
cells, as well as having independent VPAC2 mediated trophic effects (Zaben et al,
2009). Interestingly, VIP acts on VPAC1 receptors to direct these cells towards a
neuronal fate. In vivo models using VPAC2 knockout mice further substantiate these
findings (Zaben et al., 2009). VIP has also been shown to promote hippocampal
neuronal differentiation in embryonic cultures (Blondel et al., 2000). In its capacity
as a neuromodulator, and also its ability to traverse the blood-brain barrier, VIP has

been suggested as a candidate for future therapeutic purposes. Given its role in
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neurogenesis and the brain, there is a potential role for VIP in neuro-immune

modulation, with a particular focus on VIP’s action on T lymphocytes

4.1.3: VIP receptors are present on T lymphocytes

T lymphocytes express all three VIP receptors. Whilst VPAC1 is constitutively
expressed, VPAC2 and PAC1 expression is dynamic (Lara-Marquez et al., 2001,
Ganea, 1996). Interestingly, VPAC2 expression is only induced in T lymphocytes
following T cell receptor stimulation whereby these cells become “activated”
(Delgado et al., 1996b). Following antigenic stimulation, CD4* T lymphocytes
differentiate into Th1 and Th2 effector cells, subpopulations of CD4* T cells that are
defined by their specific cytokine profiles (Mosmann et al., 1986). Indeed Th2 cells
express significantly high levels of VPAC1 and VPAC2 receptors (Sharma et al,
2006). Delgado and colleagues have shown both a VPAC1 down regulation and
VPAC2 upregulation on CD4* T lymphocytes following T cell activation. Th1/2
differentiation is determined by the antigen presenting cell, the antigen, the host
species and of course the cytokine milieu itself (0'Garra, 1998). Our lab has found
VPAC1 and PAC1 mRNA expression in our T lymphocytes cultures under naive and

activated conditions, whilst VPAC2 is undetected (see Appendix II).

4.1.4: VIP favours a Th2 phenotype

VIP has been shown to favour a Th2 phenotype (Delgado et al., 19993, Delgado et al,,
20044, Voice et al., 2001), with in vitro studies demonstrating VIP-induced Th2
cytokine production in CD4* T lymphocytes (Delgado et al, 2004b). This is
supported by in vivo studies demonstrating increased Th2 (IL-4 producing) cell
numbers in immunized mice treated with VIP (Delgado et al.,, 1999a, Delgado et al,,
2004b). Furthermore, studies from transgenic mice over-expressing VPAC2 show
that endogenous VIP, which is recognized by CD4* T lymphocytes, is essential for
their Th2 phenotype (Voice et al., 2003). It is of importance to note that in addition
to driving a Th2 phenotype, VIP also inhibits Th1 differentiation (Delgado et al,,
2004b). This bias towards a Th2 phenotype supports a role for VIP in anti-
inflammatory cytokine production and a potentially beneficial role in neuro-

immune modulation.
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4.1.5: Aims and objectives

Although the relationship between T lymphocytes and VIP, VIP and neurogenesis
and T lymphocytes and neurogenesis have all been investigated independently, this
relationship has not been studied collectively to incorporate all three components of
this neuro-immune paradigm. Given that VIP is able to cross the blood-brain barrier
(Dogrukol-Ak et al., 2003), coupled with the fact that there is a lack of evidence for T
lymphocytes present within the brain under physiological conditions, suggests that
VIP is a potentially viable candidate for modulating cross talks between the brain
and adaptive immune system. The aim of this chapter was therefore to establish a
novel protocol to investigate the role of VIP in mediating hippocampal neurogenesis

via T lymphocyte interactions.



4.2 Methods

VIP is a neuropeptide released by firing interneurons from within the hippocampal
stem cell niche and its receptors are expressed on T lymphocytes. To investigate the
role of VIP in neuro-immune coupling to modulate hippocampal neurogenesis,
activated T lymphocytes were treated with VIP for 24 hours. The use of a
physiological concentration of VIP (30nM) was two fold. Firstly, the effects of VIP
under physiological conditions was under investigation. Secondly, 30nM VIP does
not have proliferative effects on hippocampal cells in the primary rat hippocampal
cultures (Zaben et al, 2009). Therefore, 30nM VIP can be used as a control to
exclude VIP’s direct effect on hippocampal cells. VIP pre-treated T lymphocytes
supernatant was added to hippocampal cultures. Experimental conditions in this
chapter are defined as treatment under standard control conditions, 5% activated
supernatant, 30nM VIP added directly to hippocampal cultures and 30nM VIP pre-
treated activated T lymphocytes supernatant. For pharmacological studies, further

treatment groups are highlighted in methodological subsections.

4.2.1: Generation of primary rat hippocampal cultures

For each experiment, 6-10 Sprague-Dawley rat pups aged P7-10 were used to
generate primary hippocampal cultures as detailed in section 2.1. Viable cells were
plated at a density of 100, 000 cells/mL directly on to poly-L-lysine coated
coverslips in 24-well plates. At 2 hours post-plating, cells were washed to remove
residual debris and replenished with fresh NBA/B-27/glutamine medium
supplemented with antibiotic/antimycotic. Cells were grown under control or
treatment conditions as per experimental requirements (5%C02/9%02/37°C

incubator conditions).

4.2.2: Generation and VIP treatment of cells isolated using the CD4* T
lymphocyte isolation kit

For each experiment, 4 spleens were used from adult mice to generate CD4* T
lymphocytes cultures as detailed in section 2.2. Following a multi-step protocol as
part of a CD4+* isolation kit, viable cells were plated at a density of 1, 000, 000
cells/mL directly on to poly-L-lysine coated 24 well plates. 1ug/mL of anti-CD3 was

added at plating to activate cells. For VIP activation, splenocytes were treated with
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30nM VIP at plating simultaneously during the addition of anti-CD3. Cells were
grown in standard culture medium (NBA/B-27/glutamine) supplemented with
antibiotic/antimycotic for 24 hours (5%C02/9%02/37°C incubator conditions) and

then supernatant was collected and stored at -20°C until required.

4.2.3 Isolating cell populations from the spleen by flow cytometry

3 spleens were used from adult mice to generate three populations of cultures: pure
CD4+ T lymphocytes, splenocytes without CD4* T lymphocytes and splenocytes with
CD4+ T lymphocytes. Spleens were collected and stained for flow cytometric sorting
following a multi-step protocol as detailed in section 2.3. Cells were treated with a
fixable dead cell staining kit (LIVE/DEAD Aqua; 1:10 in PBS) to identify dead cells
for flow cytometric analysis. The fluorescent reactive dye in the kit enters
compromised membranes, reacts with free amides and fluoresces intensely. The dye
also reacts with cell surface amines but with much less intensity. Therefore viable
cells that do not allow the dye to enter the cell produce a much weaker fluorescence
signal. Fc receptors were blocked for 10 minutes at 4°C using 5ug/mL anti-CD16/32
antibodies. Fc receptors are glycoproteins found on blood cells (B cells, tissue
macrophages) that have high affinity for Fc regions of monomeric IgG and therefore
can cause non-specific binding and high background staining. To minimise this, Fc
receptors were blocked Cells were the stained with antibodies for CD3 and CD4
diluted in FACS buffer. Samples were acquired using a FACS Aria III cytometer (BD
Biosciences) with BD FACSDiva 7.0 software. Each spleen sample was analysed
using the same gating strategy (section 2.3.3). Once the samples were collected in
standard culture medium supplemented with antibiotic/antimycotic, cells were
plated as before (section 3.2.2) on 24 well plates for 24 hours (5%C02/9% 02/37°C
incubator conditions) under control or treatment conditions. Within each sorted
group, cells were treated under the following conditions: “naive” untreated,
“activated” with anti-CD3, “activated” with anti-CD3 and treated with 30nM VIP.

Supernatant was then collected and stored at -20°C until required.
4.2.4: Studying VIP pre-treated supernatant effect on cell proliferation
The thymidine analogue BrdU is incorporated into cells during the S-phase of the

cell cycle and therefore used to specifically label dividing cells (Taupin, 2007). BrdU
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is used to calculate the mitotic index, which is indicative of the total number of cells
transitioning from the S phase to the G2 phase of the cell cycle. The mitotic index is
the number of BrdU positive cells with respect to total number of cells (DAPI
positive cells). Cell proliferation was investigated by the addition of a final
concentration of 20uM BrdU at 3DIV for the terminal 6 hours. The following
experimental conditions were added at the same time point: standard control
conditions, 5% activated supernatant, 30nM VIP added directly to hippocampal
cultures and 30nM VIP pre-treated activated T lymphocytes supernatant. Cells were
then fixed in 4% PFA for 30 minutes at 4°C. Cells were washed with PBS before
being processed for BrdU incorporation. Specific cell markers nestin (putative
progenitor cell markers) and TuJ1 (neuronal marker) were used during processing
by immunohistochemistry to investigate proliferation of these cell types. The total

numbers and proportions of each specific marker were determined.

4.2.5: Defining VIP pre-treated supernatant effect on the labelling index and
growth fraction

Ki-67 is an endogenous proliferative marker expressed by cells during the active
phases of the cell cycle (G1, G2, M phase) and used to determine the labelling index
or growth fraction. The labelling index is calculated as the number of Ki-67
expressing cells incorporating BrdU over the total number of Ki-67 positive cells.
The growth fraction is calculated as the number of Ki-67 positive cells over the total
number of DAPI positive cells. This allows us to determine whether proliferative
effects are due to speeding of the cell cycle (labelling index) or recruitment of
quiescent cells (growth fraction). Cells were grown under control conditions for
3DIV. Experimental conditions and 20uM BrdU were added for the terminal 6 hours.
Cells were then fixed in 4% PFA for 30mins at 4°C. Cells were washed with PBS
before being processed for BrdU incorporation and Ki-67 expression to determine

the labelling index and growth fraction.

4.2.6: Characterising the effect of VIP pre-treated supernatant on cell-specific
phenotypes
To characterize cell-specific phenotypes, cultures were treated with experimental

conditions over time. In these set of experiments, cells were grown under control
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conditions for 3DIV and then replaced with treatment conditions for 3 days. At 6DIV
cells were fixed in 4% PFA for 30 minutes at 4°C and washed with PBS before being
processed for nestin and TuJ1 expression. The total numbers and proportions of

each cell marker were determined.

4.2.7: Studying VIP receptor mediation

To determine the VIP receptor responsible for splenocyte modulation of
hippocampal proliferation, a selective VPAC1 receptor agonist [Lys?®, Argl6, Leu?’]-
VIP (1-7) - GRF (8-27) and selective VPAC1 receptor antagonist [Ac-His!, D-Phe?,
Lys?>, Arglé, Leu2’]-VIP (1-7)-GRF (8-27) were used at a concentration of 1uM,
which has been previously documented (Gourlet et al,, 1997, Pandol et al., 1986,
Zaben et al, 2009, Moody et al., 2001, Moody et al,, 1993). For VPAC1 agonist
experiments, cells were grown under control conditions for 3DIV and treated for the
terminal 6 hours before fixation. Treatment conditions were standard control
conditions, 5% activated supernatant, 30nM VIP added directly to hippocampal
cultures and 30nM VIP pre-treated activated T lymphocytes supernatant standard
treatment conditions, 5% T lymphocytes supernatant pre-treated with 1puM VPAC1
agonist, 1uM VPAC1 agonist added directly to hippocampal cultures. For VPAC1
antagonist experiments, cells were grown under control conditions for 3DIV and
treated for the terminal 6 hours under standard control conditions, 5% activated
supernatant, 30nM VIP added directly to hippocampal cultures and 30nM VIP pre-
treated activated T lymphocytes supernatant, 5% T lymphocytes supernatant pre-
treated with 1pM VPAC1 antagonist, 5% T lymphocytes supernatant pre-treated
with 30nM VIP and 1pM VPAC1 antagonist and 1uM VPAC1 antagonist added

directly to hippocampal cultures.

4.2.8: Imaging and statistical analysis

Images were taken on a DM RBE microscope (Leica Microsystems Limited) at 20x
magnification. Six systemically randomized fields per well were taken using the
Leica Application Suite image-capturing system version 3.8.0. Data was averaged
per well and expressed in cells/mm? or as a percentage, based on a sample of 4
wells per condition per experiment. All experiments were repeated a minimum of

three times. Graph Pad prism data analysis software (GraphPad Inc, San Diego, CA,
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USA) was used to plot data points. For statistical comparisons a one-way ANOVA
was used with Bonferroni correction for multiple comparisons (p < 0.05 considered

significant).
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4.3 Results

4.3.1: Pre-treatment of splenocytes with VIP further enhances total
hippocampal cell numbers

Given the potent neuromodulatory effects of the neuropeptide VIP and the
expression of VIP receptors on T cells (Ganea, 1996, Lara-Marquez et al., 2001), the
effect of VIP treatment of T lymphocytes in regulating neurogenesis was
investigated. Cultures were generated using the isolation kit as previously described
(section 2.2) and treated with 30nM VIP. Hippocampal cultures were generated
under standard control conditions for 3DIV and treated with experimental
conditions until 6DIV. Experimental conditions were standard control conditions,
5% activated supernatant, 30nM VIP added directly to hippocampal cultures, 30nM
VIP pre-treated activated T lymphocytes supernatant. The addition of 30nM VIP
directly into hippocampal cultures accounts for the effects of residual VIP that may
be present in VIP pre-treated supernatant. Cells were stained with DAPI to measure
total cell counts (Figure 29). There was a difference between control and treatment
groups (f(3,44)=547). There was an increase in total cell numbers under treatment
with 5% supernatant pre-treated with VIP compared to control (201.0 £ 1.87 vs.
138.3 £ 1.09; p < 0.001). There was an increase in total cell numbers under
treatment with 5% supernatant compared to control (167 + 0.97 vs. 138.3 £ 1.09; p
< 0.001). Of note, the increase in total cell numbers was enhanced under treatment
with 5% supernatant pre-treated with VIP compared to treatment with 5%
supernatant alone (201.0 £ 1.87 vs. 167 + 0.97; p < 0.001). Consistent with previous
findings, treatment with 30nM VIP alone did not increase total cell numbers
compared to control (137.8 + 0.9616 vs. 138.3 £ 1.09; p = n.s.). These results suggest
VIP has a direct effect on splenocytes that enhances the effect on total hippocampal

cell numbers.
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Figure 29: Pre-treatment of splenocytes with VIP further enhances total hippocampal
cell numbers. Hippocampal cells were generated under control conditions for 3DIV and then
treated with experimental conditions until 6DIV. Cells were stained with DAPI to measure
total cell counts. Data represents mean * SE based on a sample that represents 12 wells per
condition from 3 different experiments. Comparisons between control and treatment
conditions are a one-way ANOVA with Bonferroni correction for multiple comparisons (*, p <
0.05,**, p <0.01, *** p <0.001)

4.3.2: Pre-treatment of splenocytes with VIP further enhances the mitotic
index of hippocampal cells

To determine whether the VIP pre-treated supernatant increase in hippocampal cell
numbers was due to proliferative effects, as observed under treatment with
activated supernatant alone, the proliferative marker BrdU was used. BrdU
specifically label dividing cells and calculate the mitotic index, which is indicative of
the total number of cells transitioning from the S phase to the G2 phase of the cell
cycle (Taupin, 2007). This is calculated as the number of BrdU positive cells with
respect to total number of cells (DAPI positive cells). Hippocampal cultures were
generated for 3DIV under standard control conditions. Cells were pulsed with BrdU
and treated under standard control conditions, 5% activated supernatant, 30nM VIP
added directly to hippocampal cultures, 30nM VIP pre-treated activated T

lymphocytes supernatant for the terminal 6 hours before fixation. There was a
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difference between control and experimental conditions (f(3, 44)=148). There was a
significant increase in the mitotic index following treatment with 5% supernatant
pre-treated with VIP compared to control (0.25 + 0.007 vs. 0.12 + 0.003, p < 0.001)
(Figure 30 B). There was also an increase in the mitotic index following treatment
with 5% supernatant alone compared to control (0.18 + 0.005 vs. 0.12 + 0.003, p <
0.001). The increase under treatment with 5% supernatant pre-treated with VIP
was enhanced compared to treatment with 5% supernatant alone (0.25 = 0.007 vs.
0.18 £ 0.005, p < 0.001). Consistent with previous findings (Zaben et al., 2009),
treatment with 30nM VIP alone did not increase the mitotic index compared to
control (0.12 * 0.004 vs. 0.12 + 0.003, p = n.s.). There was no change in total cell
numbers across experimental conditions (f(3,44)=0.052, p = n.s.) (Figure 30 A).

