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Abstract

The organum vasculosum of laminae terminalis (OVLT) and subfornical organs (SFO)
are sensory circumventricular organs (CVOs) involved in the regulation of body fluid and
electrolyte balance as well as autonomic cardiovascular response. Recent studies showed that the
secretory CVO, median eminence (ME), contains progenitor cells and can undergo adult
neurogenesis and therefore serves as an adult neural stem cell (NSC) niche. Furthermore, cell
proliferation and neurogenesis in the ME are associated with its regulation of energy metabolism.
However, whether sensory CVOs such as the OVLT and SFO also serve as adult NSC niches
and how cell proliferation in the OVLT and SFO is linked to their physiological functions remain
unknown. In this study, we used bromodeoxyuridine (BrdU) and Ki67 to label newborn cells and
employed immunohistochemistry to identify proliferating cell types in adult rats. We found that
the OVLT and SFO contain highly proliferative cell types capable of constitutive proliferation
and represent an additional site of adult neurogenesis. Further, since both the OVLT and SFO are
involved in regulating body fluid and electrolyte balance and autonomic cardiovascular function,
we investigated the effect of high NaCl diet-induced hypertension on cell proliferation and adult
neurogenesis. We observed an increase in cell proliferation and adult neurogenesis in the OVLT
and SFO in response to high NaCl diet-induced hypertension. Our results suggest that the OVLT

and SFO are adult NSC niches that are responsive to perturbation on fluid balance.



Résumé

L'organum vasculosum des laminae terminalis (OVLT) et les organes sous-forniques
(SFO) sont des organes sensoriels circumventriculaires (CVO) impliqués dans la régulation de
1'équilibre des fluides corporels et des électrolytes ainsi que dans la réponse cardiovasculaire
autonome. Des études récentes ont montré que le CVO sécrétoire, I'éminence médiane (ME),
contient des cellules progénitrices et peut subir une neurogenese adulte et sert donc de niche de
cellules souches neurales (NSC) adultes. De plus, la prolifération cellulaire et la neurogenése
dans le ME sont corrélées a sa régulation du métabolisme énergétique. Cependant, la question de
savoir si les CVO sensoriels tels que I'OVLT et le SFO servent également de niches NSC adultes
et comment la prolifération cellulaire dans 'OVLT et le SFO est liée a leurs fonctions
physiologiques reste inconnue. Dans cette étude, nous avons utilisé la bromodésoxyuridine
(BrdU) et Ki67 pour étiqueter les cellules nouveau-nées et utilis¢ 1'immunohistochimie pour
identifier les types de cellules proliférantes chez les rats adultes. Nous avons constaté que
I'OVLT et le SFO subissent une prolifération cellulaire constitutive, contiennent des types de
cellules hautement prolifératives et hébergent la neurogenése adulte. De plus, étant donné que
I'OVLT et le SFO sont tous deux impliqués dans la régulation de 1'équilibre hydro-électrolytique
et de la réponse cardiovasculaire autonome, nous avons étudié I'effet de I'hypertension induite
par le NaCl sur la prolifération cellulaire et la neurogenése adulte. Nous avons observé une
augmentation de la prolifération cellulaire et de la neurogenése adulte dans I'OVLT et le SFO en
réponse a I'hypertension induite par le NaCl. Nos résultats montrent que 'OVLT et le SFO sont

des niches NSC adultes qui répondent a I'hypertension induite par le NaCl.
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1. Introduction and Statement of Problem