These results suggest VIP enhances the proliferative effect on hippocampal cells.
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Figure 30: Pre-treatment of splenocytes with VIP further enhances the mitotic index of
hippocampal cells. Hippocampal cells were generated under control conditions for 3DIV. BrdU
and treatment conditions were added for the terminal 6 hours before fixation. Cells were
immunostained for BrdU incorporation. A. Total cell counts as measured by the number of DAPI
positive cells. B. Proportion of BrdU incorporating cells, with respect to total number of cells.
Data represents mean * SE based on a sample that represents 12 wells per condition from 3
different experiments. Comparisons between control and treatment conditions are a one-way
ANOVA with Bonferroni correction for multiple comparisons (*, p < 0.05, **, p < 0.01, ***, p <
0.001)
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4.3.3: Pre-treatment of splenocytes with VIP further enhances proliferation of
nestin-expressing hippocampal cells

The proliferative effect of VIP pre-treated supernatant on nestin-expressing
hippocampal cells was investigated. Hippocampal cultures were generated for 3DIV
under standard control conditions. Cells were pulsed with BrdU and treated under
standard control conditions, 5% activated supernatant, 30nM VIP added directly to
hippocampal cultures, 30nM VIP pre-treated activated T lymphocytes supernatant
for the terminal 6 hours before fixation. There was a difference between control and
experimental groups (f(3,44)=83) (Figure 31 B). There was an increase in the
proportion of nestin-expressing cells incorporating BrdU, with respect to the total
nestin population, following treatment with 5% supernatant pre-treated with VIP
compared to control (0.39 £ 0.07 vs. 0.15 * 0.007, p < 0.001) (Figure 31 B). There
was also an increase in cultures treated with 5% supernatant alone compared to
control (0.23 % 0.02 vs. 0.15 * 0.007, p < 0.001). The increase in cultures treated
with 5% supernatant pre-treated with VIP was enhanced compared to 5%
supernatant treatment alone (0.39 * 0.07 vs. 0.23 = 0.02, p < 0.001). Consistent with
previous findings (Zaben et al., 2009), there was no change between VIP treatment
of hippocampal cultures and control (0.15 * 0.005 vs. 0.15 + 0.007, p = n.s.). There
was no change in total nestin cell counts, with respect to total cell numbers, across
experimental conditions (f(3,44)=0.58, p = n.s.) (Figure 31 A). These results
suggest VIP enhances the proliferative effect on nestin-expressing hippocampal

cells.
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Figure 31: Pre-treatment of splenocytes with VIP further enhances proliferation of
nestin-expressing hippocampal cells. Hippocampal cells were generated under control
conditions for 3DIV. BrdU and treatment conditions were added for the terminal 6 hours before
fixation. Cells were immunostained for BrdU incorporation and nestin expression. A. Total
number of nestin positive cells with respect to total cell numbers. B. Proportion of nestin-
expressing cells incorporating BrdU, with respect to total number of nestin positive cells. Data
represents mean * SE based on a sample that represents 12 wells per condition from 3 different
experiments. Comparisons between control and treatment conditions are a one-way ANOVA
with Bonferroni correction for multiple comparisons (*, p < 0.05, **, p < 0.01, ***, p < 0.001)

4.3.4: Flow cytometry confirms VIP acts on activated CD4* T lymphocytes to
increase proliferation of hippocampal cells

Flow cytometry was used to determine whether the observed effects were due to
VIP activity on activated CD4* T lymphocytes. In Chapter 3, flow cytometry was
used to generate pure CD4* T lymphocytes cultures and subsequently establish that
anti-CD3 activated T lymphocytes supernatant is responsible for increased
proliferation of nestin-expressing hippocampal cells. Similarly, it was necessary to
confirm whether the enhanced proliferative effect of nestin-expressing cells under
treatment with 5% supernatant pre-treated with VIP was due to the direct action of
CD4+ T lymphocytes. Splenic populations were sorted into three groups using flow
cytometry: CD4+ cells, splenocytes without CD4+ cells, splenocytes with CD4+* cells.
Flow cytomtery software (BDFacs Diva) was used to determine the ratio of CD4* T
lymphocytes to all other splenocytes (1:4). Cells were pooled together from both
samples according to this ratio and placed into a fresh tube to produce splenocytes

with CD4+ cells. Within each group, these cells were generated for 24 hours under



the following conditions: “naive” untreated conditions, “activated” with anti-CD3,
“activated” with anti-CD3 and treated with 30nM VIP. Hippocampal cultures were
generated for 3DIV and treated with BrdU and experimental conditions for the
terminal 6 hours before fixation. Cells were immunostained for Brdu and nestin
expression. There was a change in the mitotic index across the experimental groups
(f(10,121)=1.2) (Figure 32 A). There was an increase in the mitotic index of
hippocampal cultures treated with activated CD4+* T lymphocytes supernatant pre-
treated with VIP compared to control (0.22 * 0.005 vs. 0.14 * 0.003, p < 0.001).
There was also an increase in the mitotic index of hippocampal cells under
treatment with activated CD4* T lymphocytes supernatant compared to control
(0.19 £ 0.002 vs. 0.14 + 0.003, p < 0.001). The effect under treatment with activated
CD4* T lymphocytes supernatant pre-treated with VIP was enhanced compared to
activated CD4* T lymphocytes supernatant alone (0.22 + 0.005 vs. 0.19 + 0.002, p <

0.001). There was no change in the mitotic index under other treatment conditions.

The same pattern of change was observed in the proportion of BrdU incorporating
cells expressing nestin, with respect to the total number of nestin cells
(f(10,121)=3.4) (Figure 32 B). There was an increase in the proportion under
treatment with activated CD4* T lymphocytes supernatant pre-treated with VIP
compared to control (0.23 + 0.005 vs. 0.14 * 0.003, p < 0.001). There was also an
increase in the proportion under treatment with activated CD4* T lymphocytes
supernatant alone compare to control (0.20 = 0.003 vs. 0.14 + 0.003, p < 0.001). The
increase under activated CD4* T lymphocytes supernatant pre-treated with VIP was
enhanced compared to activated CD4* T lymphocytes supernatant alone (0.23 *
0.005 vs. 0.20 £ 0.003, p < 0.001). There was no change in the mitotic index under
other treatment conditions. Taken together, these results suggest VIP acts directly
on activated CD4* T lymphocytes to release mediators that enhance the proliferative

effect of activated CD4+* T lymphocytes supernatant.
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Figure 32: Flow cytometry confirms VIP acts on activated CD4* T lymphocytes to increase
proliferation of hippocampal cells. Hippocampal cells were generated under control
conditions for 3DIV. BrdU and treatment conditions were added for the terminal 6 hours before
fixation. Cells were immunostained for BrdU incorporation and nestin expression. A.
Proportion of BrdU incorporating cells, with respect to total cell numbers. B. Proportion of
nestin-expressing cells incorporating BrdU, with respect to total number of nestin positive cells.
Data represents mean * SE based on a sample that represents 12 wells per condition from 3
different experiments. Comparisons between control and treatment conditions are a one-way
ANOVA with Bonferroni correction for multiple comparisons (*, p < 0.05, **, p < 0.01, ***, p <
0.001)

4.3.5: Pre-treatment of splenocytes with VIP further enhances proliferation of
neuronal class III B-tubulin expressing hippocampal cells

To investigate the effect of T lymphocytes supernatant pre-treated with VIP on
TuJ1-expressing hippocampal cells, hippocampal cultures were generated for 3DIV
under standard control conditions. Cells were pulsed with BrdU and treated under
standard control conditions, 5% activated supernatant, 30nM VIP added directly to
hippocampal cultures, 30nM VIP pre-treated activated T lymphocytes supernatant
for the terminal 6 hours before fixation. Cultures were immunostained for BrdU and
TuJ1 expression. There was a difference between control and experimental
conditions (f(3,44)=83). There was an increase in the proportion of Tu]J1-expressing
cells incorporating BrdU, with respect to the total population of Tu]Jl-expressing
cells, following treatment with 5% T lymphocytes supernatant pre-treated with VIP
compared to control (0.16 + 0.006 vs. 0.078 £ 0.004, p <0.001) (Figure 33 B). There
was also an increase in cultures treated with 5% supernatant alone compared to
control (0.14 + 0.004 vs. 0.078 *+ 0.004, p < 0.001). The increase under treatment

with 5% supernatant pre-treated with VIP was enhanced compared to 5%
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supernatant treatment alone (0.16 * 0.006 vs. 0.14 + 0.004, p < 0.01). There was no
change between VIP treated hippocampal cultures and control conditions (0.07 *
0.005 vs. 0.08 + 0.004, p = n.s.). There was also no change in total TuJ1 counts, with
respect to total cell numbers, across experimental conditions (f(3,44)=0.083, p =
n.s.) (Figure 33 A). These results suggest VIP enhances the proliferative effect on

TuJ1-expressing hippocampal cells.
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Figure 33: Pre-treatment of splenocytes with VIP further enhances proliferation of
neuronal class III B-tubulin expressing hippocampal cells. Hippocampal cells were
generated under control conditions for 3DIV. BrdU and treatment conditions were added for
the terminal 6 hours before fixation. Cells were immunostained for BrdU incorporation and
TuJ1 expression. A. Total number of TuJ1 positive cells with respect to total cell numbers. B.
Proportion of TuJ1-expressing cells incorporating BrdU, with respect to total number of nestin
positive cells. Data represents mean * SE based on a sample that represents 12 wells per
condition from 3 different experiments. Comparisons between control and treatment
conditions are a one-way ANOVA with Bonferroni correction for multiple comparisons (*, p <
0.05,**, p <0.01, *** p <0.001)

4.3.6: Pre-treatment of splenocytes with VIP further enhances the rate of cell
proliferation of hippocampal cells

To determine whether proliferative effects were due to speeding of the cell cycle
(labelling index), as observed under treatment with activated supernatant, or
recruitment of quiescent cells (growth fraction), the endogenous proliferative
marker Ki-67 was used. Ki-67 is expressed by cells during the active phases of the
cell cycle and calculated as the proportion of cycling precursor cells (Ki-67 positive)

with respect to the total number of cells (DAPI). When used with BrdU, the labelling
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index is determined by the proportion of Ki-67 expressing cells incorporating BrdU
with respect to Ki-67 positive cells. Hippocampal cells were grown for 3DIV under
standard control conditions. Cells were pulsed with BrdU and treated under
standard control conditions, 5% activated supernatant, 30nM VIP added directly to
hippocampal cultures, 30nM VIP pre-treated activated T lymphocytes supernatant
for the terminal 6 hours before fixation. Cells were stained for BrdU and Ki-67
expression to determine the growth fraction and labelling index. There was no
change in the growth fraction (Ki-67+*/DAPI cells) across experimental conditions
(f(3,44)=0.96, p = n.s.) (Figure 34 A). However there was a change in the labelling
index (BrdU+*Ki-67+/Ki-67*) across experimental groups (f(3,44)=0.30) (Figure 34
B). There was an increase in the labelling index under treatment with 5%
supernatant pre-treated with VIP compared to control (0.22 * 0.002 vs. 0.14 *
0.003, p < 0.001). There was also an increase under treatment with 5% supernatant
compared to control (0.19 + 0.003 vs. 0.14 * 0.003, p < 0.001). The treatment with
5% supernatant pre-treated with VIP has an enhanced effect compared to treatment
with 5% supernatant alone (0.22 = 0.002 vs. 0.19 = 0.003, p < 0.001). There was no
change under treatment with 30nM VIP alone compared to control (0.14 + 0.002 vs.
0.14 + 0.003, p = n.s.). These results suggest 5% supernatant pre-treated with VIP

enhances the increased rate of cell proliferation.
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Figure 34: Pre-treatment of splenocytes with VIP enhances the increased rate of cell
proliferation. Hippocampal cells were generated under control conditions for 3DIV. BrdU and
experimental conditions were added for the terminal 6 hours before fixation.. Cells were
immunostained for BrdU incorporation and Ki-67 expression. A. Proportion of Ki-67 positive cells
with respect to total cell numbers. B. Proportion of BrdU incorporating cells, with respect to the
total number of Ki-67positive cells. Data represents mean + SE based on a sample that represents
12 wells per condition from three different experiments. Comparisons between control and
treatment conditions are a one-way ANOVA with Bonferroni correction for multiple comparisons
(*.0<0.05.*.p<0.01. ** p<0.001) 101



4.3.7: Pre-treatment of splenocytes with VIP further enhances neurogenic fate
determination

In a set of experiments, the overall effect of T lymphocytes supernatant was
investigated. Hippocampal cultures were generated under control conditions for
3DIV. Cells were treated under standard control conditions, 5% activated
supernatant, 30nM VIP added directly to hippocampal cultures, 30nM VIP pre-
treated activated T lymphocytes supernatant until 6DIV. Cultures were fixed and
processed for nestin and TuJ1 expression. There was a difference between control
and experimental conditions (f(3,44)=191). There was an increase in the proportion
of nestin positive cells, with respect to total cell numbers, under treatment with 5%
supernatant pre-treated with VIP compared to control (0.63 * 0.012 vs. 0.40 *
0.008, p < 0.001) (Figure 35 D). There was also an increase under treatment with
5% supernatant alone compared to control (0.47 + 0.002 vs. 0.40 + 0.008, p <
0.001). The increase under 5% supernatant pre-treated with VIP was enhanced
compared to 5% supernatant treatment alone (0.63 + 0.012 vs. 0.47 + 0.002, p <
0.001). There was no increase under VIP treatment of hippocampal cultures

compared to control (0.40 + 0.005 vs. 0.40 + 0.008; p = n.s.).

There was a difference between control and experimental conditions in the
proportion of Tu]1 positive cells, with respect to total cell numbers (f(3,44)=89).
The same trend was observed under treatment with 5% supernatant pre-treated
with VIP compared to control (0.19 + 0.005 vs. 0.10 + 0.005, p < 0.001) (Figure 35
F). Again, there was an increase under treatment with 5% supernatant compared to
control (0.15 £ 0.003 vs. 0.10 = 0.005, p < 0.001). The increase under treatment with
5% supernatant pre-treated with VIP was enhanced compared to 5% supernatant
treatment alone (0.19 * 0.005 vs. 0.15 + 0.003, p < 0.001). There was no change
under VIP treatment of hippocampal cells compared to control (0.096 + 0.004 vs.
0.10 £ 0.005, p = n.s.).

There was also a difference in the proportion of nestin positive cells expressing
TuJ1, with respect to total cell numbers, between control and experimental
conditions (f(3,44)=215). There was an increase under treatment with 5%

supernatant pre-treated with VIP compared to control (0.14 * 0.004 vs. 0.048 *

1N



0.003, p < 0.001) (Figure 35 B). There was also an increase under 5% supernatant
treatment alone compared to control (0.088 + 0.001 vs. 0.048 + 0.003, p < 0.001).
The increase under 5% supernatant pre-treated with VIP was enhanced compared
to 5% supernatant alone (0.14 + 0.004 vs. 0.088 + 0.001, p < 0.001). There was no
change under VIP treatment of hippocampal cells (0.049 + 0.002 vs. 0.048 + 0.003, p
= n.s.). Taken together, these results suggest VIP pre-treatment of splenocytes
enhances the total number of cells in culture and drives a greater number of

progenitor cells towards a neuronal fate.
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Figure 35: Pre-treatment of splenocytes with VIP further enhances neurogenic fate
determination. Hippocampal cells were generated under control conditions for 3DIV and then
treated with experimental conditions until 6DIV. Cells were immunostained for nestin and Tuj1
expression. A. Total cell counts as measured by the number of DAPI positive cells. B. Proportion of
nestin cells expressing TuJ1, with respect to total number of cells C. Total number of nestin
expressing cells D. Proportion of nestin cells E. Total number of TuJ1 cells and F. Proportion of
TuJ1 cells. Data represents mean * SE based on a sample that represents 12 wells per condition
from three different experiments. Comparisons between control and treatment conditions are a
one-way ANOVA with Bonferroni correction for multiple comparisons (*, p < 0.05, **, p < 0.01, ***,
p <0.001)
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4.3.8: Pre-treatment of splenocytes with VIP increases the proportion of class
III B-tubulin positive cells co-expressing Prox1

To determine if the TuJ1-expresing (immature neuronal) cells were dentate gyrus
specific, the granule cell marker Proxl was used (Iwano et al, 2012).
Postmitotically, Prox1 specifies dentate granule cells and eliminating it causes
immature dentate gyrus neurons to loose their granule cell identity and instead
differentiate into neurons with CA3 identity (Iwano et al, 2012). Hippocampal
cultures were generated under control conditions for 3DIV and then treated with
experimental conditions until 6DIV. Cells were fixed and processed for TuJl and
Prox1 expression. There was an increase in the total cell numbers across
experimental conditions (f(3, 44)=11) (Figure 36 A). There was an increase in the
total cell number under treatment with 5% supernatant pre-treated with VIP
compared to control (198.7 + 1.27 vs. 138.1 *+ 0.39, p < 0.001). There was also an
increase under treatment with 5% supernatant alone compared to control (164.9 *
0.45vs.138.1 + 0.39, p < 0.001). The increase under treatment with 5% supernatant
pre-treated with VIP was enhanced compared to 5% supernatant alone (198.7 *
1.27 vs. 164.9 £ 0.45, p < 0.001). There was no change under treatment with 30nM
VIP alone compared to control (137.4 + 0.42 vs. 138.1 + 0.39, p = n.s.).

The same pattern of change across experimental conditions was observed in the
number of Tu]1 cells (f(3,44)=1.4) (Figure 36 C). There was an increase in Tu]1
numbers under treatment with 5% supernatant pre-treated with VIP compared to
control (39.30 £ 0.73 vs. 15.78 + 0.38, p < 0.001). There was also an increase under
treatment with 5% supernatant compared to control (26.55 + 0.45 vs. 15.78 + 0.38,
p < 0.001). The increase under treatment with 5% supernatant pre-treated with VIP
was enhanced compared to 5% supernatant alone (39.30 £ 0.73 vs. 26.55 + 0.45, p <
0.001). There was no change under treatment with 30nM VIP alone (15.21 + 0.26 vs.
15.78 £ 0.38, p = n.s).

There was a change in the proportion of TuJ1 positive cells, with respect to total cell
numbers, across experimental conditions (f(3,44)=0.73) (Figure 36 D). There was
an increase in the proportion of Tu]Jl positive cells under treatment with 5%

supernatant pre-treated with VIP compared to control (0.20 * 0.004 vs. 0.11 *
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0.003, p < 0.001). There was also an increase under treatment with 5% supernatant
compared to control (0.16 + 0.002 vs. 0.11 + 0.003, p < 0.001). The increase under
treatment with 5% supernatant pre-treated with VIP was enhanced compared to
5% supernatant alone (0.20 * 0.004 vs. 0.16 * 0.002, p < 0.001). There was no
change under treatment with 30nM VIP alone (0.11 + 0.002 vs. 0.11 + 0.003, p =

n.s.).

There was an increase in the number of Prox1 positive cells across experimental
conditions (f(3,44)=2.4) (Figure 36 E). There was an increase under treatment with
5% supernatant pre-treated with VIP compared to control (35.90 * 0.56 vs. 13.89 *
0.25, p < 0.001). There was also an increase under treatment with 5% supernatant
compared to control (24.28 + 0.47 vs. 13.89 £ 0.25, p < 0.001). The increase under
treatment with 5% supernatant pre-treated with VIP was enhanced compared to
5% supernatant alone (35.90 * 0.56 vs. 24.28 + 0.47, p < 0.001). There was no
change under treatment with 30nM VIP alone compared to control (12.09 £ 0.25 vs.

13.89 £ 0.25, p = n.s.).

The same pattern of change was observed in the proportion of Prox1 positive cells,
with respect to the total cell number, across experimental conditions (f(3,44)=0.78)
(Figure 36 F). There was an increase in the proportion of Prox1 cells under
treatment with 5% supernatant pre-treated with VIP compared to control (0.18 *
0.003 vs. 0.10 £ 0.002, p < 0.001). There was also an increase under treatment with
5% supernatant compared to control (0.15 + 0.003 vs. 0.10 = 0.002, p < 0.001). The
increase under treatment with 5% supernatant pre-treated with VIP was enhanced
compared to 5% supernatant alone (0.18 * 0.003 vs. 0.15 + 0.003, p < 0.001). There
was no change under treatment with 30nM VIP alone compared to control (0.09 *

0.002 vs. 0.10 + 0.002, p = n.s.).

There was also a change in the proportion of Tu]Jl positive cells co-expressing
Prox1, with respect to total cell numbers, across experimental conditions
(f(3,44)=1.7) (Figure 36 B). There was an increase in the proportion under
treatment with 5% supernatant pre-treated with VIP compared to control (0.18 *

0.003 vs. 0.09 £ 0.001, p < 0.001). There was also an increase under treatment with
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5% supernatant compared to control (0.14 * 0.002 vs. 0.09 = 0.001, p < 0.001). The
increase under 5% supernatant pre-treated with VIP was enhanced compared to
5% supernatant alone (0.18 + 0.003 vs. 0.14 * 0.002, p < 0.001). There was no
change under treatment with 30nM VIP alone compared to control (0.08 £ 0.001 vs.
0.09 £ 0.001, p = n.s.). Taken together, these results suggest treatment with VIP pre-

treatment enhances the number and proportion of dentate specific neurons.
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Figure 36: Pre-treatment of splenocytes with VIP increases the proportion of class III B-tubulin
positive cells co-expressing Prox1. Hippocampal cells were generated under control conditions for 3DIV
and treated with experimental conditions until 6DIV. Cells were fixed and immunostained for TuJ1 and Prox1
expression. A. Total cell counts as measured by the number of DAPI positive cells. B. Proportion of TuJ1 cells
expressing Prox1, with respect to total number of cells C. Total number of TuJ1 expressing cells D. Proportion
of TuJ1 cells E. Total number of Prox1 cells and F. Proportion of Prox1 cells. Data represents mean * SE based
on a sample that represents 12 wells per condition from 3 different experiments. Comparisons between
control and treatment conditions are a one-way ANOVA with Bonferroni correction for multiple comparisons
(*,p<0.05,**p<0.01,*** p<0.001)
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4.3.9: VPAC1 receptor agonist mimics VIP proliferative effects

Given that VPAC1 is constitutively expressed by T lymphocytes (Lara-Marquez et al.,
2001), coupled with VPAC1 receptor mRNA expression in our splenocytes cultures
(see Appendix II), a VPAC1 receptor agonist was used to investigate its involvement
as the receptor subtype mediating VIP proliferative effects. Hippocampal cultures
were generated under standard control conditions. BrdU and experimental
conditions (as described in section 4.2.6) were added for the terminal 6 hours.
Cultures were immunostained for BrdU and nestin expression. Consistent with the
previous experiments, there was a difference in the mitotic index between control
and experimental conditions (f(5,66)=54). There was an increase in the mitotic
index under treatment with 5% supernatant compared to control (0.19 * 0.006 vs.
0.14 = 0.005, P < 0.001) (Figure 37 B). Again, this increase was enhanced under
treatment with 5% supernatant pre-treated with VIP compared to 5% supernatant
treatment alone (0.23 £ 0.006 vs. 0.19 % 0.006, p < 0.001). There was no difference
under VIP treatment compared to control (0.13 + 0.006 vs. 0.14 = 0.005, p = n.s.).
There was an increase in the mitotic index under treatment with 5% supernatant
pre-treated with VPAC1 agonist compared to control and 5% supernatant alone,
respectively (0.23 = 0.006 vs. 0.14 * 0.005, p < 0.001; 0.23 + 0.006 vs. 0.19 £ 0.006,
p < 0.01). The increase under treatment with 5% supernatant pre-treated with
VPAC1 agonist is comparable to that observed under treatment with 5%
supernatant pre-treated with VIP (0.23 £ 0.006 vs. 0.23 = 0.005, p = n.s.). Addition of
VPAC1 agonist directly to hippocampal cultures did not increase the mitotic index
compared to control (0.13 £ 0.008 vs. 0.14 £ 0.005, p = n.s.). There was no change in
total cell numbers across experimental conditions (f(5,66)=0.16, p = n.s.) (Figure

37 A). These results suggest VPAC1 receptor mediates VIP proliferative effects.
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Figure 37: VPAC1 receptor agonist mimics VIP effects on mitotic index of hippocampal
cells. Hippocampal cells were generated under control conditions for 3DIV. BrdU and treatment
conditions were added for the terminal 6 hours before fixation. Cells were immunostained for
BrdU incorporation. A. Total cell counts as measured by the number of DAPI positive cells. B.
Proportion of BrdU positive cells, with respect to total number of cells. Data represents mean * SE
based on a sample that represents 12 wells per condition from 3 different experiments.
Comparisons between control and treatment conditions are a one-way ANOVA with Bonferroni
correction for multinle comparisons (*. p < 0.05. **.p < 0.01. ***,p < 0.001)

Consistent with the previous experiments, there was a difference in the proportion
of the nestin-expressing cells incorporating BrdU between control and experimental
conditions (f(5,66)=93). There was an increase under treatment with 5%
supernatant compared to control (0.25 * 0.007 vs. 0.14 £ 0.005, p < 0.001) (Figure
38 B). This effect was enhanced under treatment with 5% supernatant pre-treated
with VIP compared to 5% supernatant treatment alone (0.36 + 0.02 vs. 0.14 * 0.005,
p < 0.001). There was no difference under VIP treatment compared to control (0.13
+ 0.005 vs. 0.14 £ 0.005, p = n.s.). There was an increase under treatment with 5%
supernatant pre-treated with VPAC1 agonist compared to control (0.37 £ 0.017 vs.
0.14 £ 0.005, p < 0.001), whilst there was no change under treatment with VPAC1
agonist directly to hippocampal cultures (0.14 * 0.005 vs. 0.14 = 0.005, p = n.s.).
Again, the increase under 5% supernatant pre-treated with VPAC1 was comparable
to that under treatment with 5% supernatant pre-treated with VIP (0.37 £ 0.017 vs.
0.36 + 0.02, p=n.s.). There was no change in total nestin-expressing cell numbers
across experimental conditions (f(5,66)=0.15, p = n.s.) (Figure 38 A). These results
suggest VPAC1 receptor mediates proliferation of nestin-expressing hippocampal

cells.
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Figure 38: VPAC1 receptor agonist mimics VIP effects on nestin-expressing hippocampal
cells. Hippocampal cells were generated under control conditions for 3DIV. BrdU and treatment
conditions were added for the terminal 6 hours before fixation. Cells were immunostained for
BrdU incorporation and nestin expression. A. Total number of nestin cells with respect to total
cell numbers. B. Proportion of BrdU-incorporating cells expressing nestin, with respect to total
number of nestin cells. Data represents mean * SE based on a sample that represents 12 wells per
condition from 3 different experiments. Comparisons between control and treatment conditions
are a one-way ANOVA with Bonferroni correction for multiple comparisons (*, p < 0.05, **, p <
0.01, *** p < 0.001)

4.3.10: VPAC1 receptor antagonist inhibits VIP proliferative effects

To confirm VPAC1 mediates VIP proliferative effects, a VPAC1 antagonist was used.
In a set of experiments, cultures were generated for 3DIV under standard control
conditions. BrdU and experimental conditions (as described in section 4.2.6) were
added for the terminal 6 hours. Cultures were immunostained for BrdU and nestin
expression. Consistent with the previous experiments, there was a difference in the
mitotic index between control and experimental conditions (f(6,77)=66.58). There
was an increase in the mitotic index under treatment with 5% supernatant
compared to control (0.19 = 0.004 vs. 0.13 = 0.005, p < 0.001) (Figure 39 B). Again,
this increase was enhanced under treatment with 5% supernatant pre-treated with
VIP compared to 5% supernatant treatment alone (0.24 + 0.005 vs. 0.19 = 0.004, p <
0.001). There was no difference under VIP treatment compared to control (0.13 *
0.006 vs. 0.13 + 0.005, p < 0.001). There was a decrease in the mitotic index under
treatment with 5% supernatant pre-treated simultaneously with VPAC1 antagonist

and VIP compared to 5% supernatant pre-treated with VIP (0.18 + 0.005 vs. 0.24 *
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0.005, p < 0.001). These levels were reduced to that of treatment with 5%
supernatant alone (0.18 £ 0.005 vs. 0.19 * 0.004) yet still higher than control (0.18
+ 0.005 vs. 0.13 £ 0.005, p < 0.001). There was no difference under treatment with
VPAC1 antagonist directly added to cultures compared to control (0.13 + 0.004 vs.
0.13 £ 0.005, p = n.s.). Addition of 5% supernatant pre-treated with VPAC1
antagonist increased the mitotic index compared to control (0.18 * 0.003 vs. 0.13 *
0.005, p < 0.001), at levels comparable to that with treatment under 5%
supernatant alone (0.18 * 0.003 vs. 0.19 * 0.004, p = n.s.). There was no change in
total cell counts across experimental conditions (f(6,77)=0.58, p = n.s.) (Figure 39

A). These results suggest VPAC1 antagonist inhibits VIP’s enhanced proliferative

effects but does not abolish supernatant effects on cultures.
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Figure 39: VPAC1 receptor antagonist inhibits VIP effects on mitotic index of hippocampal
cells. Hippocampal cells were generated under control conditions for 3DIV. BrdU and treatment
conditions were added for the terminal 6 hours before fixation. Cells were immunostained for
BrdU incorporation. A. Total cell counts as measured by the number of DAPI positive cells. B.
Proportion of BrdU positive cells, with respect to total number of cells. Data represents mean * SE
based on a sample that represents 12 wells per condition from 3 different experiments.
Comparisons between control and treatment conditions are a one-way ANOVA with Bonferroni
correction for multiple comparisons (¥, p < 0.05, **, p < 0.01, ***, p < 0.001)

Consistent with the previous experiments, there was a difference in the proportion
of the nestin-expressing cells incorporating BrdU between control and experimental

conditions (f(6,77)=138). There was an increase under treatment with 5%
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supernatant compared to control (0.25 * 0.008 vs. 0.14 + 0.006, p < 0.001) (Figure
40 B). This effect was enhanced under treatment with 5% supernatant pre-treated
with VIP compared to 5% supernatant treatment alone (0.34 = 0.008 vs. 0.25 *
0.008, p < 0.001). There was no difference under VIP treatment compared to control
(0.14 £ 0.006 vs. 0.14 + 0.006, p = n.s). Treatment with 5% supernatant pre-treated
simultaneously with VPAC1 antagonist and VIP reduced the proportion compared to
5% supernatant pre-treated with VIP (0.25 £ 0.007 vs. 0.34 = 0.008, p < 0.001).
These levels were reduced to that of treatment with 5% supernatant alone (0.25 *
0.007 vs. 0.25 = 0.008, p = n.s.) yet still higher than control (0.25 + 0.007 vs. 0.14 *
0.006, p < 0.001). There was no change under treatment with VPAC1 antagonist
directly to cultures compared to control (0.14 + 0.005 vs. 0.14 * 0.006, p = n.s.).
There was an increase under treatment with 5% supernatant pre-treated with
VPAC1 antagonist compared to control (0.26 + 0.007 vs. 0.14 + 0.006, p < 0.001).
There was no change in total nestin-expressing cell numbers, with respect to total
cell numbers, across experimental conditions (f(6,77)=0.50, p = n.s.) (Figure 40 A).
These results suggest VPAC1 antagonist inhibits VIP’s enhanced proliferation of
nestin-expressing hippocampal cells but does not abolish supernatant effects. Taken
together, these results suggest the VPAC1 receptor subtype mediates VIP

proliferative effects.
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Figure 40: VPAC1 receptor antagonist inhibits VIP effects on nestin-expressing
hippocampal cells. Hippocampal cells were generated under control conditions for 3DIV. BrdU
and treatment conditions were added for the terminal 6 hours before fixation. Cells were
immunostained for BrdU incorporation. A. The proportion of nestin positive cells with respect
to total cell numbers. B. Proportion of nestin positive cells incorporating BrdU, with respect to
total number of nestin cells. Data represents mean # SE based on a sample that represents 12
wells per condition from 3 different experiments. Comparisons between control and treatment
conditions are a one-way ANOVA with Bonferroni correction for multiple comparisons (*, p <
0.05,**, p < 0.01, *** p < 0.001)
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4.4 Discussion

4.4.1: VIP acts directly on CD4+ T lymphocytes to enhance the increase of the
mitotic index

VIP has pleiotropic effects on cell types depending on the concentration, timing and
type of cell involved. Indeed, VIP has been shown to favour a Th2 phenotype whilst
inhibiting Th1 cytokines, both in vitro and in vivo (Delgado et al., 1999a, Delgado et
al., 1999Db). This is consistent with VIP’s established role as an anti-inflammatory
agent (Gomariz et al.,, 2000, Delgado and Ganea, 2000). We examined the role of
supernatant from VIP-treated CD4* T cells on hippocampal cells. There was a
significant increase in the proliferation of nestin-expressing hippocampal cells
under treatment with supernatant pre-treated with VIP. This effect is greater than
that observed under untreated activated supernatant. VIP enhanced the
proliferative effect, most likely by skewing T lymphocytes towards a Th2
phenotype. Flow cytometric cell sorting was used to determine the effects of VIP on
CD4+* T cells; there was an enhanced proliferative effect on hippocampal cells
treated with supernatant from activated CD4* T lymphocytes treated with VIP. The
same was observed under treatment with supernatant from VIP-treated activated
cultures containing splenocytes with T lymphocytes. There was no such effect on
hippocampal cells treated with supernatant from splenocytes absent of CD4+ T
lymphocytes. Furthermore, this effect was only observed in supernatant from
activated CD4* T lymphocytes; supernatant from naive T lymphocytes treated with
VIP did not have an effect on the mitotic index of hippocampal cells. This data shows
a direct role of VIP on CD4+*T cells and eliminated its action on other cell types, or

indeed a secondary effect of CD4* T lymphocytes on other cells.

4.4.2: VIP enhances the T lymphocyte proliferative effect on hippocampal cell
populations by speeding the cell cycle

Having established that VIP pre-treated CD4+*T lymphocytes supernatant increases
the mitotic index, populations of cells within the hippocampal culture were
investigated. There was an increase in the proportion of BrdU incorporating cells
expressing nestin with respect to total cell numbers. VIP enhanced the increase
compared to treatment with activated CD4* T lymphocytes supernatant not treated

with VIP. There was also an enhanced neuroproliferative effect on the number of
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BrdU incorporating cells expressing TuJ1 under treatment with supernatant pre-
treated with VIP. To determine whether this effect was due to an increase in the
recruitment of quiescent cells, or rather increasing the cell cycle speed as observed
under treatment with activated supernatant alone, the proliferative markers Ki67
and BrdU were used. The growth fraction (Ki-67/DAPI) was unaltered under
treatment with activated supernatant pre-treated with VIP. However, as with
activated supernatant, there was an increase in the labelling index (BrdU Ki-67 /Ki-
67); this effect was enhanced under treatment with supernatant pre-treated with
VIP compared to supernatant alone. This data is the first study to demonstrate a
proliferative effect of VIP pre-treated CD4* T lymphocytes supernatant on specific

cell populations via an increase in the cell cycle speed.

4.4.3: VIP enhances T lymphocyte mediated neurogenic effects

When treated with activated CD4+* T lymphocytes supernatant over a 3 day period,
our data has shown that hippocampal cultures increase net neurogenesis in
postnatal (P7-10) rat hippocampal cultures. This is defined as the number of newly
generated neurons and is determined using the stem cell marker nestin and
immature neuronal marker TuJl. VIP-treated CD4* T lymphocytes supernatant
enhances this effect, significantly increasing the number of newly generated
neurons with respect to the total number of cells in culture. Indeed, the origin of
these cells is the dentate gyrus; the neurons (Tu]Jl positive cells) were almost
completely Prox1 positive. This indicates the cells specifically have granule cell
identity (Iwano et al,, 2012). This data suggests at physiological concentrations, VIP
has the potential to communicate between the stem cell niche and CD4* T cells to

increase hippocampal neurogenesis.

4.4.4: VIP acts via the VPAC1 receptor on CD4* T lymphocytes

There is differential expression and distribution of VIP receptors across tissues.
Studies have shown that while there is constitutive expression of VPAC1 and PAC1
mRNA in T lymphocytes, VPAC2 mRNA expression is induced following activation
(Delgado et al., 1996a). This is true of LPS and certain types of activators that are
conventionally associated with a Th1l response (Ganea et al,, 2003). This shift in

VPAC1 to VPAC2 mRNA expression is also observed following activation with anti-
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CD3 in conjunction with other stimulatory factors such as PMA (Lara-Marquez et al.,
2001). Our data shows VPAC1 and PAC1 mRNA expression continues after anti-CD3
activation, while VPAC2 mRNA remains undetected (see Appendix II). Given that
immuo-modulation is predominantly regulated by VPAC1 and VPAC2 receptors
(Jiang et al,, 1998), VPAC1 mediation was investigated using VPAC1 agonists and
antagonists. CD4+* T lymphocytes supernatant pre-treated with the VPAC1 agonist
mimicked the proliferative effect of VIP treatment. This suggested the effect was
mediated via the VPAC1 receptor. Pre-treatment of T lymphocytes supernatant with
VPAC1 antagonist and VIP abolished the proliferative effect, whilst VPAC1
antagonist pretreatment alone did not. These results identify the VPAC1 receptor as
the mediator for VIP proliferative effects. This data also demonstrates that anti-CD3
alone does not switch off VPAC1 receptor expression or activate VPAC2 receptor in

this culture system.

4.4.5: Chapter summary

The data presented in this chapter has demonstrated a novel mechanism to study
the role of neuropeptides in regulating T cell activity on hippocampal cells. VIP acts
directly on activated CD4* T lymphocytes to enhance the proliferative effects
observed on hippocampal cells under treatment with activated supernatant alone.
This effect is a result of enhancing the cell cycle speed and thereby enhancing the
supernatant effect on hippocampal cells. Enhanced proliferation is mediated via the

VPAC1 receptor on CD4* T lymphocytes.

Treating CD4* T lymphocytes with VIP enhances the supernatant’s overall
neurogenic effect on hippocampal cells. This effect on fate determination is specific
to cells of a granule cell identity. Collectively, this preliminary data suggests a role
for VIP as a mediator between the neural stem cell niche and T lymphocytes; this
potential mechanism could regulate hippocampal neurogenesis within a

physiological setting.