For decades, scientists had accepted the no-new-neuron dogma — the idea that there is no
new neuron born in the adult brain [1]. It was not until the 1990s that researchers discovered
newly formed neurons in the hippocampus of the adult mammalian brain, contradicting the no-
new-neurons dogma [1-5]. Following this breakthrough, the subgranular zone (SGZ) of the
hippocampal dentate gyrus and subventricular zone (SVZ) on the lateral ventricular wall were
characterized as the two major neural stem cell (NSC) niches in the adult mammalian brain that
constantly generate new neurons throughout postnatal life [6-8]. Later, adult neurogenesis was
discovered in other brain areas, including the hypothalamus [9-11]. In 2005, Kokoeva et al.
discovered that adult neurogenesis in the hypothalamus contributes to the regulation of energy
balance [12]. Hypothalamic adult neurogenesis was observed adjacent to the median eminence
(ME). The ME is one of the circumventricular organs (CVOs), which are specialized brain
structures characterized by a high density of fenestrated vasculature located around the third and
fourth cerebral ventricles. CVOs can be classified into sensory and secretory CVOs. Sensory
CVOs contain sensory neuronal cell bodies capable of sensing blood-borne molecules from the
peripheral circulation. Secretory CVOs have secretory neuronal terminals secreting hormones
and glycoproteins into the peripheral circulation. The organum vasculosum of laminae terminalis
(OVLT) and the subfornical organs (SFO) are sensory CVOs. They contain neuronal cell bodies
that can sense the osmolality of extracellular fluid (ECF) and respond to changes in plasma
osmolality to regulate body fluid and electrolyte balance. In contrast, the secretory CVOs, such

as the ME, have neuronal terminals that secrete peptides and hormones into the peripheral blood



circulation. Accumulating studies showed that the secretory CVO - ME harbors adult NSCs [13-
15], but the presence of adult NSCs in the sensory CVOs remains poorly studied. Although it has
been shown that cell proliferation (the generation of new cells) and neurogenesis (the generation
of new neurons) in the ME and its adjacent basomedial hypothalamus influence body weight
control [12-14], whether cell proliferation and neurogenesis in the sensory CVOs are also link to
physiological functions of the organism remains enigmatic. Thus, the present study aims to
decipher whether the OVLT and SFO harbor adult NSCs and progenitor cells and if cell

proliferation correlates to their regulation in body fluid and electrolytes homeostasis.



2. Background

2.1 Circumventricular Organs

2.1.1 General Introduction to Circumventricular Organs

CVOs are brain structures located in the hypothalamus and brain stem around the
ventricular system. CVOs are among the most vascularized brain regions and contain fenestrated
vasculatures, thus lacking a complete blood-brain barrier [16]. Due to the unique fenestrated
vasculature, the CVOs are exposed to blood-borne molecules such as ions, amino acids,
monoamine transmitters, and larger peptides and hormones. Neurons in the sensory CVOs sense
these blood-borne molecules and induce neuronal responses in the CVOs as well as modulate
neuronal activities in other brain regions. Peptide-secreting neurons in the secretory CVOs
receive neuronal signals and release peptides to the fenestrated blood vessels which further travel
into the blood circulation. The adjacent location of the CVOs to the ventricular system allows
CVOs to facilitate communication between the peripheral blood circulation, the brain
parenchyma, and the ventricular system. This communication enables the CVOs to regulate
various homeostatic functions including but not limited to energy metabolism, reproduction,
circadian rhythms, arousal, neuroinflammation, and body fluid balance [16, 17]. The CVOs are
also unique due to the presence of specialized ependymal cells called tanycytes. In contrast to
classical ependymal cells, tanycytes have their cell bodies lining the ventricular wall and long
processes extending into the parenchyma. While blood vessels in the blood-brain barrier
containing brain areas are enwrapped by astrocytic endfeet, fenestrated blood vessels in the

CVOs are encased by tanycytic endfeet. Cilia in tanycytes also differ from classical ependymal



cells, as ependymal cells are motile multi-ciliated, while tanycytes in the ME are either uni- or
bi-ciliated that potentially also play sensory roles [18].

There are three sensory CVOs: the OVLT, SFO, and area postrema (AP) (Fig. 1), which
contain neuronal cell bodies that sense blood-borne molecules. Both the OVLT and SFO are
centrally located and embedded in the anterior wall of the third ventricle of the hypothalamus.
The OVLT is located dorsally to the optic chiasma and the SFO is at the ventral surface of the
fornix adjacent to the interventricular foramina. Both the OVLT and SFO are involved in the
regulation of body fluid and electrolyte balance as well as autonomic cardiovascular functions
[19-21]. The AP is centrally located in the medulla oblongata on the fourth ventricular wall
adjacent to the entrance to the central canal [22]. The AP is known as the chemoreceptor trigger
zone which senses toxins and other emetic signals in blood to induce vomiting [23].