117



Chapter 5

CD4+ T lymphocytes interact with microglia to

modulate hippocampal neurogenesis
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5.1:Introduction

5.1.1: Introduction

CD4* T lymphocytes are broadly subcategorized into two distinct groups: Th1 and
Th2. These subgroups are classified based on signature cytokine production; a Th1
cytokine profile is associated with pro-inflammatory cytokines (IFN-y) while a Th2
cytokine profile is associated with anti-inflammatory cytokines (IL-4) (Zhu and
Paul, 2008). Th2 cytokines such as IL-4 are associated with pro-neurogenic effects,
though the exact mechanisms remain unknown (Butovsky et al., 2006, Derecki et al.,
2010). While T Ilymphocytes have been shown to regulate hippocampal
neurogenesis, a number of cell types are involved in neuro-immune modulation,
with a special role for microglia and T lymphocytes (Ziv et al., 2006, Butovsky et al.,
20006).

5.1.2: A Th2 cytokine profile is pro-neurogenic: a role for IL-4

VIP promotes Th2 cytokine production and IL-4 is the primary Th2 phenotypic
marker (Delgado et al., 2004). Hippocampal IL-4 down-regulation, and concomitant
pro-inflammatory IL-1f3 and IL-6 upregulation, is associated with aging; a functional
impairment that can be rescued with IL-4 replenishment (Maher et al., 2005). Very
little is known about IL-4 in terms of neurogenesis. Derecki and colleagues (2010)
have shown that learning increases accumulation of IL-4-producing T lymphocytes
in the meninges. Further to this, IL-4 knock-out mice exhibit severe cognitive
defects which can be reversed with wild-type bone marrow or adoptive transfer of
IL-4-competent T lymphocytes. Of further interest is the ability of T lymphocytes-
generated IL-4 in “programming” microglia to promote neurogenesis (Butovsky et

al., 2006, Derecki et al., 2010).

5.1.3: T lymphocytes interact with microglia to regulate hippocampal
neurogenesis

Although microglia were conventionally associated with detrimental effects in
neurogenic regulation, a beneficial role is fast emerging (Sierra et al, 2010,
Nikolakopoulou et al,, 2013). The exact mechanism by which T lymphocytes interact
with microglia under basal conditions remain poorly understood. The major

challenge remains in understanding how T lymphocytes outwith the brain
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parenchyma interact with brain microglial cells. As discussed in Chapters 3 and 4, it
is possible that T lymphocytes release inflammatory cytokines into the brain; these
cytokines could act directly or via intermediary cells such as microglia. These cells
are prime candidates, given their role as scavengers of the brain, coupled with their
abundance in the brain. Ziv and colleagues (2006) have investigated hippocampal
neurogenesis in severe combined immune deficient mice with respect to T
lymphocyte involvement and microglial interactions. They reported that immune
deficient mice devoid of T and B lymphocytes had reduced proliferation of newly
generated neurons which was rescued by intravenous injection of T lymphocytes.
Subsequent studies have shown the effect is purely mediated by CD4* T
lymphocytes (Wolf et al, 2009). Ziv and colleagues also found that while
environmental enrichment increases proliferation of newly generated neurons,
there is also an increase in the proliferation of microglia in the dentate gyrus
compared to mice in standard control environments. Furthermore, blocking
microglial activity with the use of minocycline decreases proliferation of newly
generated neurons (Ziv et al., 2006). These studies suggest a link between T
lymphocytes, microglia and neurogenesis; the exact relationship remains to be

understood.

5.1.4: Microglia express distinct phenotypes that determine cytokine profiles

Though under debate, microglia are predominantly classed into two subgroups: M1
“classically” activated (pro-inflammatory) or M2 “alternatively” activated (anti-
inflammatory) phenotypes. Neuropeptides are potent modulates that can directly
affect cytokine secretion of immune cells, including microglia (Levite, 1998). The
controversy in classification of microglia stems from the overlapping of certain
markers; none-the-less, there are an array of markers for either phenotype
(Hickman et al,, 2013, Crain et al,, 2013). M1 markers include IL-13, TNFa, NOS2
and M2 markers include IL-4, IL-10, Chi3I3 (Ym1). In vitro, microglia can be driven
to adopt M1 and M2 phenotypes, with M1 believed to drive inflammation and M2 to
drive phagocytosis of debris. Given VIP’s ability to skew T lymphocytes and
macrophages towards an anti-inflammatory phenotype, there is a potential role for
VIP in skewing microglia towards an M2 phenotype. An M2 phenotype would be

likely in the presence of IL-4; this cytokine can activate microglia to release pro-
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neurogenic mediators such as BDNF and IGF-1 (Butovsky et al., 2006, Derecki et al,,
2010). BDNF, a well-documented neurogenic factor, promotes differentiation and
maturation of adult born neurons through GABAergic transmission (Waterhouse et
al,, 2012). It may also be involved in regulating hippocampal cell proliferation; mice
with hippocampal neural progenitor cells lacking the BDNF receptor TrkB have
impaired proliferation and neurogenesis (Li et al, 2008, Bergami et al., 2008).
Interestingly, BDNF levels are significantly reduced in mice deficient of T
lymphocytes (Ziv et al, 2006). Understanding T lymphocytes involvement in
microglial phenotyping remains to be fully elucidated and is central to the

mechanisms of neurogenic regulation.

5.1.5: Aims and objectives

Understanding the exact mechanism by which T lymphocytes interact with
microglia in neuro-immune modulation remains a challenge. Our culture paradigm
allows the examination of the effects of T lymphocyte-releases cytokines on
hippocampal cultures in the presence or absence of microglia. In addition, the
generation of pure microglial cultures allows analysis of T lymphocyte-released
cytokines on microglia. Another advantage of this paradigm is the ability to

elucidate the role of VIP involvement in this model.

The aim of this chapter is threefold. Firstly, to determine the effects of VIP on T
lymphocytes cytokine production, specifically investigating the role of IL-4.
Secondly, to investigate the role of T lymphocytes-released IL-4 on microglia.
Thirdly, to study the direct effect of T lymphocytes-derived cytokines on microglial

phenotype and neurotrophic production.
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5.2: Methods

Key cytokines modulating T lymphocyte-mediated proliferative and neurogenic
effects on hippocampal cultures were investigated. Splenocyte cultures were
generated under three experimental conditions: naive, activated with anti-CD3,
activated with anti-CD3 and treated with 30nM VIP. Semi-quantitative PCR analysis
was used to identify candidate Th2 cytokines. This was followed by pharmacological

studies to further investigate cytokine modulation of hippocampal cells.

5.2.1: Generation of splenocyte cultures for RNA extraction

For each experiment, 4 spleens were used from adult mice to generate splenocyte
cultures as detailed in section 2.1. Following a multi-step protocol as part of a CD4+ T
cell isolation kit, viable cells were plated at a density of 1, 000, 000 cells/mL directly
on to poly-L-lysine coated 6 well plates. 1pg/mL of anti-CD3 was added at plating to
activate cells. For VIP activation, T lymphocytes were treated with 30nM VIP at
plating simultaneously during the addition of anti-CD3. Cells were grown in
standard culture medium (NBA/B-27/glutamine) supplemented with
antibiotic/antimycotic (5% CO02/9% 02/ 37°C incubator conditions). Cells were

collected at 2 hours for RNA extraction and cDNA synthesis.

5.2.2: RNA extraction and cDNA synthesis

At the given time points, cells were washed with PBS and collected in TRizol®
reagent (Invitrogen) to extract RNA and convert to cDNA as detailed in section 2.9.
PCR was carried out on single-stranded cDNA using a one step real-time PCR kit
(Primer Design Ltd, Southampton) in a PCR thermocycler (Rotor Gene 6000). All
PCR reactions were performed according to manufacturer’s instructions for 50
cycles. For IL-4 and the housekeeping gene GAPDH mRNAs, primers were designed
by Primer Design Ltd (Southampton). Forward and reverse primers, sequence,
positions on the gene, melting temperatures and expected product lengths are

detailed in Table 3 (section 2.9).

5.2.3: Investigating IL-4 mediation of hippocampal proliferation
This unique study model has the advantage of studying species-specific cytokine

mediation of hippocampal neurogenesis since the supernatant is from mouse while
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the hippocampal cultures are from rat. To investigate the role of mouse IL-4 (from T
lymphocytes), a mouse-specific anti-IL-4 antibody was used. Similarly, in a separate
set of experiments, the role of rat IL-4 (from endogenous cells including rat
microglia) was investigated using a rat-specific anti-IL-4 antibody. For both anti-
mouse and anti-rat IL-4, 10mg/mL of the anti-IL-4 antagonist (R&D systems) was
used to neutralize IL-4 activity in hippocampal cultures. Primary rat hippocampal
cultures were generated as detailed in section 2.1. At 2DIV, experimental conditions
and BrdU were added to hippocampal cultures for the terminal 6 hours before being
fixed in 4% PFA for 30 minutes at 4°C. Here the experimental conditions were
standard control conditions, 5% activated supernatant, 30nM VIP added directly to
cultures, 30nM VIP pre-treated activated supernatant, standard control conditions
with anti-IL-4, 5% activated supernatant with anti-IL-4, 30nM VIP added directly to
cultures with anti-IL-4, 30nM VIP pre-treated activated supernatant with anti-IL-4.

Cells were then processed for BrdU incorporation and nestin expression.

5.2.4: Confirming specificity of antibodies using isotype controls

To confirm IL-4 antibody specificity, isotype controls were used. For anti-mouse IL-
4, 10pg/mL rat IgG: isotype control was used. For anti-rat IL-4, 10pg/mL rat IgG2a
isotype control was used. Primary hippocampal cultures were generated for 3DIV
under standard control conditions and treated with BrdU and experimental
conditions for the terminal 6 hours. Cells were fixed in 4% PFA for 30 minutes at
4°C. The experimental conditions for each isotype experiment were standard
control conditions, 5% activated supernatant, 30nM VIP added directly to cultures,
30nM VIP pre-treated activated supernatant, standard control conditions with
isotype (R&D systems), 5% activated supernatant with isotype, 30nM VIP added
directly to cultures with isotype, 30nM VIP pre-treated activated supernatant with

isotype. Cells were then processed for BrdU incorporation and nestin expression.

5.2.5: Examining the role of microglia in splenocyte modulated hippocampal
neurogenesis

To deplete microglial cells from hippocampal cultures, rat-Mac-1-SAP (Advanced
targeting systems) was used. The Mac-1-SAP antibody specifically binds to CD11b

receptors on microglia; the antibody is conjugated to the ribosome-inactivating
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protein saporin. Once the antibody binds to microglia, saporin is internalized and
breaks away from the antibody, inactivating the ribosome. This in turn leads to
protein inhibition and ultimately kills microglia. Primary rat hippocampal cultures
were grown under standard control conditions for 2DIV. At 2 DIV, half the cultures
were treated with Mac-1-SAP to deplete microglial cell populations (as detailed in

section 2.7.1) while the other half were replaced with standard control medium.

At 3 DIV, cells were washed in fresh culture medium before being treated with BrdU
and experimental conditions for the terminal 6 hours before fixation in 4% PFA for
30 minutes at 4°C. Specifically, experimental conditions were standard control
conditions, 5% activated supernatant, 30nM VIP added directly to cultures, 30nM
VIP pre-treated activated supernatant, control conditions in Mac-1-SAP treated
cultures, 5% activated supernatant in Mac-1-SAP treated cultures, 30nM VIP added
directly in Mac-1-SAP treated cultures, 30nM VIP pre-treated activated supernatant
in Mac-1-SAP treated cultures. Cells were processed for BrdU incorporation and

nestin expression,

5.2.6: Examining the relationship between IL-4 and microglia in the
modulation of hippocampal neurogenesis

Hippocampal cultures were grown under standard control conditions for 2DIV. At
2DIV, cultures were either treated with Mac-1-SAP or replaced with fresh culture
medium to deplete microglial cell populations (as detailed in section 2.7.1). At 3DIV,
cells were washed in fresh culture medium before being treated with BrdU and
experimental conditions (with anti-mouse IL-4) for the terminal 6 hours before
fixation in 4% PFA for 30 minutes at 4°C. Specifically, experimental conditions were
standard control conditions, 5% activated supernatant, 30nM VIP added directly to
cultures, 30nM VIP pre-treated activated supernatant, control condition in Mac-1-
SAP treated cultures, 5% activated supernatant in Mac-1-SAP treated cultures,
30nM VIP added directly to Mac-1-SAP treated cultures, 30nM VIP pre-treated
activated supernatant in Mac-1-SAP treated cultures, control conditions in Mac-1-
SAP treated cultures with anti-mouse IL-4, 5% activated supernatant in Mac-1-SAP
treated culutres with anti-mouse IL-4, 30nM VIP added directly to Mac-1-SAP

treated cultures with anti-mouse IL-4, 30nM VIP pre-treated activated supernatant
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in Mac-1-SAP treated cultures with anti-mouse IL-4. Cells were processed for BrdU

incorporation and nestin expression.

5.2.7: Generating pure microglial cultures

To investigate the effect of supernatant on microglia, pure microglial cultures were
generated as detailed in section 2.7.2. Primary rat hippocampal cultures were
generated from postnatal Sprague-Dawley rats (p7-10) as detailed in section 2.1.
Cells were plated at a density of 500, 000 cells/mL in poly-L-lysine coated 6 well
plates. At 2 hours post-plating, cultures were replenished with fresh culture
medium (NBA/B-27/glutamine) supplemented with antibiotic/antimycotic and
10% FBS. Cultures were grown for 1 week without medium change (5% C02/ 9%
02/ 37°C incubator conditions). At 7DIV, cultures were placed on a plate shaker at
1200rpm for 10 minutes at 37°C. Cells were collected and plated on 6 well plates for
an hour and replaced with experimental conditions for 2 hours. Experimental
conditions were standard control conditions, 5% activated supernatant, 30nM VIP
added directly to cultures, 30nM VIP pre-treated activated supernatant. At the given

time points, cells were collected in TRizol reagent.

5.2.8: RNA extraction and cDNA synthesis of microglial cells

At the given time points, cells were washed with PBS and collected in TRizol reagent
to extract RNA and convert to cDNA as detailed in section 2.9. PCR was carried out
on single-stranded cDNA using a one step real-time PCR kit (Primer Design Ltd,
Southampton) in a PCR thermocycle (Rotor Gene 6000). All PCR reactions were
performed according to the manufacturer’s instructions for 50 cycles. For BDNF,
TNFa, IL-10, NOS2, BDNF, CHi3I3 and the housekeeping gene GAPDH mRNAs,
primers were designed by Primer Design Ltd (Southampton). Forward and reverse
primers, sequence, positions on the gene, melting temperatures and expected

product lengths are detailed in Table 3 (section 2.9).

5.2.9: Imaging and statistical analysis
Images were taken on a DM RBE microscope (Leica Microsystems Limited) at 20x
magnification. Six systemically randomized fields per well were taken using the

Leica Application Suite image-capturing system version 3.8.0. Data was averaged
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per well and expressed in cells/mm? or as a percentage, based on a sample of 4
wells per condition per experiment. All experiments were repeated a minimum of
three times. Graph Pad prism data analysis software (GraphPad Inc, San Diego, CA,
USA) was used to plot data points. For statistical comparisons a one-way ANOVA
was used with Bonferroni correction for multiple comparisons (p < 0.05 considered

significant).
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5.3: Results

5.3.1: VIP treatment of activated splenocytes significantly upregulates IL-4
mRNA expression

An array of cytokines have been investigated in the lab under treatment conditions
with VIP (Appendix II). The Th2 cytokine IL-4 has been studied to determine the
effects of VIP on activated T lymphocytes. T lymphocytes cultures were generated
and treated with experimental conditions for 2 hours. T cells were collected in
TRizol and converted to cDNA for PCR analysis. Using the comparative Ct method,
the increase in folds of expression in splenocytes were examined under treatment
with VIP. Consistent with previous findings in the lab (Appendix II), there was a 6
fold increase in the expression of VIP-treated activated splenocytes compared to

control (Figure 41).