The secretory CVOs are the ME and pineal gland (Fig. 1), which contain neuronal
terminals that secrete peptides to the peripheral circulation. The ME is an integral part of the
hypophyseal portal system in the hypothalamus. Therefore, it is involved in the secretions of
hypophysiotropic hormones, such as gonadotrophin-releasing hormone (GnRH), corticotrophin-
releasing hormone, and growth-releasing hormone. For instance, the GnRH neurons have their
neuronal terminals located proximally to the fenestrated blood vessels in the ME. Upon
kisspeptin stimulation, GnRH neurons release GnRH into the fenestrated blood vessels, which
then reaches the pituitary gland to trigger the release of luteinizing hormone and follicle-
stimulating hormone into the peripheral circulation [24]. Importantly, recent studies have shown
that the ME plays a prominent role in regulating energy balance. ME contains NG2 glia which
are essential to regulating energy metabolism and the ablation of newborn NG2 glia in the ME

affects the bodyweight of the animal [13, 25, 26]. The role of ME in energy balance is also



highlighted by its proximity to the arcuate nucleus and dorsomedial hypothalamus, which are
involved in regulating energy balance. The pineal gland regulates the sleep-wake cycle by
secreting melatonin in a circadian manner to the bloodstream, which is further delivered to other
tissues [27].

In addition to sensory and secretory CVOs, a recent review classified the choroid plexus
and the subcommisural organ as ependymal CVOs [28]. Both the choroid plexus and
subcommisural organ are involved in the production of the cerebral spinal fluid (CSF). However,
this classification remains to be further studied, as both brain regions lack central hallmarks of
CVOs. For instance, the choroid plexus lacks tanycytes and the subcommissural organ is not
highly permeable and does not contain fenestrated blood vessels [29]. The major focus of the
present study is the OVLT and SFO — two sensory CVOs involved in the regulation of body fluid

and electrolyte balance.



Sensory CVOs
Secretory CVOs

Relay/integrative/pre-
motor nuclei

Neuro-endocrine
effector nuclei

Figure 1. Sagittal illustration of the rat brain depicting the CVOs and relevant structures and

nuclei compressed into a single plane. Only structures involved in osmotic regulation and energy
balance are shown. Abbreviations: ACC, anterior cingulate cortex; AP, area postrema; Arc,
arcuate nucleus; MnPO, median preoptic nucleus; OVLT, organum vasculosum of laminae
terminalis; PAG, periaqueductal grey; PBN, parabrachial nucleus; PIN, pineal gland; PVN,
paraventricular nucleus; SFO, subfornical organ; SON, supraoptic nucleus; THAL, thalamus,

vBNST, bed nucleus of the stria terminalis.



2.1.2 The Organum Vasculosum of Laminae Terminalis

The OVLT is best known as the central ECF osmolality sensor. Neurons in the OVLT
can respond to hypertonic NaCl or mannitol solutions and their firing rate is proportional to the
ECF osmolality [30-34]. Neurons in the OVLT also express the angiotensin II (ANG II) type 1A
receptor (Agtrla) and therefore respond to angiotensin II (ANG II) stimulations [35-37].
Consistently, various functional studies have demonstrated the central role of the OVLT in
sensing ECF osmolality and modifying drinking behavior and autonomic responses. Functional
MRI studies have shown that the anterior wall of the third ventricle, where OVLT locates, is
activated when humans or other mammals are infused with hypertonic saline [38-40]. Ablation
of the OVLT in dogs and sheep impairs the drinking behavior in response to systemic infusion of
hypertonic solutions [41, 42]. Furthermore, glutamatergic and GABAergic neurons in the OVLT
control drinking behavior in a reciprocal manner, as optogenetic activation of glutamatergic or
GABAergic neurons can induce or suppress drinking behavior, respectively [43]. Other studies
have shown that optogenetic activation of OVLT Agtrla-expressing neurons, which are
predominately glutamatergic, induces a robust water intake and a rapid and reversible increase in
blood pressure [44, 45].

Neurons in the OVLT represent a heterogenous group that express various receptors,
including the epithelial Na+ channel, GnRH receptor, leptin receptor [46-48], as well as
numerous additional receptors [20]. The expression of these receptors in the OVLT is consistent
with its involvement in various homeostatic functions such as body fluid and electrolyte balance,
cardiovascular functions, reproduction, circadian rhythms, and thermoregulation [31, 49-53].

OVLT neurons project to multiple brain areas within the hypothalamus, as well as the thalamus



and cortical structures. Neuronal projections to the median preoptic nucleus (MnPO),
paraventricular nuclei (PVN), and supraoptic nuclei (SON) are pivotal to the regulation of body
fluid balance and autonomic cardiovascular functions. Neurons from the OVLT as well as the
SFO project to the MnPO, whose excitation increases water intake and blood pressure [43, 44].
OVLT neurons also project to the PVN and SON which harbor vasopressin- (VP) secreting
neurons projecting to the neurohypophysis and regulating diuresis and vascular tone [19]. VP
neurons in the PVN and SON receive inputs from the OVLT, MnPO, parabrachial nucleus, and
nucleus tractus solitarius, modulating VP release in response to hypotonicity and hypertonicity
[54-56]. Additionally, neurons in the OVLT project to the anterior cingulate cortex and
thalamus, which, in turn, project to the frontal thirst area, to regulate the emotional and
behavioral aspects of drinking [57].

In addition to neurons, the OVLT contains a variety of non-neuronal cell types including
tanycytes, pericytes, NG2 glia, oligodendrocytes, endothelial cells, and microglia (Fig. 2), which
are discussed in Section 2.4. The anatomical structure and cellular composition of the OVLT are
comprehensively reviewed in several studies [20, 58, 59]. Nonetheless, the roles of these non-
neuronal cell types in regulating body fluid and electrolyte balance remain elusive. One study
observed ANG II type 1 receptor — immunoreactive processes in the OVLT, presumably
originating from tanycytes, reaching into the retrochiasmatic area, the ventrolateral
hypothalamus and the ME [60]. The presence of ANG II receptors in other non-neuronal cell

types and their physiological functions remain to be explored.
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Figure 2. Illustration of the structure and cellular composition of the OVLT in coronal plane.
Only cells that are identified in previous studies or the present study in the OVLT are presented.
Astrocytes are rarely found in the OVLT, and the blood vessels are enwrapped by tanycytes
endfeet instead of astrocytic endfeet. Abbreviations: 3V, third ventricle; NPCs, neural progenitor

cells; och, optic chiasma; OLGs, oligodendrocytes; OVLT, organum vasculosum of laminae

terminalis.



2.1.3 The Subfornical Organ

The SFO is composed of a heterogeneous group of neurons that express various receptors
involved in cardiovascular function (e.g. Agtrla), energy metabolism (e.g. leptin receptor),
reproduction (e.g. estrogen receptor) and immune function (e.g. tumor necrosis factor-alpha
receptor) [61-64], as well as other receptors [21]. The expression of these various receptors is
consistent with the involvement of SFO in regulating cardiovascular, metabolic, reproductive,
and immune functions. One of the best-studied function of the SFO is its role in regulating body
fluid and electrolyte balance as well as autonomic cardiovascular functions. Although ablation of
SFO alone in sheep does not affect the drinking behavior induced by systematic infusion of
hypertonic saline, ablation of the SFO with the OVLT impairs the drinking behavior induced by
systematic infusion of hypertonic saline compared to animals in which only OVLT is ablated
[65]. Furthermore, studies using electrophysiology and the expression of activity-dependent
immediate early genes — c-Fos labeling have shown that neurons in the SFO are activated by
hypertonic saline and ANG II [21, 66-70]. According to a recent study using c-Fos labeling,
~13% of neurons in the SFO respond to systematic infusion of hypertonic saline and ~35%
respond to systematic infusion of ANG II [21]. Additionally, optogenetic stimulation of
glutamatergic neurons or Agtrla+ glutamatergic neurons in the SFO triggers drinking and/or a
rapid and reversible increase in blood pressure, while optogenetic stimulation of GABAergic
neurons suppresses drinking behavior [44, 71, 72]. These studies highlight the prominent role of
SFO in regulating body fluid and electrolyte balance as well as autonomic cardiovascular
response.