IL-4 mRNA expression

Folds of expression
F N
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Figure 41: VIP treatment of activated splenocytes increases mRNA expression. Splenocytes
were generated using the CD4+ isolation kit and treated with anti-CD3 and 30nM VIP for 2 hours.
Cells were then collected in trizol and converted to cDNA for PCR analysis. Data is from 2 different
experiments. Comparisons between control and treatment conditions are a one-way ANOV A
with Bonferroni correction for multiple comparisons (*,p < 0.05, **,p< 0.01, ***,p< 0.001)

5.3.2: IL-4 mediates T lymphocytes proliferative effects on hippocampal cells

Given the results from PCR analysis, IL-4 was further investigated for its role in
modulating hippocampal neurogenesis. A mouse-specific IL-4 antagonist was used
to neutralize T cell-released IL-4 activity. This antibody does not react with rat IL-4
and therefore allowed us to investigate the effect of specifically blocking IL-4 in the
supernatant generated from mouse cultures. Hippocampal cultures were generated

for 3DIV and treated with experimental conditions for the terminal 6 hours before
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fixation. Experimental conditions were standard control conditions, 5% activated
supernatant, 30nM VIP added directly to cultures, 5% VIP pre-treated activated
supernatant, control conditions with anti-mouse IL-4, 5% activated supernatant
with anti-mouse IL-4, 30nM VIP added directly to cultures with anti-mouse IL-4, 5%
VIP pre-treated activated supernatant with anti-mouse IL-4. Cultures were
immunostained for BrdU incorporation and nestin expression. There was a change
in the mitotic index across experimental groups (f(7,88)=1.3) (Figure 42 B). There
was a significant increase in the mitotic index under treatment with 5% supernatant
compared to control (0.18 = 0.005 vs. 0.12 + 0.003; p < 0.001). There was also an
increase in the mitotic index under treatment with 5% supernatant pre-treated with
VIP compared to control (0.25 + 0.007 vs. 0.12 * 0.003; p < 0.001). The increase
under treatment with 5% supernatant pre-treated with VIP was significantly
enhanced compared to treatment with 5% supernatant alone (0.25 + 0.007 vs. 0.18
+ 0.005; p < 0.001). Treatment with 30nM VIP alone did not increase the mitotic
index compared to control (0.12 + 0.004 vs. 0.12 * 0.003; p = n.s.). The addition of
anti-mouse IL-4 to control conditions and VIP treated cultures did not changed the
mitotic index compared to control (0.12 + 0.005 vs. 0.12 + 0.003 and 0.13 * 0.004
vs. 0.12 £ 0.003; p = n.s,, respectively). However, the addition of anti-mouse IL-4 to
5% supernatant treated cultures reduced the mitotic index to control levels (0.18
0.005 vs. 0.12 + 0.003; p < 0.001). There was also a reduction in the mitotic index
following the addition of anti-mouse IL-4 to cultures treated with 5% supernatant
pre-treated with VIP down to control levels (0.13 + 0.006 vs. 0.12 = 0.003; p <
0.001). There was no change in the total number of cells across experimental
conditions (f(7,88)=1.13) (Figure 42 A). These results suggest IL-4 mediates

supernatant proliferative effects.
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Figure 42: IL-4 mediates supernatant proliferative effects on mitotic index. Hippocampal cells were
generated under control conditions for 3DIV. BrdU and treatment conditions were added for the terminal 6 hours
before fixation. Cells were immunostained for BrdU incorporation. A. Total cell counts as measured by the number
of DAPI positive cells. B. Proportion of BrdU incorporating cells, with respect to total number of cells. Data
represents mean + SE based on a sample that represents 12 wells per condition from 3 different experiments.
Comparisons between control and treatment conditions are a one- way ANOVA with Bonferroni correction for
multiple comparisons (*, p < 0.05,**, p < 0.01,***, p < 0.001)

Consistent with previous experiments, there was a change in the proportion of BrdU
incorporating cells expressing nestin across experimental conditions (f(7,88)=1.6)
(Figure 43 B). There was an increase under treatment with 5% supernatant
compared to control (0.23 + 0.02 vs. 0.15 + 0.007; p < 0.001). There was also an
increase under treatment with 5% supernatant pre-treated with VIP compared to
control (0.39 = 0.007 vs. 0.15 £ 0.007; p < 0.001). The increase compared to cultures
treated with 5% supernatant pre-treated with VIP was enhanced compared to 5%
supernatant alone (0.39 + 0.007 vs. 0.23 + 0.02; p < 0.001). Addition of anti-mouse
IL-4 to control cultures or cultures treated with VIP did not change the number of
BrdU incorporating cells expressing nestin, with respect to total cell numbers (0.15
+ 0.009 vs. 0.15 = 0.007 and 0.15 * 0.005 vs. 0.15 * 0.007, respectively; p = n.s.).
Addition of anti-mouse IL-4 abolished supernatant effects (0.15 * 0.005 vs. 0.23 *
0.02; p < 0.001), reducing levels down to control (0.15 * 0.005 vs. 0.15 * 0.007; p <
0.001). Addition of anti-mouse IL-4 also abolished VIP mediated supernatant effects
(0.17 £0.01 vs. 0.39 £ 0.007; p < 0.001), again reducing down to control levels (0.17
+ 0.01 vs. 0.15 £ 0.007; p < 0.001). There was no change in the total number of

nestin positive cells across experimental conditions (f(7,88)=0.9) (Figure 43 A).
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These results show IL-4 mediates the supernatant proliferative effect of nestin-

expressing hippocampal cells.

A. Ns' cells / DAPI B. Ns* BrdU* / Ns® cells
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Figure 43: IL-4 mediates supernatant proliferative effects on nestin-expressing cells. Hippocampal cells were
generated under control conditions for 3DIV. BrdU and treatment conditions were added for the terminal 6 hours before
fixation. Cells were immunostained for nestin expression and BrdU incorporation. A. Total cell counts as measured by
the number of nestin positive cells. B. Proportion of nestin-expressing cell incorporating BrdU, with respect to total
number of nestin positive cells. Data represents mean * SE based on a sample that represents 12 wells per condition
from 3 different experiments. Comparisons between control and treatment conditions are a one-way ANOVA with
Bonferroni correction for multiple comparisons (*, p < 0.05, **, p < 0.01, ***, p < 0.001)

To confirm the specificity of the IL-4 antibody and eliminate the possibility of non-
specific binding, an isotype control antibody was used. The isotype antibody does
not have specificity for a target cell but retains non-specific characteristics of the
antibody. Cultures were generated for 3DIV under control conditions and treated
with experimental conditions for the terminal 6 hours before fixation. Experimental
conditions were standard control conditions, 5% activated supernatant, 30nM VIP
added directly to cultures, 5% VIP pre-treated activated supernatant, control
conditions with IgG; isotype, 5% activated supernatant with IgG: isotype, 30nM VIP
added directly to cultures with IgG: isotype, 5% VIP pre-treated activated
supernatant with IgG; isotype. Cultures were processed for BrdU incorporation and

nestin expression.

There was a change in the mitotic index across experimental conditions
(f(7,88)=2.2) (Figure 44 B). As before, there was an increase under treatment with

5% activated supernatant pre-treated with VIP compared to control (0.22 + 0.005
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vs. 0.14 £ 0.003; p < 0.001). There was also an increase under 5% supernatant
compared to control (0.19 = 0.004 vs. 0.14 + 0.003; p < 0.001). The increase under
supernatant pre-treated with VIP was enhanced compared to treatment with
supernatant alone (0.22 * 0.005 vs. 0.19 = 0.004; p < 0.001). There was no change
under treatment with VIP compared to control (0.15 * 0.002 vs. 0.14 = 0.003; p =
n.s.). The same trend was observed under treatment with 5% supernatant pre-
treated with VIP in the presence of IgG: isotype, whereby there was an increase in
the mitotic index compared to control (0.23 * 0.004 vs. 0.14 = 0.003; p < 0.001).
This was comparable to treatment with 5% supernatant pre-treated with VIP (0.23
+ 0.004 vs. 0.22 £ 0.005; p = n.s.). There was also an increase under treatment with
5% supernatant in the presence of IgG: isotype compared to control (018 = 0.003
vs. 0.14 £ 0.003; p < 0.001). Again, this increase was comparable to treatment with
5% supernatant (0.18 + 0.003 vs. 0.19 + 0.004; p = n.s.). There was no change under
treatment with VIP in the presence of IgG: isotype compared to control, or indeed
compared to VIP treatment alone (0.14 + 0.002 vs. 0.14 + 0.003 and 0.14 * 0.002 vs
0.15 * 0.002, respectively; p = n.s.). There was no change observed in the total cell
numbers across experimental conditions (f(7,88)=0.59) (Figure 44 A). This data
shows the IgG; isotype does not change the mitotic index results observed under

treatment conditions.
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Figure 44: IgG, isotype antibody confirms anti-mouse IL-4 antibody binds specifically to mouse IL-4 and
does not alter the mitotic index. Hippocampal cells were generated under control conditions for 3DIV. BrdU
and treatment conditions were added for the terminal 6 hours before fixation. Cells were immunostained for
BrdU incorporation and counterstained with DAPL A. Total cell counts as measured by the number of DAPI
positive cells. B. Proportion of BrdU incorporating cells, with respect to total number of cells. Data represents
mean + SE based on a sample that represents 12 wells per condition from 3 different experiments. Comparisons
between control and treatment conditions are a one- way ANOVA with Bonferroni correction for multiple
comparisons (*, p < 0.05, **, p < 0.01, ***, p < 0.001)

There was a change in the poportion of nestin-expressing cells incorporating BrdU,
with respect to the total number of nestin positive cells, across experimental
conditions (f(7,88)=2.1) (Figure 45 B). As before, there was an increase under
treatment with 5% supernatant pre-treated with VIP compared to control (0.23 *
0.003 vs.0.12 + 0.005; p < 0.001). There was also an increase under 5% supernatant
compared to control (0.18 + 0.006 vs. 0.12 * 0.005; p < 0.001). The increase under
supernatant pre-treated with VIP was enhanced compared to treatment with
supernatant alone (0.23 * 0.003 vs. 0.18 + 0.006; p < 0.001). There was no change
under treatment with VIP compared to control (0.13 * 0.005 vs. 0.12 = 0.005; p =
n.s.). The same trend was observed under treatment with 5% supernatant pre-
treated with VIP in the presence of IgG1isotype, whereby there was an increase in
the proportion compared to control (0.22 + 0.005 vs. 0.12 * 0.005; p < 0.001). This
was comparable to treatment with 5% supernatant pre-treated with VIP (0.22 *
0.005 vs. 0.23 £ 0.003; p = n.s.). There was also an increase under treatment with
5% supernatant in the presence of IgG: isotype compared to control (0.19 + 0.007
vs. 0.12 £ 0.005; p < 0.001). Again, this increase was comparable to treatment with

5% supernatant (0.18 + 0.006 vs. 0.19 = 0.007). There was no change under
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treatment with VIP in the presence of IgG: isotype compared to control, or indeed
compared to VIP treatment alone (0.13 + 0.004 vs. 0.12 £+ 0.005 and 0.13 = 0.004 vs.
0.13 = 0.005, respectively; p = n.s.). There was no change observed in the total
number of nestin-expressing cells across experimental conditions (f(7,88)=0.69)
(Figure 45 A). This data shows the IgG; isotype does not change the results
observed under treatment conditions without IgG isotype. Taken together, the data

confirms specificity of the anti-mouse IL-4 antibody.
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Figure 45: IgG, isotype antibody confirms anti-mouse IL-4 antibody binds specifically to mouse IL-4 and does
not change the proportion of nestin-expressing cells incorporating BrdU. Hippocampal cells were generated
under control conditions for 3DIV. BrdU and treatment conditions were added for the terminal 6 hours before fixation.
Cells were immunostained for nestin expression and BrdU incorporation. A. Total cell counts as measured by the
number of nestin positive cells. B. Proportion of nestin expressing cells incorporating BrdU, with respect to total
number of nestin positive cells. Data represents mean + SE based on a sample that represents 12 wells per condition
from 3 different experiments. Comparisons between control and treatment conditions are a one-way ANOVA with
Bonferroni correction for multiple comparisons (*,p< 0.05,**, p < 0.01, **,p < 0.001)

5.3.3: IL-4 mediated effects are specifically from supernatant

Splenocyte cultures were generated from adult mice whilst hippocampal cultures
were from postnatal rats (P7-10). Therefore, to determine the contribution of IL-4
generated from hippocampal cultures, a rat-specific anti-IL-4 antibody was used.
Rat hippocampal cultures were generated for 2DIV under standard control
conditions and treated with experimental conditions for the terminal 6 hours before
fixation. Experimental conditions were standard control conditions, 5% activated
supernatant, 30nM VIP added directly to cultures, 5% VIP pre-treated activated

supernatant, control conditions with anti-rat IL-4, 5% activated supernatant with
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anti-rat IL-4, 30nM VIP added directly to cultures with anti-rat IL-4, 5% VIP pre-
treated activated supernatant with anti-rat IL-4. Cultures were processed for BrdU

incorporation and nestin expression.

There was a change in the mitotic index across experimental conditions
(f(7,88)=3.4) (Figure 46 B). Consistent with previous data, there was an increase in
the mitotic index under treatment with 5% supernatant pre-treated with VIP
compared to control (0.22 = 0.004 vs. 0.14 = 0.003; p < 0.001). There was also an
increase under treatment with 5% supernatant compared to control (0.19 = 0.003
vs. 0.14 = 0.003; p < 0.001). The increase under 5% supernatant pre-treated with
VIP was enhanced compared to treatment with 5% supernatant alone (0.22 * 0.00.4
vs. 0.19 £ 0.003; p < 0.001). There was no change under treatment with VIP
compared to control (0.14 + 0.002 vs. 0.14 * 0.003; p = n.s.). The same trend was
observed under treatment with 5% supernatant pre-treated with VIP in the
presence of anti-rat IL--4, whereby there was an increase in the mitotic index
compared to control (0.23 % 0.0005 vs. 0.14 * 0.003; p < 0.001). This was
comparable to treatment with 5% supernatant pre-treated with VIP (0.23 * 0.005
vs. 0.22 + 0.004; p = n.s.). There was also an increase under treatment with 5%
supernatant in the presence of anti-rat IL-4 compared to control (0.18 + 0.004 vs.
0.14 + 0.003; p < 0.001). Again, this increase was comparable to treatment with 5%
supernatant (0.18 * 0.004 vs. 0.19 * 0.003; p = n.s.). There was no change under
treatment with VIP in the presence of anti-rat IL-4 compared to control, or indeed
compared to VIP treatment alone (0.15 + 0.002 vs. 0.14 + 0.004 and 0.15 * 0.002 vs.
0.14 £ 0.002; p = n.s.). There was no change observed in the total cell numbers
across experimental conditions (f(7,88)=1.6) (Figure 46 A). This data shows anti-

rat IL-4 does not change the mitotic index of supernatant treated cultures.
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Figure 46: anti-rat IL-4 does not mediate supernatant proliferative effects on the mitotic index.
Hippocampal cells were generated under control conditions for 3DIV. BrdU and treatment conditions
were added for the terminal 6 hours before fixation. Cells were immunostained for BrdU incorporation
and counterstained with DAPI. A. Total cell counts as measured by the number of DAPI positive cells. B.
Proportion of BrdU incorporating cells, with respect to total number of cells. Data represents mean * SE
based on a sample that represents 12 wells per condition from 3 different experiments. Comparisons
between control and treatment conditions are a one-way ANOVA with Bonferroni correction for
multiple comparisons (¥, p < 0.05,**, p < 0.01, **,p < 0.001)

There was a change in the proportion of nestin-expressing cells incorporating BrdU,
with respect to the total number of nestin-positive cells, across experimental
conditions (f(7,88)=1.1) (Figure 47 B). Consistent with previous data, there was an
increase in the proportion under treatment with 5% supernatant pre-treated with
VIP compared to control (0.23 + 0.002 vs. 0.13 = 0.003; p < 0.001). There was also
an increase under treatment with 5% supernatant compared to control (0.18 *
0.004 vs. 0.13 £ 0.003; p < 0.001). The increase under 5% supernatant pre-treated
with VIP was enhanced compared to treatment with 5% supernatant alone (0.23 *
0.002 vs. 0.18 = 0.004; p < 0.001). There was no change under treatment with VIP
compared to control (0.13 = 004 vs. 0.13 % 0.003; p = n.s.). The same trend was
observed under treatment with 5% supernatant pre-treated with VIP in the
presence of anti-rat IL-4, whereby there was an increase in the proportion
compared to control (0.23 + 0.003 vs. 0.13 £ 0.003; p < 0.001). This was comparable
to treatment with 5% supernatant pre-treated with VIP (0.23 £ 0.003 vs. 0.23 *
0.002; p = n.s.). There was an increase under treatment with 5% supernatant in the

presence of anti-rat IL-4 compared to control (0.18 + 0.003 vs. 0.13 £ 0.003; p <
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0.001). Again, this increase was comparable to treatment with 5% supernatant
(0.18 £ 0.004 vs. 0.18 + 0.003; p = n.s.). There was no change under treatment with
VIP in the presence of anti-rat IL-4 compared to control, or indeed compared to VIP
treatment alone (0.13 = 0.005 vs. 0.13 * 0.003 and 0.13 * 0.005 vs. 0.12 + 0.004,
respectively; p = n.s.). There was no change observed in the total number of nestin
positive cells across experimental conditions (f(7,88)=0.43) (Figure 47 A). This
data shows anti-rat IL-4 does not change the proportion of nestin-expressing cells
incorporating BrdU in supernatant treated cultures. This suggests rat IL-4 does not
mediate the proliferative effects; increased proliferation is via splenocytes released
IL-4.
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Figure 47: anti-rat IL-4 does not change supernatant proliferative effects on proportion of
nestin-expressing cells incorporating BrdU. Hippocampal cells were generated under control
conditions for 3DIV. BrdU and treatment conditions were added for the terminal 6 hours before
fixation. Cells were immunostained for nestin expression and BrdU incorporation. A. Total cell counts
as measured by the number of nestin positive cells. B. Proportion of nestin expressing cells
incorporating BrdU, with respect to total number of nestin positive cells. Data represents mean + SE
based on a sample that represents 12 wells per condition, from 3 different experiments. Comparisons
between control and treatment conditions are a one-way ANOVA with Bonferroni correction for
multiple comparisons (*, p < 0.05, **, p < 0.01, ***, p < 0.001)

An isotype antibody was used. Cultures were generated for 3DIV under control
conditions and treated with experimental conditions for the terminal 6 hours before
fixation. Experimental conditions were standard control conditions, 5% activated

supernatant, 30nM VIP added directly to cultures, 30nM VIP pre-treated activated
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supernatant, control conditions with IgG2a isotype, 5% activated supernatant with
IgG2a isotype, 30nM VIP added directly to cultures with IgG2a isotype, 30nM VIP
pre-treated activated supernatant with IgG2a isotype. Cultures were processed for

BrdU incorporation and nestin expression.