Neurons originating in the SFO project to multiple brain regions in the hypothalamus,

thalamus, cortex, and brain stem [28]. Neuronal projections to the OVLT, MnPO, PVN, SON,

10



and the bed nucleus of the stria terminalis (VBNST) are pivotal to the regulation of drinking
behavior, autonomic response to fluid imbalance, and salt appetite. Neuronal projections to the
OVLT and MnPO modify drinking behaviors and autonomic regulations of blood pressure since
optogenetic stimulation of glutamatergic neurons projecting to the OVLT and/or MnPO
promotes drinking behavior and elevates blood pressure, while optogenetic stimulation of
GABAergic neurons projecting to the OVLT suppresses thirst [44, 72, 73]. Neuronal projections
from the SFO to the vBNST regulate salt appetite, as stimulation of glutamatergic neurons in the
SFO projecting to the vBNST increases sodium consumption [72]. Similar to the OVLT,
neuronal projections from the SFO to the SON and PVN regulate VP release by increasing the
firing rate upon ANG II stimulation [68, 69].

The SFO is also enriched in non-neuronal cell types including tanycytes, pericytes, NG2
glia, oligodendrocytes, microglia, and endothelial cells (Fig. 3). The structure and cellular
composition of the SFO is reviewed in several studies [21, 58, 74], but the function of non-
neuronal cell types and their contribution to the SFO’s function in autonomic cardiovascular
functions and body fluid and electrolyte balance remains poorly studied. The presence of ANG II

receptors in non-neuronal cell types in the SFO remains to be verified.
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Figure 3. Illustration of the structure and cellular composition of the SFO in coronal plane. Only

cells that are identified in previous studies or the present study in the SFO are presented.

Astrocytes are sparse in the SFO, and the blood vessels are enwrapped by tanycytes endfeet

instead of astrocytic endfeet. Abbreviations: 3V, third ventricle; cp, choroid plexus; NPCs,

neural progenitor cells; OLGs, oligodendrocytes; PVA, anterior nucleus of paraventricular

thalamus; SFO, subfornical organ; vhc, central hippocampal commissure.
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2.2 Neural Stem Cells

Stem cells are defined as cells that are capable of self-renewal and differentiation to other
cell types [75]. Stem cells reside in stem cell niches which provide humoral, metabolic, physical,
neuronal and paracrine cues to maintain and regulate their stem cell fate [76]. The cell fate of
stem cells is regulated by intrinsic signaling pathways, epigenetic regulations, and extrinsic
stimuli. NSCs are multipotent stem cells in the nervous system that can give rise to neurons,
astrocytes, and oligodendrocytes. In embryonic development, a small number of NSCs known as
radial glia constitute the neural tube [77]. These cells undergo rapid symmetric division to
expand the NSC pool and asymmetric division to give rise to immediate progenitor cells [77].
Many neurons and glia are not direct progenies of radial glia but are the progenies of immediate
progenitor cells [77]. However, radial glia are not presented in the adult brain. Adult NSCs are
primarily presented in the SGZ and SVZ and are mostly maintained in a state of reversible cell
cycle, or quiescent [78]. Quiescent adult NSCs can give rise to immediate progenitor cells (also
known as active NSCs), which further generate neuroblasts and eventually neurons [77].

Importantly, the rate of adult neurogenesis is strongly correlated to the functionality of
the brain region which harbors the NSCs. In physiological aging, the number of quiescent NSCs
and proliferating progenitor cells in the SVZ and SGZ progressively declines, resulting in fewer
newborn neurons in aged animals [79-82]. The progressive decline of cell proliferation in the
SVZ and SGZ is accompanied by diminished fine olfactory discrimination and memory
formation [80, 83]. This correlation between cell proliferation and functionality also holds true
independent of the context of aging as pharmacological suppression of cell proliferation in the

SGZ can induce memory deficits [84]. Conversely, increasing the rate of neurogenesis in the
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SVZ and SGZ can increase olfactory memory and rescue age-dependent memory formation
decline [85, 86].

This correlation between adult NSCs homeostasis and functionality of the adult NSCs
niche is also present in the hypothalamus. Central administration of ciliary neurotrophic factor
can induce weight loss in obese animals primarily through increasing cell proliferation in the
hypothalamus, in which many these proliferative cells express neuronal markers and, in turn,
contribute to neurogenesis [12]. Consistent with this finding, the increase in cell proliferation in
the hypothalamus induced by a high-fat diet prevents the development of obesity, since the
blockage of this cell proliferation accelerates the onset of obesity [87]. Moreover, recently, the
hypothalamus has been found to play a pivotal role in regulating the ageing process through
hypothalamic NSCs [88, 89]. Similar to the depletion of adult NSCs in the SVZ and SGZ in aged
animals, the number of hypothalamic NSCs progressively declines with aging. The number of
hypothalamic NSCs is directly correlated to age-related functional decline of the body, as
ablation of hypothalamic NSCs accelerates the aging process and shortens lifespan, while
implantation of hypothalamic NSCs slows down ageing and prolongs lifespan [88]. In summary,
the number of NSCs, the rate of cell proliferation, and the rate of adult neurogenesis in the

hypothalamus are linked to the hypothalamic regulation of energy balance and physiological

aging.
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2.3 Circumventricular Organs: Novel Adult Neural Stem Cell Niches

Increasing evidence has indicated that cells in the CVOs exhibit NSC properties.
Subpopulations of cells in CVOs express specific markers commonly found in adult NSCs in the
SGZ and SVZ, such as intermediate filaments (e.g. vimentin, nestin, and GFAP) and NSC
transcription factors (Sex-determining region Y — box 2 or Sox2) [90]. Cell cultures derived from
the OVLT, SFO, ME, and AP can form neurospheres and express neuronal and glial markers
when differentiated [90]. Cells obtained from the wall of the third ventricle close to the ME can
form neurospheres in cultures, be passaged more than 10 times, express various stem cell
markers, and differentiate into several brain cells (e.g. neurons, astrocytes, and oligodendrocytes)
in the presence of appropriate growth factors [15, 90]. Nevertheless, in vivo and in vitro studies
have shown that newborn cells in the CVO are more prone to differentiate into glia as opposed to
neurons as in the SVZ and SGZ [90, 91]. This tendency to generate glia is potentially due to
extrinsic stimulation originating within the CVOs, as heterotopically transplantation of cells
derived from the ME and OVLT into the SVZ can integrate into the rostral migratory system and
ultimately become mature neurons in the olfactory bulb [92]. This suggests that when exposed to
a neurogenic environment, adult NSCs obtained from the CVOs are likely to differentiate into
neurons. Lastly, the CVOs contain progenitor cells that are highly proliferative, which are

discussed in the following section.
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2.4 Progenitor and Highly Proliferative Cells in the Circumventricular

Organs

2.4.1 Tanycytes

Tanycytes are specialized ependymal cells found in the CVOs [93]. Tanycytes have a
morphology resembling radial glia and are occasionally referred to as hypothalamic radial glia
[13]. Tanycytes express high levels of Sox2, the transcription factor essential to maintain self-
renewal and pluripotency in stem cells [94, 95]. In the ME, tanycytes are classified into a- and -
tanycytes. a-tanycytes line the lateral ventral walls of the third ventricle and B- tanycytes line the
base of the third ventricle. Both a- and - tanycytes have been shown to have NSC potential,
depending on the age of the animal. In postnatal mice, B-tanycytes in the ME are highly
proliferative and can give rise to neurons that integrate into the hypothalamic neuronal network
that regulate energy balance as well as astrocytes [13]. However, in adult mice, a- but not -
tanycytes are proliferating progenitor cells, as a- tanycytes can give rise to - tanycytes and
differentiate preferentially to astrocytes and a small number of neurons [15]. Moreover, the NSC
potential of tanycytes is regulated by both intrinsic genetics and extrinsic stimulation, as both
disruption of NFI (nuclear factor I) family of transcription factor regulations and extrinsic
stimulation by fibroblast growth factor 2 can promote proliferation and neurogenesis of

tanycytes [15, 96].