There was a change in the mitotic index across experimental conditions
(f(7,88)=2.4) (Figure 48 B). As before, there was an increase under treatment with
5% supernatant pre-treated with VIP compared to control (0.22 + 0.004 vs. 0.14 *
0.004; p < 0.001). There was also an increase under 5% supernatant compared to
control (0.19 £ 0.003 vs. 0.14 * 0.004; p < 0.001). The increase under supernatant
pre-treated with VIP was enhanced compared to treatment with supernatant alone
(0.22 = 0.004 vs. 0.19 = 0.003; p < 0.001). There was no change under treatment
with VIP compared to control (0.14 + 0.002 vs. 0.14 * 0.004; p = n.s.). The same
trend was observed under treatment with 5% supernatant pre-treated with VIP in
the presence of IgG2a isotype, whereby there was an increase in the mitotic index
compared to control (0.23 £ 0.002 vs. 0.14 * 0.004; p < 0.001). This was comparable
to treatment with 5% supernatant pre-treated with VIP (0.23 £ 0.002 vs. 0.22 *
0.004; p = n.s.). There was also an increase under treatment with 5% supernatant in
the presence of IgG2a isotype compared to control (0.18 + 0.006 vs. 0.14 + 0.004; p
< 0.001). Again, this increase was comparable to treatment with 5% supernatant
(0.18 £ 0.006 vs. 0.19 * 0.003; p = n.s.). There was no change under treatment with
VIP in the presence of IgG2a isotype compared to control, or indeed compared to
VIP treatment alone (0.12 + 0.003 vs. 0.14 * 0.004 and 0.12 + 0.003 vs 0.14 + 0.002,
respectively; p = n.s.). There was no change observed in the total cell number across
experimental conditions (f(7,88)=1.5) (Figure 48 A). This data shows the IgG2a
isotype does not change the mitotic index results observed under treatment

conditions.
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Figure 48: IgG2a isotype control antibody for anti-rat IL-4 activity does not change the mitotic index.
Hippocampal cells were generated under control conditions for 3DIV. BrdU and treatment conditions were
added for the terminal 6 hours before fixation. Cells were immunostained for BrdU incorporation and
counterstained with DAPL A. Total cell counts as measured by the number of DAPI positive cells. B. Proportion
of BrdU incorporating cells, with respect to total number of cells. Data represents mean + SE based on a
sample that represents 12 wells per condition from 3 different experiments. Comparisons between control
and treatment conditions are a one- way ANOV A with Bonferroni correction for multiple comparisons (*, p <
0.05,**, p<0.01,** p<0.001)

There was a change in the proportion of nestin-expressing cells incorporating BrdU,
with respect to the total number of nestin positive cells, across experimental
conditions (f(7,88)=1.2) (Figure 49 B). As before, there was an increase under
treatment with 5% supernatant pre-treated with VIP compared to control (0.23 *
0.002 vs. 0.13 + 0.003; p < 0.001). There was also an increase under 5% supernatant
compared to control (0.18 + 0.004 vs. 0.13 * 0.003; p < 0.001). The increase under
supernatant pre-treated with VIP was enhanced compared to treatment with
supernatant alone (0.23 * 0.002 vs. 0.18 + 0.004; p < 0.001). There was no change
under treatment with VIP compared to control (0.13 * 0.004 vs. 0.13 = 0.003; p =
n.s.). The same trend was observed under treatment with 5% supernatant pre-
treated with VIP in the presence of [gG2a isotype, whereby there was an increase in
the proportion compared to control (0.23 + 0.003 vs. 0.13 * 0.003; p < 0.001). This
was comparable to treatment with 5% supernatant pre-treated with VIP (0.23 *
0.003 vs. 0.23 £ 0.002; p = n.s.). There was also an increase under treatment with
5% supernatant in the presence of IgG2a isotype compared to control (0.19 + 0.003
vs. 0.13 £ 0.003; p < 0.001). Again, this increase was comparable to treatment with

5% supernatant (0.19 + 0.003 vs. 0.18 + 0.004; p = n.s.). There was no change under
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treatment with VIP in the presence of I[gG2a isotype compared to control, or indeed
compared to VIP treatment alone (0.15 * 0.005 vs. 0.13 = 0.003 and 0.15 * 0.005 vs
0.13 £ 0.004, respectively; p = n.s.). There was no change observed on the total
number of nestin-expressing cells across experimental conditions (f(7,88)=0.18)
(Figure 49 A). This data shows the IgG2a isotype does not change the results

observed under treatment conditions without IgG2a isotype.
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Figure 49: IgG2a isotype control antibody for anti-rat IL-4 does not change the proportion of
nestin-expressing cells incorporating BrdU. Hippocampal cells were generated under control
conditions for 3DIV. BrdU and treatment conditions were added for the terminal 6 hours before
fixation. Cells were immunostained for nestin expression and BrdU incorporation. A. Total number of
nestin positive cells. B. Proportion of nestin expressing cells incorporating BrdU, with respect to total
nestin numbers. Data represents mean * SE based on a sample that represents 12 wells per condition
from 3 different experiments. Comparisons between control and treatment conditions are a one-way
ANOVA with Bonferroni correction for multiple comparisons (*, p < 0.05, **, p < 0.01, ***, p < 0.001)

5.3.4: Abolishing microglia from hippocampal cultures significantly reduces
supernatant proliferative effects on hippocampal cells

We sought to investigate whether supernatant IL-4 mediates proliferative effects by
acting directly on neural precursor cells or indirectly via other cell types such as
microglia. Microglial cell populations were depleted from hippocampal cultures by
the addition of Mac-1-SAP, an antibody conjugated to a ribosome-inactivating

protein (Saporin), that selectively targets CD11b-expressing cells in the brain.
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CD11b expression is restricted to microglia (Heppner et al., 2005, Block et al., 2007).
Once the antibody binds to microglia, saporin is internalized and breaks away from
the antibody, inactivating the ribosome. This inactivates and then kills microglia.
Hippocampal cultures were generated for 2DIV. At 2DIV, half the cultures were
treated with Mac-1-SAP and the other half were replaced with fresh culture
medium. At 3DIV, cultures were washed with fresh culture medium and treated
with experimental conditions for the terminal 6 hours before fixation. Specifically
the experimental conditions were standard control conditions, 5% activated
supernatant, 30nM VIP added directly to cultures, 5% VIP pre-treated activated
supernatant, control culture medium in Mac-1-SAP treated cultures, 5% activated
supernatant in Mac-1-SAP treated cultures, 30nM VIP added directly to Mac-1-SAP
treated cultures, 5% VIP pre-treated activated supernatant in Mac-1-SAP treated
cultures. This allowed comparisons between cultures with and without microglia.

Cells were processed for BrdU incorporation and nestin expression.

There was a change in the mitotic index across experimental groups (f(7,88)=2.4)
(Figure 50 B). Consistent with previous results, there was an increase in the mitotic
index under treatment with 5% supernatant pre-treated with VIP compared to
control (0.25 + 0.007 vs. 0.12 + 0.003; p < 0.001). There was also an increase under
treatment with 5% supernatant compared to control (0.18 * 0.006 vs. 0.12 * 0.003;
p < 0.001). The increase under 5% supernatant pre-treated with VIP was enhanced
compared to 5% supernatant alone (0.25 + 0.007 vs. 0.18 + 0.006; p < 0.001). There
was no change under treatment with VIP compared to control (0.12 + 0.004 vs. 0.12
+ 0.003; p = n.s.). Addition of Mac-1-SAP to control conditions reduced the mitotic
index compared to control (0.07 £ 0.003 vs. 0.12 £+ 0.003; p < 0.001). Indeed, this is
also the case for cultures treated with VIP and Mac-1-SAP compared to control
(0.008 £ 0.005 vs. 0.12 £+ 0.003; p < 0.001). There was a decrease in the mitotic
index under treatment with 5% supernatant and Mac-1-SAP compared to 5%
supernatant (0.11 + 0.003 vs. 0.18 = 0.006; p < 0.001). However, it was not reduced
to levels of control cultures treated with Mac-1-SAP (0.11 + 0.003 vs. 0.007 £ 0.003;
p < 0.001). There was also a decrease in the mitotic index under treatment with 5%
supernatant pre-treated with VIP and Mac-1-SAP compared to 5% supernatant pre-

treated with VIP (0.13 £ 0.004 vs. 0.25 = 0.007; p < 0.001). Again, this was not
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reduced to levels of control cultures treated with Mac-1-SAP (0.13 + 0.004 vs. 0.07
0.003; p < 0.001). There was no change in total cell numbers across experimental
conditions (f(7,88)=0.12) (Figure 50 A). Taken together, these results suggest
abolishing microglia from cultures significantly reduces the mitotic index and
furthermore, that supernatant from splenocyte cultures acts predominantly via
microglia. However, the results are also consistent with a small direct action of
supernatant on neural progenitor cells to increase the mitotic index, since

supernatant still had a proliferative effect.
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Figure 50: Microglia mediate proliferative effects. Hippocampal cells were generated under control conditions for
2DIV. At 2DIV, half the cultures were treated with Mac-1-SAP ad the other half replenished with fresh culture medium
for 24 hours. After 24 hours, BrdU and experimental conditions were added for the terminal 6 hours before fixation.
Cells were immunostained for BrdU incorporation and counterstained with DAPIL. A. Total cell counts as measured by
the number of DAPI positive cells. B. Proportion of BrdU incorporating cells, with respect to total cell numbers. Data
represents meant SE based on a sample that represents 12 wells per condition from 3 different experiments.
Comparisons between control and treatment conditions are a one-way ANOV A with Bonferroni correction for
multiple comparisons (* p < 0.05,**, p < 0.01, ***, p < 0.001)

There was a change in the proportion of nestin-expressing cells incorporating BrdU,
with respect to the total number of nestin positive cells, across experimental groups
(f(7,88)=2.1) (Figure 51 B). Consistent with previous results, treatment with 5%
supernatant pre-treated with VIP increases the proportion compared to control
(0.23 £ 0.003 vs. 0.13 + 0.005; p < 0.001). The increase under 5% supernatant pre-
treated with VIP is enhanced compared to 5% supernatant alone (0.23 * 0.003 vs.

0.19 + 0.003; p < 0.001). There was no change under treatment with VIP compared
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to control (0.15 + 0.005 vs. 0.13 £ 0.005; p = n.s.). Addition of MAC-1-SAP to control
conditions reduced the proportion compared to control (0.08 + 0.005 vs. 0.13 *
0.005; p < 0.001). Indeed, this is also the case for cultures treated with VIP and
MAC-1-SAP compared to control (0.008 + 0.006 vs. 0.13 £ 0.005; p < 0.001). There
was a decrease under treatment with 5% supernatant and Mac-1-SAP compared to
5% supernatant alone (0.13 + 0.005 vs. 0.19 + 0.003; p < 0.001). However, it was not
reduced to levels of control cultures treated with Mac-1-SAP (0.13 + 0,005 vs. 0.08 +
0.005; p < 0.001). There was also a decrease in the proportion under treatment with
5% supernatant pre-treated with VIP and Mac-1-SAP compared to 5% supernatant
pre-treated with VIP (0.14 + 0.007 vs. 0.23 £ 0.003; p < 0.001). Again, this was not
reduced to levels of control cultures treated with Mac-1-SAP (0.14 + 0.007 vs. 0.008
+ 0.005; p < 0.001). There was no change in the total number of nestin positive cells
across experimental conditions (f(7,88)=1.2) (Figure 51 A). These results suggest
microglia predominantly mediate the proliferative effects of supernatant on nestin-

expressing hippocampal cells.
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Figure 51: Microglia predominantly mediate the proliferative effecis of supernatant on nestin-
expressing cells incorporating BrdU. Hippocampal cells were generated under control conditions for
2DIV. At 2D1V, half the cultures were treated with Mac-1-SAP ad the other half replenished with fresh
culture medium for 24 hours. After 24 hours, BrdU and experimental conditions were added for the
terminal 6 hours before fixation. Cells were immunostained for nestin expression and BrdU incorporation.
A. Total cell counts as measured by the number of nestin positive cells. B. Proportion of nestin expressing
cells incorporating BrdU, with respect to total number of nestin cells. Data represents meanz SE based on a
sample that represents 12 wells per condition from 3 different experiments. Comparisons between control
and treatment conditions are a one-way ANOVA with Bonferroni correction for multiple comparisons (*, p
<0.05,* p<0.01,** p <0.001)

5.3.5: IL-4 acts directly on progenitor cells and also via microglia to increase
proliferation of hippocampal cells

Given that anti-mouse IL-4 abolishes supernatant effects, coupled with the partial
microglial mediation of hippocampal proliferation, suggests the potential for IL-4
acting both directly and indirectly (via microglia) on hippocampal progenitor cells.
To investigate this, anti-mouse IL-4 was given in combination with Mac-1-SAP
treated cultures. Hippocampal cultures were generated under standard control
conditions for 2DIV. At 2DIV, cultures were either treated with Mac-1-SAP or
replaced with standard control conditions. At 3DIV, cultures were washed with
fresh culture medium and treated with experimental conditions as before. However,
this time with the addition of anti-mouse IL-4. Specifically the experimental
conditions were standard control conditions, 5% activated supernatant, 30nM VIP
added directly to cultures, 5% VIP pre-treated activated supernatant, control

culture medium in Mac-1-SAP treated cultures, 5% activated supernatant in Mac-1-

1172



SAP treated cultures, 30nM VIP added directly to Mac-1-SAP treated cultures, 5%
VIP pre-treated activated supernatant in Mac-1-SAP treated cultures, control culture
medium in Mac-1-SAP treated cultures with anti-mouse IL-4, 5% activated
supernatant in Mac-1-SAP treated cultures with anti-mouse [L-4, 30nM VIP added
directly to Mac-1-SAP treated cultures with anti-mouse IL-4, 5% VIP pre-treated
activated supernatant in Mac-1-SAP treated cultures with anti-mouse IL-4. This was
added for the terminal 6 hours before fixation. Cells were processed for BrdU

incorporation and nestin expression.

There was a change in the mitotic index across experimental groups
(f(11,132)=0.68) (Figure 52 B). Consistent with previous results, there was an
increase in the mitotic index in cultures treated with 5% supernatant pre-treated
with VIP compared to control (0.24 *+ 0.003 vs. 0.13 + 0.003; p < 0.001). There was
also an increase under treatment with 5% supernatant compared to control (0.18 *
0.005 vs. 0.13 + 0.003; p < 0.001). The increase under treatment with 5%
supernatant pre-treated with VIP was enhanced compared to treatment with 5%
supernatant (0.24 = 0.003 vs. 0.18 + 0.005; p < 0.001). There was no change under
treatment with VIP compared to control (0.12 * 0.005 vs. 0.13 = 0.003; p = n.s.).
Again, consistent with previous results, addition of Mac-1-SAP to control conditions
reduced the mitotic index compared to control (0.08 + 0.003 vs. 0.13 = 0.003; p <
0.001). Indeed, this is also the case for cultures with VIP and Mac-1-SAP compared
to control (0.08 = 0.003 vs. 0.13 + 0.003; p < 0.001). There was a decrease in the
mitotic index under treatment with 5% supernatant and Mac-1-SAP compared to
5% supernatant (0.13 £ 0.003 vs. 0.18 £ 0.005; p < 0.001). This was reduced down
to control levels (0.13 = 0.003 vs. 0.13 + 0.003; p = n.s.). However, it was not
reduced to levels of control cultures treated with Mac-1-SAP (0.13 + 0.003 vs. 0.18 +
0.005; p < 0.001). There was also a decrease in the mitotic index under treatment
with 5% supernatant pre-treated with VIP and Mac-1-SAP compared to 5%
supernatant pre-treated with VIP (0.13 £ 0.003 vs, 0.24 * 0.003; p < 0.001). Again,
this was reduced to control levels (0.13 * 0.003 vs. 0.13 * 0.003; p = n.s.) but not
reduced to levels of control cultures treated with Mac-1-SAP (0.13 + 0.003 vs. 0.08 +
0.005; p < 0.001).
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Interestingly, the addition of anti-mouse IL-4 in Mac-1-SAP treated cultures with
5% supernatant reduced the mitotic index to levels of control conditions treated
with Mac-1-SAP (0.07 £ 0.003 vs. 0.08 £ 0.003; p = n.s.). The addition of anti-mouse
IL-4 in Mac-1-SAP treated cultures with 5% supernatant pre-treated with VIP
reduced the mitotic index to the level of control cultures treated with Mac-1-SAP
(0.07 £ 0.003 vs. 0.08 = 0.003; p = n.s.). Anti-mouse [L-4 did not further reduce
control conditions treated with Mac-1-SAP or VIP treated cultures with Mac-1-SAP
(0.07 £ 0.003 vs. 0.08 = 0.003 and 0.007 £+ 0.003 vs. 0.08 + 0.003, respectively; p =
n.s.). There was no change in total cell numbers across experimental conditions
(f(11,132)=1.9) (Figure 52 A). These results show that addition of anti-mouse IL-4
reduces the mitotic index of Mac-1-SAP treated cultures with supernatant down to
the level of Mac-1-SAP treatment. Therefore, these results suggest mouse IL-4 acts
predominantly on microglia to increase the mitotic index in hippocampal cells.

However, IL-4 also acts directly on neural progenitor cells.

Mitotic Index
A. DAPI* cells B. ase
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Figure 52: Addition of anti-mouse IL-4 in microglia-depleted cultures completely abolishes supernatant
effects. Hippocampal cells were generated under control conditions for 2DIV. At 2DIV, half the cultures were
treated with Mac-1-SAP ad the other half replenished with fresh culture medium for 24 hours. After 24 hours,
BrdU and experimental conditions were added for the terminal 6 hours before fixation. Cells were
immunostained for BrdU incorporation and counterstained wit h DAPI. A. Total cell counts as measured by the
number of DAPI positive cells B. Proportion of BrdU incorporating cells, with respect to total cell numbers.
Data represents mean * SE based on a sample that represents 12 wells per condition from 3 different
experiments. Comparisons between control and treatment conditions are a one-way ANOVA with Bonferroni
correction for multiple comparisons (*, p < 0.05, **, p < 0.01, *** p < 0.001)
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There was a change in the proportion of nestin-expressing cells incorporating BrdU,
with respect to total nestin numbers, across experimental groups (f(11,132)=1.0)
(Figure 53 B). Consistent with previous results, there was an increase in the
proportion under treatment with 5% supernatant pretreated with VIP compared to
control (0.24 + 0.003 vs. 0.14 + 0.006; p < 0.001). There was also an increase under
treatment with 5% supernatant compared to control (0.20 * 0.004 vs. 0.14 * 0.006;
p < 0.001). There was no change under VIP treatment alone compared to control
(0.15 £ 0.007 vs. 0.14 = 0.006; p = n.s.). Again, consistent with previous results, the
addition of Mac-1-SAP to control conditions reduced the proportion compared to
control (0.08 = 0.003 vs. 0.14 + 0.006; p < 0.001). Indeed, this is also the case for
cultures treated with VIP and Mac-1-SAP compared to control (0.08 + 0.005 vs. 0.14
+ 0.006; p < 0.001). There was a decrease in the proportion under treatment with
5% supernatant and Mac-1-SAP compared to 5% supernatant (0.13 = 0.003 vs. 0.20
+ 0.004; p < 0.001). This was reduced down to control levels (0.13 * 0.03 vs. 0.14 *
0.006; p = n.s.). However it was not reduced to levels of control cultures treated
with MAC-1-SAP (0.13 £ 0.003 vs, 0.08 = 0.003; p < 0.001). There was also a
decrease in the mitotic index under treatment with 5% supernatant pre-treated
with VIP and MAC-1-SAP compared to 5% supernatant pre-treated with VIP (0.14
0.004 vs. 0.24 * 0.003; p < 0.001). Again, this was only reduced to control (0.13 *
0.004 vs, 0.14 * 0.006; p = n.s.) and not to levels of control cultures treated with
Mac-1-SAP (0.13 = 0.004 vs. 0.08 £ 0.003; p < 0.001).

The addition of anti-mouse IL-4 in Mac-1-SAP treated cultures with 5% supernatant
reduced the proportion to levels of control conditions treated with Mac-1-SAP (0.07
+ 0.003 vs. 0.08 = 0.003; p = n.s.). The addition of anti-mouse IL-4 in Mac-1-SAP
treated cultures with 5% supernatant pre-treated with VIP reduced the proportion
to levels of control cultures treated with Mac-1-SAP (0.07 + 0.004 vs. 0.08 = 0.003; p
= n.s.). Anti-mouse IL-4 did not further reduce control conditions treated with Mac-
1-SAP or VIP treated cultures with Mac-1-SAP (0.07 + 0.004 vs. 0.08 + 0.003 and
0.07 £ 0.004 vs. 0.08 + 0.003, respectively; p = n.s.). There was no change in the total
number of nestin-expressing cells across experimental conditions (f(11,132)=2.0)

(Figure 53 A). Taken together, these results suggest supernatant IL-4 acts
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predominantly via microglia and also directly on hippocampal progenitor cells to

increase the proportion of nestin-expressing cells incorporating BrdU.

Ns* BrdU* / Ns* cells
Ns* cells / DAPI

Proportions
Proportions

Figure 53: Addition of anti-mouse IL-4 in microglia-depleted cultures completely abolishes supernatant
effects on the proportion of nestin-expressing cells incorporating BrdU. Hippocampal cells were generated
under control conditions for 2DIV. At 2DIV, half the cultures were treated with Mac-1-SAP ad the other half
replenished with fresh culture medium for 24 hours. After 24 hours, BrdU and experimental conditions were added
for the terminal6 hours. before fixation. Cells were immunostained for nestin expression and BrdU incorporation. A.
Total number of nestin positive cells. B. Proportion of nestin expressing cells incorporating BrdU, with respect to
total number of nestin cells. Data represents mean = SE based on a sample that represents 12 wells per condition
from 3 different experiments. Comparisons between control and treatment conditions are a one-way ANOVA with
Bonferroni correction for multiple comparisons (*, p < 0.05, **, p < 0.01, ***, p < 0.001)

5.3.6: Supernatant acts on microglia to significantly increase BDNF mRNA
expression

T lymphocytes-released IL-4 is known to drive microglia to produce pro-neurogenic
factors such as BDNF (Derecki et al., 2010). Therefore we investigated a potential
role for BDNF in our study paradigm. Pure microglial cultures were generated from
post-natal rat hippocampal cultures and treated with experimental conditions for 2
hours. Experimental conditions were standard control conditions, 5% activated
supernatant, 30nM VIP added directly to cultures, 30nM VIP pre-treated activated
supernatant. Cells were collected in TRizol and converted to cDNA for PCR analysis.
There was an approximate four fold increase in BDNF mRNA expression in
microglial cells under treatment with 5% activated supernatant (Figure 54).

Treatment with 5% supernatant pre-treated with 30nM VIP increased BDNF mRNA
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expression in microglial cells by approximately eight fold. This was a significantly
enhanced effect compared to treatment with 5% supernatant alone. There was two
fold increase under treatment with 30nM VIP, but this was not significant. These
results suggest a potential role for microglia-released BDNF in increasing
hippocampal cultures following treatment with supernatant; an effect enhanced by

VIP pre-treatment.
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Figure 54: Supernatant increases BDNF mRNA expression. Pure rat microglial cultures were
generated and treated with experimental conditions for 2 hours. Cells were then collected in trizol
and converted to cDNA for PCR analysis. Data is from 2 different experiments. Comparisons
between control and treatment conditions are a one-way ANOV A with Bonferroni correction
for multiple comparisons (*,p < 0.05, **,p< 0.01, ***,p< 0.001)

5.3.7: Supernatant upregulates M1 and M2 microglial markers

The phenotype of microglia following treatment with T lymphocytes supernatant
was investigated. Pure microglial cultures were generated from post-natal rat
hippocampal cultures and treated with experimental conditions for 2 hours. Cells
were collected in TRizol and converted to cDNA for PCR analysis. TNFa and NOS2
were used as M1 phenotype markers. IL-10 and Chi3I3 (Ym1) were used as M2

phenotype markers.

The M2 marker IL-10 was significantly upregulated in microglial cells (Figure 55).

There was a 24 fold increase in mRNA expression under treatment with

11Q



supernatant pre-treated with VIP. There was a 4 fold increase in mRNA under
treatment with 5% supernatant, but this was not statistically significant. There was
also a 2.5 increase in folds of expression under treatment with 30nM VIP, however

this was not statistically significant either.
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Figure 55: Supernatant increases IL-10 mRNA expression. Pure rat microglial cultures were
generated and treated with experimental conditions for 2 hours. Cells were then collected in trizol
and converted to cDNA for PCR analysis. Data is from 2 different experiments. Comparisons
between control and treatment conditions are a one-way ANOV A with Bonferroni correction
for multiple comparisons (*,p < 0.05, **,p< 0.01, ***,p< 0.001)

mRNA expression of the M2 marker Chi3I3 did not significantly change in microglial
cells (Figure 56). There was a 1.5 fold increase in mRNA under treatment with
supernatant which was not significant. There was also a 2 fold increase under
treatment with 5% supernatant pre-treated with VIP, but again this was not

statistically significant.
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Figure 56: Supernatant does not alter Chi3I3 mRNA expression. Pure rat microglial cultures
were generated and treated with experimental conditions for 2 hours. Cells were then collected in
trizol and converted to cDNA for PCR analysis. Data is from 2 different experiments. Comparisons
between control and treatment conditions are a one-way ANOV A with Bonferroni correction
for multiple comparisons (*,p < 0.05, **,p< 0.01, ***,p< 0.001)

The M1 marker TNFa was significantly upregulated in microglial cells under
treatment with supernatant pre-treated with VIP (Figure 57). There was a 16 fold
increase in mRNA. There was also a 15 fold increase in mRNA under treatment with
30nM VIP. There was also a 3 fold increase under treatment with 5% supernatant,
however this was not statistically significant. These results suggest the effect on

TNFa mRNA upregulation is due to the addition of VIP rather than the supernatant.
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Figure 57: VIP increases TNF alpha mRNA expression. Pure rat microglial cultures were
generated and treated with experimental conditions for 2 hours. Cells were then collected in trizol
and converted to cDNA for PCR analysis. Data is from 2 different experiments. Comparisons
between control and treatment conditions are a one-way ANOV A with Bonferroni correction
for multiple comparisons (*,p < 0.05, **,p< 0.01, *** p< 0.001)

The M1 marker iNOS did not significantly change its expression of mRNA in
microglial cultures (Figure 58). There was a down-regulation under treatment with
5% supernatant but this was not statistically significant. There was also a down-
regulation in microglial cells under treatment with supernatant pre-treated with

VIP. However this was not statistically significant either.
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Figure 58: VIP increases TNF alpha mRNA expression. Pure rat microglial cultures were
generated and treated with experimental conditions for 2 hours. Cells were then collected in trizol
and converted to cDNA for PCR analysis. Data is from 2 different experiments. Comparisons
between control and treatment conditions are a one-way ANOV A with Bonferroni correction
for multiple comparisons (*,p < 0.05, **,p< 0.01, *** p< 0.001)
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5.4: Discussion

5.4.1: IL-4 mediates supernatant proliferative effects on hippocampal
progenitor cells

The anti-inflammatory cytokine IL-4 has been implicated in positively regulating
neurogenesis, with increased accumulation of IL-4 producing CD4* T lymphocytes
within the meninges of mice following learning (Derecki et al., 2010). Furthermore,
cognitive defects are exhibited in IL-4 knockout mice (Derecki et al, 2010).
Investigating the role of IL-4 in this culture paradigm showed an increase of six fold
mRNA expression following CD3 activation with the addition of 30nM VIP. Given
this significant increase coupled with the aforementioned findings in literature, an
anti-mouse IL-4 antibody was used to neutralise the effects of the cytokine. Addition
of anti-mouse IL-4 abolished the proliferative effect of supernatant and supernatant
pre-treated with VIP on hippocampal progenitor cells. This suggests the
proliferative effect of supernatant is mediated via IL-4 activity. To determine
whether the effect was purely via mouse IL-4 and/or also endogenous rat IL-4, an
anti-rat IL-4 antibody was used to neutralize rat IL-4 activity. The addition of anti-
rat IL-4 did not alter the proliferative effect of supernatant or supernatant pre-
treated with VIP on hippocampal progenitor cells. This suggests IL4-mediated

proliferative effects on hippocampal cells are from T lymphocytes-released IL-4.

5.4.2: Microglia are essential for supernatant-mediated effect on hippocampal
progenitor cells

It is suggested that microglia are key components of the mechanism regulating
hippocampal neurogenesis and that an “intact immune system” is essential for
neurogenic maintenance (Ziv et al., 2006). Indeed, microglia are important for
hippocampal neurogenesis and blocking their activity has shown reduced
proliferation of newly generated neurons (Ziv et al., 2006). Microglia act via release
of inflammatory agents or neurotrophic factors to regulate neurogenesis, neuronal
survival and function (Battista et al., 2006, Butovsky et al, 2006, Ekdahl et al,
2006). Our results showed abolishing microglia from rat hippocampal cultures
reduced proliferation below control levels. Cultures treated with supernatant (with
and without VIP) in the absence of microglia had significantly reduced proliferation

compared to treatment in the presence of microglia. This suggests that supernatant
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acts primarily via microglia to increase proliferation. However, since the rate of
proliferation was still higher in cultures treated with supernatant in the presence of
microglia compared to untreated cultures that were absent of microglia, suggests
supernatant comprises of mediators that act directly on neural progenitor cells.
Given that IL-4 mediates supernatant proliferative effects, a mouse anti-IL-4
antibody was used in cultures absent of microglia to determine whether the higher
levels of proliferation in supernatant treated cultures (-microglia) compared to
control (-microglia) could be attributed to microglia-independent action of IL-4 on
hippocampal cells. Results showed the addition of anti-mouse IL-4 to cultures
treated with supernatant, in the absence of microglia, reduced proliferation to levels
of control in the absence of microglia. Indeed, this suggests supernatant IL-4 acts in
two ways: directly on hippocampal cells and indirectly via microglia, the latter of

which is the predominant mechanism.

5.4.3: VIP pre-treated splenocytes enhance BDNF mRNA expression in
microglia

CD4* T lymphocytes are suggested to “program” microglia to release factors such as
BDNF (Derecki et al., 2010). BDNF is implicated in the regulation of hippocampal
neurogenesis (Lee et al,, 2002). BDNF increases proliferation in the hippocampus
and promotes neuronal differentiation and maturation (Scharfman et al, 2005,
Waterhouse et al., 2012). To address the involvement of BDNF, 5% supernatant
(with and without VIP) were added to pure microglial cultures. Results showed a
four fold increase in BDNF mRNA expression under treatment with 5% supernatant
and an eight fold increase under treatment with 5% supernatant pre-treated with
VIP. These results suggest supernatant “programs” microglia to upregulate BDNF; a
potential factor in mediating microglial-T lymphocytes interaction in increasing

hippocampal proliferation. This effect is enhanced under VIP treatment.

5.4.4: Splenocytes may skew microglia towards a Th2 phenotype

VIP is able to induce a Th2 phenotype and is associated with anti-inflammatory
activities (Delgado et al., 19993, Delagado et al., 1999b, Gomariz et al., 2000). Like T
lymphocytes, microglia are also associated with pro- and anti-inflammatory

phenotypes subcategorized primarily as M1 and M2, respectively (crain et al,
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2013). To determine whether supernatant pre-treated with VIP drives a particular
phenotype, M1 and M2 markers were used on treated pure microglial cultures.
Interestingly there was an upregulation of mRNA expression of the M1 marker
TNFa and the M2 marker IL-10. However, the increased upregulation of TNFa is a
result of the addition of VIP, given that the increase is of the same magnitude as that
under treatment with 5% supernatant pre-treated with VIP. It is therefore possible
to speculate that T lymphocytes drive an M2 microglia phenotype based on these
findings. Given the massive increase in IL-10 expression and the dual role of TNFa
as an anti-inflammatory cytokine, coupled with the increase of the pro-neurogenic
neurotrophic factor BDNF mRNA, suggests VIP pre-treated supernatant may skew
microglia towards an M2 phenotype. This supports previous findings whereby IL-4
drives microglia towards an M2 phenotype (Fenn et al., 2012). This is consistent
with the enhanced proliferative effect of supernatant in the presence of microglia in

hippocampal cultures.

5.4.5: Chapter summary

The results presented in this chapter have identified IL-4 as a key cytokine in
mediating the effects of supernatant in the modulation of hippocampal
neurogenesis. IL-4 mRNA expression has been shown to be up-regulated under VIP
treatment, which is consistent with VIP’s anti-inflammatory role in
neuromodulation. Furthermore, IL-4 activity is both direct on neural progenitor

cells and also via microglial interactions.

The data shows microglia are essential for maintaining proliferative effects in this
culture system, which is consistent with the concept of “intact immune system”
regulation. Furthermore, microglia are necessary to elicit the full effects of
supernatant. Supernatant IL-4 may skew microglia towards an M2 phenotype,
which is associated with anti-inflammatory and pro-neurogenic phenotype as
concluded by the mRNA upregulation of M2 marker IL-10. Supernatant IL-4 CD4* T
lymphocytes modulate hippocampal neurogenesis via IL-4 release, acting primarily
via microglia but also directly on neural progenitor cells. Microglia are driven
towards a Th2 phenotype and could potentially act via release of key mediators

such as BDNF. VIP enhances this effect significantly.
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Chapter 6

General Discussion
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6. General discussion

6.1: Summary of major findings

Our results can be summarized in three broad sections. Firstly, in agreement with
literature (Delgado et al, 2004), we established that T lymphocytes need to be
activated by an antigen (anti-CD3) to regulate hippocampal neurogenesis. Activated
supernatant increases the mitotic index and does not affect cell survival. By
increasing the labelling index and not altering the growth fraction, these results
suggest activated T lymphocytes increases the speed of the cell cycle. Activated
supernatant increases the proliferation of nestin-expressing and Tu]1l-expressing
hippocampal cells, suggesting supernatant is neuroproliferative for hippocampal
precursor cells. Activated supernatant increases the proportion of nestin positive,
TuJ1 positive and nestin*Tu]J1* cells, suggesting it is neurogenic as well as
proliferative. There was an increase in the total number and proportion of Prox1
cells and the proportion of TuJ1*Prox1+* cells indicating the increase in the number
of newly generated neurons is granule cell specific. We also showed that using a
CD4+ isolation column system to isolate CD4* T lymphocytes was a viable

alternative to generating pure CD4* T lymphocytes cultures using flow cytometry.

Secondly, we showed that VIP pre-treatment of activated T lymphocytes enhances
activated T lymphocyte supernatant proliferative effects on postnatal hippocampal
cells. VIP pre-treated T lymphocytes supernatant enhances the mitotic index and
labelling index, without altering the growth fraction. This suggests VIP pre-treated T
lymphocytes supernatant increases the speed of the cell cycle. VIP pre-treated T
lymphocytes supernatant enhances the proliferation of nestin-expressing and TuJ1-
expressing cells, suggesting an enhanced neuroproliferative effect. VIP pre-treated T
lymphocytes supernatant enhances the proportion of nestin positive, Tu]J1 positive
and nestin*TuJ1* cells, suggesting it is neurogenic. There was also an enhanced
increase in the total number and proportion of Prox1 cells and the proportion of
TuJ1*Prox1* cells indicating the increase in the number of newly generated neurons
is granule cell specific. Using a VPAC1 specific agonist, we showed VPAC1 receptor
on T lymphocytes mediate VIP proliferative effects on postnatal hippocampal cells.
VPAC1 agonist pre-treated T lymphocytes supernatant increased the mitotic index

and proliferation of nestin-expressing cells to the same magnitude as VIP pre-
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treated T lymphocytes supernatant. Addition of VPAC1 agonist directly to
hippocampal cells did not alter the mitotic index or proliferation of nestin-
expressing cells, suggesting the VPAC1l-mediated effect was specific to T
lymphocytes and that residual VPAC1 agonist was not accountable for the
proliferative effects. Using a VPAC1 specific antagonist, we confirmed VPAC1
receptor mediation. VPAC1 antagonist/VIP pre-treated T lymphocytes supernatant
abolished the enhanced effects on mitotic index and proliferation of nestin-
expressing cells. Addition of VPAC1 antagonist directly into control hippocampal
cultures did not alter the mitotic index or the proliferation of nestin-expressing
hippocampal cells, suggesting that the effects of the VPAC1 antagonist were specific

to T lymphocytes.

Thirdly, we demonstrated that IL-4 is the major cytokine involved in VIP-T
lymphocyte mediation of hippocampal neurogenesis via interaction with microglia.
IL-4 mRNA is significantly upregulated in T lymphocyte cultures under treatment
with VIP. Using a mouse-specific anti-IL-4 antibody, we showed that blocking IL-4
abolished supernatant effects. There was no change under treatment with rat-
specific anti-IL-4, implying that rat IL-4 was not responsible for IL-4-mediated
proliferative effects. Using specific isotypes, we confirmed the specificity of the
antibodies. Ablation of microglial cells significantly reduced T lymphocyte
supernatant proliferative effects but did not reduce them to levels of control
conditions without microglia. Addition of anti-mouse IL-4 to cultures treated with T
lymphocytes supernatant in the absence of microglia completely abolished the
effect, showing that IL-4 acts via a dual mechanism: indirectly via microglia
(predominantly) and directly on hippocampal precursor cells. VIP pre-treated T
lymphocytes increase BDNF mRNA expression and significantly upregulate M2 anti-
inflammatory IL-10 and BDNF, suggesting a drive towards an M2 phenotype of

supernatant-treated microglia.

Taken together, we suggest VIP acts via VPAC1 receptors on activated CD4* T
lymphocytes to regulate hippocampal neurogenesis via proliferative mechanisms.
Activated T lymphocytes release IL-4, which act both indirectly via microglia and

directly on neural progenitor cells. Activated T lymphocytes supernatant
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significantly upregulates microglial cytokine expression. Given the increase of BDNF
and IL-10 mRNA suggests these may mediate the effect of microglia on neural stem

cells. Indeed, BDNF is both proliferative and trophic (Katoh-Sehmba et al,, 2002; Lee
et al, 2002). IL-10 enhances neurogenesis and restores cognition in models of

Alzheimers (Kiyota et al.,, 2012). However, this requires further investigation.

b

microglia

Figure 59: Schematic of mechanism underlying VIP-mediated T lymphocyte modulation of
hippocampal neurogenesis. VIP released from interneurons act on VPAC1 receptor on activated
CD4+ T lymphocytes to release IL-4. IL-4 acts primarily on microglia to release mediators to
increase hippocampal neurogenesis via proliferative mechanisms. IL-4 also acts directly on
hippocampal cells. (D1, D2, D3 cells represent varying stages of cell differentiation, with D3
representing granule neurons).
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Table 5: Overview of main findings

Key findings Figures

CD4* column kits are a viable alternative to flow cytometric cell | 28, 32
sorting for generation of T lymphocytes cultures

CD3-activated supernatant increases proliferation of nestin | 18
expressing hippocampal cells

VIP enhances the effects observed following treatment with | 30, 31
activated supernatant

VIP enhances the rate of cell proliferation 34

VIP acts via the VPAC1 receptor on CD4* T lymphocytes 37 -40
VIP upregulates [L-4 mRNA expression 41,42
IL-4 abolishes VIP mediated effects 43 - 45

Supernatant IL-4 acts predominantly via microglia to increase | 50,51
proliferation

Supernatant IL-4 also acts directly on neural progenitor cells 52,53

There is an overall neurogenic effect of supernatant 24, 35, 36

6.2: Overview of literature

Neuroimmunomodulation is a complex area of study that is in its infancy. There are
many challenges in this research area, which are being overcome with the
advancement of technology. It is only in the last twenty odd years that hippocampal
neurogenesis has been recognised as a lifelong process that generates functional
neurons in the adult brain, albeit in two defined microenvironments (Reynolds and
Weiss, 1992, Eriksson et al, 1998, Gage, 2000, Riquelme et al, 2008). The
subgranular zone of the hippocampal dentate gyrus has spurred great interest due
to its implication in cognition and further still in its role in pathological states
(Gould et al,, 1999, Kempermann et al., 2004, Jessberger et al., 2007, Cao et al., 2004,
Barkas et al,, 2012, Ekdahl et al., 2003, Hattiangady et al., 2004, Kuruba et al., 2009).
The unique microenvironment within which neurogenesis occurs is regulated by an
array of intrinsic and external factors, in a complex relationship that remains to be
fully understood (Favaro et al., 2009, Karalay et al., 2011, van Praag et al., 1999,
Villeda et al,, 2011).
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The immune system has emerged as an important modulator of hippocampal
neurogenesis since the turn of the millennium. Until recently, it was considered an
“immune-privileged” site devoid of immunological regulation, except under
pathological conditions (Shrestha et al, 2013). However, the immune system
combines innate and adaptive components of immunity to orchestrate a delicate
balance in the maintenance of homeostatic regulation (Butovsky et al., 2006, Ziv et
al, 2006). Recent findings attribute a key role for CD4* T lymphocytes in the
regulation of neurogenesis by a poorly understood mechanism (Ziv et al,, 2006,
Wolf et al., 2009). IL-4 has been implicated with an important role, however cross-
talks between the brain and T lymphocytes remains largely elusive (Derecki et al,,
2010). One of the major hurdles of this research is the ability for T lymphocytes to
elicit pro-neurogenic effects without infiltrating the brain. It is generally accepted
that T lymphocytes only penetrate the brain parenchyma under pathological
conditions. Under physiological conditions, it is postulated that T lymphocytes
mediate neurogenesis from within the meningeal spaces in which they reside
(Derecki et al, 2010). CD4* T lymphocytes are found within CSF and this flows
within the subarachnoid space of the meninges (Ransohoff et al, 2003,
Svenningsson et al., 1995, Carrithers et al., 2000). This ideal positioning raises the
possibility for intermediary cells or neurotransmitters as messengers that can relay

communication between the niche and the adaptive immune system.

The 28 amino acid neuropeptide, vasoactive intestinal peptide, is an extensively
studied neuropeptide that has pleiotropic effects (Said and Mutt, 1970, Bryant et al,,
1976). VIP is involved in neurogenesis from the embryonic stage and throughout
adulthood (Zupan et al., 2000, Scharf et al., 2008). VIP Is fired by interneurons from
the dentate gyrus into the surrounding microenvironment. VIP divides the pool of
symmetrically diving progenitor cells in the hippocampal dentate gyrus and can

direct these cells towards a neuronal lineage (Zaben et al., 2009). VIP also acts on T
lymphocytes and is regarded as an anti-inflammatory agent. VIP drives T
lymphocytes towards a Th2Z anti-inflammatory phenotype, which is primarily
associated with IL-4 cytokine production (Delgado et al., 1999, Delgado et al., 2004,
Voice et al,, 2001). There is, therefore, a potential role for VIP released from firing

interneurons to act on T lymphocytes residing within the meninges to release
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cytokines. These in turn can act either directly on neural progenitor cells or via
intermediary cells such as microglia. Microglia are innate cells that scavenge the
brain in their capacity as immune surveillance cells. Cytokine activation can
program microglia towards an anti- or pro-inflammatory phenotype, depending on
the cytokine and the environment (e.g. pathological or physiological conditions)
(Chhor et al., 2013). These cells are therefore ideal candidates in an intermediary

capacity to regulate T lymphocyte-mediated hippocampal neurogenesis.

The highest expression of VIP mRNA occurs during the postnatal period, peaking at
P10 (Lopez-Tellez et al., 2004). This is also the time period within which more than
half of the hippocampal dentate gyrus granule cell layer is formed, with almost all
the neurons surviving into adulthood (Namba et al, 2005, Namba et al.,, 2007).
Therefore we elected to utilise a postnatal rat hippocampal culture system to
investigate the effect of T lymphocytes on neurogenesis. Adult mice have fully
functioning immune systems. By using adult mouse T lymphocytes, we were able to
distinguish between the effects of cytokines generated from mice T lymphocytes
compared to rat hippocampal cells. It also provides a potential to translate this work
from in vitro cultures to in vivo, where immune studies are primarily conducted on
mice. Given the mounting evidence for T lymphocyte modulation of neurogenesis
without infiltration into the brain parenchyma, we used T lymphocytes supernatant

instead of co-culturing hippocampal cells with T lymphocytes.

6.3: VIP mediates T lymphocyte interaction with microglia to enhance
neurogenesis

Our results have shown that supernatant pure CD4*T lymphocytes increase
proliferation of nestin-expressing cells, while supernatant from splenocytes devoid
of CD4+ T lymphocytes did not. This is in agreement with other studies that have
shown a VIP effects on CD4* T lymphocytes (Delgado et al., 1999b; Ganea et al,,
2003). Differential T lymphocyte VIP receptor expression is observed in rodents

and humans (Gomariz et al., 1994a; Delgado et al., 1996a; Pankhaniya et al., 1998).
The VPAC1 receptor is expressed on CD4*T lymphocytes and is the predominant
receptor in the naive state (Lara-Marques et al., 2001). In contrast to other studies

which report VPAC2Z mRNA expression is only induced after splenic T lymphocyte
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activation, our studies have shown that VPAC2 expression remains undetected
(Delagado et al., 1996b). This is further substantiated with our experiments using
VPAC1-specific agonist/antagonist, which show that VPAC1 mediates VIP effects on
T lymphocytes. This could be attributed to the fact that VPAC2 is expressed
relatively late during activation (12 hours) and therefore VPAC1 is likely to be the
major receptor type present during early culture period (Delgado et al., 2004). This
is in line with our culture system, where VIP/VPAC1 agonist treated T lymphocytes

are generated for 24 hours.

IL-4 is the predominant Th2 cytokine and VIP is shown to skew T lymphocytes
towards the Th2 phenotype. VIP upregulates IL-4 production, whilst simultaneously
reducing [FN-y production and thereby inhibiting the Th1 phenotype (Delgado et
al., 1999b). Eliminating VIP from stimulated T lymphocyte cultures using a VIPase
antibody decreases the number of IL-4 producing CD4* T lymphocytes, decreases
IL-4 and IL-10 production and increases IFN-y production (Voice at al., 2003). In
vivo studies in transgenic mice have identified endogenous VIP as key for bias
towards a Th2 phenotype (Voice et al., 2001; Goetzel et al., 2001). Consistent with
these findings, we have shown increased IL-4 mRNA production following VIP
treatment of CD4* T lymphocytes. In addition, we have shown that T lymphocyte-
released IL4 is the key mediator of the observed proliferative effects. This is
consistent with the idea that CD4* T lymphocytes regulate hippocampal
neurogenesis (Wolf et al.,, 2009) and could explain the learning deficits exhibited by
IL-4 knockout mice, which have reduced CD4* T lymphocytes in the meninges
(Derecki et al., 2009). Further to this, learning increases meningeal T lymphocyte
production of IL-4 (Derecki et al.,, 2010). Following learning tasks, wild type mice
have increased BDNF production in astrocytes, however these effects are absent in
IL-4 knock-outs (Derecki et al,, 2010). Given the importance of BDNF in neuronal
growth and survival further implicates IL-4 in a beneficial regulatory role (Choy et
al., 2008; Hall et al., 2000). While IL-4 induced BDNF production has been observed
in astrocytes, our results show T lymphocyte released IL-4 increases BDNF mRNA
expression in microglia. This has been observed by Butovksy et al. (2006). However,
while IL-4 treated microglia are responsible for a proliferative and neurogenic

effect, Butovsky et al. (2006) report a bias towards oligodendrogenesis. This could

170



be attributed to differences in culture protocols, where they co-cultured microglial
cultures with dissociated neuronal progenitor cell neurospheres. Our results also
showed increased expression of IL-10 and TNFo mRNA expression in microglia
treated with T lymphocytes supernatant. Whilst IL-10 is an anti-inflammatory
cytokine used as an M2 marker, TNF alpha is an M1 pro-inflammatory cytokine.
Given that there was no significant difference in the expression of the other
phenotyping markers (M1= iNOS, M2=Chi3I3), we cannot conclusively determine
the classification of these microglia following activation. However, given that TNFa
is also reported to have anti-inflammatory effects, in light of our enhanced
neurogenic findings we can postulate a M2-role for this cytokine in our culture
system (Masli and Turple, 2009; Zakharova and Ziegler, 2005). Of importance is the
ever-increasing controversy surrounding microglial classification and overlap
between cytokine markers. Another dynamic to investigating cytokine expression is
the differences in expression relating to developmental stages (Crain et al., 2013).
There is early postnatal expression (P3) of iNOS and TNFa but by P21 there is high
expression of CD11b and TLR4 (Crain et al.,, 2013). In the healthy brain there is no
bias towards M1 or M2 expression, which suggests a balance until otherwise
instructed by environmental cues (learning, immune response etc.). Although
findings are suggestive of a microglial population inclined towards anti-
inflammatory/beneficial effects, further analysis is essential using more cytokine
markers and morphological analysis. Regardless of the classification of microglia,
our findings suggest they are essential for supernatant mediated effects. Ablating
microglial cultures significantly reduces hippocampal proliferation, which is in
agreement with in vivo studies (Ziv et al., 2006). Blocking microglial activity with
minocycline significantly reduces proliferation of newly generated neurons in the
dentate gyrus (Ziv et al., 2006). Increased microglial numbers in the dentate gyrus,
simultaneous with increased proliferation of newly generated neurons following

environmental enrichment, also highlights their importance.

6.4: Conclusions
We have identified a neuro-immune signalling pathway, with VIP as a candidate
cytokine for communication between the stem cell niche and the adaptive immune

system. Furthermore, microglia have been identified as essential for VIP-mediated T
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lymphocyte effects. This constitutes a novel mechanism for neuro-immune
modulation of hippocampal neurogenesis in vitro and requires validation through in
vivo studies. This highlights candidates for therapeutic targets to restore cognitive

function in mood disorders and temporal lobe epilepsy.

6.5: Future work

Our findings show VIP treated T lymphocytes supernatant significantly increases
microglial BDNF mRNA. This, coupled with the significance of BDNF in the brain,
dictates the importance of investigating the exact role of BDNF in this mechanism.
For this, we suggest the use of a BDNF antagonist. BDNF antagonists have been
reported extensively (Alhusban et al., 2013, Fanous et al, 2011, Zochodne and
Cheng, 2000). By binding to the BDNF receptor TrkB, antagonists can block BDNF
activity (Cazorla et al., 2011). This is of particular interest since it has been shown
that hippocampal neural progenitor cells lacking TrkB receptors impair

proliferation and neurogenesis (Li et al., 2008, Bergami et al., 2008).

It is also essential to translate these findings in vivo. For this, we suggest the use of
VPAC1 receptor knockout mice (Yadav et al,, 2011). As previously mentioned, nude
mice (that are devoid of T lymphocytes) have reduced proliferation in the
hippocampal dentate gyrus (Ziv et al., 2006). Studies have shown transfer of CD4* T
lymphocytes into nude mice rescues the effect (Wolf et al., 2009). Flow cytometry
could be used to generate pure CD4* T lymphocytes serum from VPAC1 knockout
mice and transferred into nude mice, using a protocol adopted from Deprez et al.
(2011) (Figure 6.2). This can identify whether the VPAC1 receptor on T
lymphocytes modulates VIP activity in vivo. It would also be interesting to
determine the effect of ablating microglia within this specific in vivo model. These
studies will help to fully elucidate the cellular mechanisms underlying T lymphocyte
modulation of hippocampal neurogenesis, identifying targets for treatment of

conditions such as epilepsy and mood disorders.

161



VPAC1
knockout

Figure 60: In vivo model. CD4+ T lymphocytes from VPAC1 knock-out mice can be adoptively
transferred into nude mice.
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Appendix I

Figure 61: PI and TEM images of live T lymphocytes in cultures. T

were grown in RPMI media or NBA /B-27/Glutamine media
for 24 hours. Wells were treated with PI for 40 minutes at 37°C in the dark.
Cells were washed and re-placed with fresh pre-warmed medium and then
imaged. Pl positive cells are red (arrowed). Pl negative cells are viable in

culture.
A Proportion of Pl +ve CD4+ T-cells B DAPI count CD4+ T-Lymphocytes
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Figure62: Studying cell death in two different media conditions. Total cells were counted as the number
of cells visible under TEM light. PI positive cells were counted as the number of dead or dying cells. There
was no difference in the proportion of PI positive cells between the two different media conditions A. The
proportion of PI positive cells with respect to total cell numbers B. Total number of cultured cells. Data
represents mean + SE based on a sample that represent at least 6 wells per condition. Comparisons
between control and different media conditions are one way ANOVA with Neuman-Keuls post-hoc test.
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Appendix II
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Figure 63: Expression of mRNAs for VPAC1, VPAC2 and PAC1 receptors in Adult Murine
Naive and Activated CD4+ T-lymphocytes in control and VIP treated conditions at 2
hours post treatment, as shown by 2% agarose gel electrophoresis. Universal mouse
cDNA was used as a positive control. YWHAZ and B-actin were used as the housekeeping
genes for naive and activated T-lymphocytes, respectively.
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Figure 64: Naive CD4+ T lymphocytes do not express IL-4 of IFN-v under control or VIP treated
conditions. A. The melt curve for GAPDI house-keeping gene B. IL-4, IFN-v, as the uniqueness of
the amplicons svnthesised using each primer and amplification conditions were assessed by SYBR
Green dye melting analysis. Ramping of the temperature from 65°C to 95°C did not produce a single
unique DNA dissociation curve for IL-4 or IFN-Y, but produced a single melt curve for GAFDH. 3
samples of cDNA were analysed under each condition, extracted from three separate experiments.
Quantitative PCR was repeated twice.
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Figure 65: VIP downregulates mRNA expression of IFN-v in activated CD4" T lymphocytes at 30
minutes in culture. A. The melt curve for IFN-v as the uniqueness of the amplicons svnthesised using
the IFN-Y primer and amplification conditions assessed by SYBR Green dye melting analysis. Ramping
of the temperature from 65°C to 95°C produced a single unique DNA dissociation curve in each case B.
IFN-v mRNA expression as measured by real-time PCR at 30 minutes post-treatment C. and 2 hours
post-treatment. Data represents mean = SE for folds of expression as calculated by the comparative Ct
method. Comparisons between control and VIP conditions are Student’s t test (*, p < 0.05, **, p < 0.01)
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Figure 66: VIP downregulates mRNA expression of IL-2 in activated CD4" T lymphocytes at 30
minutes in culture. A. The melt curve for IL-2 as the uniqueness of the amplicons svnthesised
using the IL-2 primer and amplification conditions assessed by SYBR Green dye melting analysis.
Ramping of the temperature from 65°C to 95°C produced a single unique DNA dissociation curve
in each case B. IL-2mRNA expression as measured by real-time PCR at 30 minutes post-treatment
C. and 2 hours post-treatment. Data represents mean + SE for folds of expression as calculated by
the comparative Ct method. Comparisons between control and VIP conditions are Student’s t test
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Figure 67: VIP downregulates mRNA expression of IL-6 in activated CD4" T lymphocytes at
120 minutes in culture. A. The melt curve for IL-6 as the uniqueness of the amplicons svnthesised
using the IL-2 primer and amplification conditions assessed by SYBR Green dye melting analysis.
Ramping of the temperature from 65°C to 95°C produced a single unique DNA dissociation curve
in each case B. IL-2 mRNA expression as measured by real-time PCR at 30 minutes post-
treatment C. and 2 hours post-treatment. Data represents mean = SE for folds of expression as
calculated by the comparative Ct method. Comparisons between control and VIP conditions are

Student’s t test (*, p < 0.05, **, p < 0.01)
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Figure 68: VIP upregulates mRNA expression of IL-4 in activated CD4" T lymphocytes in
culture. A. The melt curve for IL-4 as the uniqueness of the amplicons svnthesised using the IL-4
primer and amplification conditions assessed by SYBR Green dye melting analysis. Ramping of
the temperature from 65°C to 95°C produced a single unique DNA dissociation curve in each case
B. IL-4 mRNA expression as measured by real-time PCR at 30 minutes post-treatment C. and 2
hours post-treatment. Data represents mean + SE for folds of expression as calculated by the
comparative Ct method. Comparisons between control and VIP conditions are Student’s t test (*,

p<0.05,*, p<001)
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