2.4.2 Neural/Glial Antigen2 Glia

Neural/glial antigen2 (NG2) is a chondroitin sulfate proteoglycan expressed in

incompletely differentiated precursors and has been suggested to promote cell proliferation and
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migration that is critical to the maturation of immature progenitor cells [97]. NG2 expressing
cells represent a heterogeneous population of precursors in the brain, including protoplasmic
astrocyte precursors during embryonic development, oligodendrocyte precursors, and pericytes
[98-100]. NG2 glia have the potential to become neurons in vivo and in vitro in both SGZ and
SVZ [101-103]. In the hypothalamus, NG2 glia have a high regeneration capacity, comprising
more than 80% of the newborn cells [26]. These NG2 glia can continuously give rise to
oligodendrocytes and a small number of neurons in the hypothalamus of the adult brain [26].
Consistently, a fraction of NG2 glia in the hypothalamus expresses Sox2 [26]. In the ME, NG2
glia play a key role in regulating energy balance [25]. Specifically, NG2 glia in the ME interact
with leptin receptor- containing neurons and are required for leptin sensing and body weight

control [25].

2.4.3 Pericytes

Pericytes are elongated cells that wrap around endothelial cells in capillaries, arterioles,
and venules. They are multipotent stem cells that can contribute to vasculature repair after injury
and vascularization of brain tumors [104]. In models of ischemic strokes, pericytes can start
expressing NSC markers such as Sox2 and nestin and differentiate into microglia-like cells with
phagocytic activities [105, 106]. Furthermore, pericytes acquire stem cell potential after a stroke,
as they can form neurospheres in vitro and differentiate into neurons, osteoblasts, and adipocytes
[106]. In human studies showed that isolated pericytes with multipotent perivascular
mesenchymal stem cell properties are able to differentiate into immature neurons, astrocytes, and

oligodendrocytes in vitro given the right induction environment [107]. Additionally, pericytes
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harvested from human brains can be reprogrammed into induced neurons, or neurons derived in

vitro from non-neuronal cells, by activating the expression of NSC- like genes [108].

2.4.4 Microglia

Microglia are innate immune cells that reside in the brain. Microglia are not progenitor
cells as they cannot give rise to other cell types, but they can rapidly replenish themselves
through self-renewal after genetic ablation [109]. This rapid replenishment is mostly derived
from local proximal microglia and rarely derived from bone-marrow progenitors [110, 111].
Although microglia are often regarded as long-lived compared to the short-lived macrophages,
recent studies have found that microglia have a high proliferation rate, and it takes approximately

96 days for the whole microglia population to renew in the brain of healthy animals [112].
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3. Rationale for the Study, Hypothesis, and Specific Aims

Given that the CVOs are potential adult NSC niches, we are interested in studying the
adult NSC potential of cells in the OVLT and SFO. We are particularly interested in studying the
effect of high salt diet-induced hypertension on cell proliferation and adult neurogenesis in these
nuclei, as both the OVLT and SFO are involved in regulating body fluid and electrolyte balance
as well as autonomic cardiovascular function.

In the proposed study, we will: (a) identify potential progenitor cells that are undergoing
constant proliferation in the OVLT and SFO, (b) investigate if adult neurogenesis is presented in
the OVLT and SFO, and (c) examine if cellular proliferation and adult neurogenesis in the
OVLT and SFO are affected in a rat model of high salt diet-induced hypertension.

We hypothesize that the OVLT and SFO contain adult NSCs, and that cellular
proliferation and adult neurogenesis proceed throughout adulthood and are modified when

animals are exposed to high salt diet.
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4. Methods

4.1 Animals

Male, 300-550 g of Wistar rats (Charles River Laboratories, Saint-Constant, QC, Canada) were
housed individually under a 12h light, 12h dark cycle with lights on at 7 a.m. Before the
experiment, rats were handled at 9am and 6pm for three days to reduce the stress associated with
injections. Rats were introduced to either high salt water or regular drinking water ad libitum. In
high salt diet, rats received 2% NaCl (2g of NaCl in 100ml of water) instead of regular water for
7 days, a protocol that induces increases in blood pressure leading to hypertension [113]. All
animal procedures were approved by the McGill University Animal Care Committee and were in

accordance with the guideline provided by the Canadian Council of Animal Care.

4.2 BrdU Treatment

For intraperitoneal (i.p.) BrdU administration, rats received 6.25 mg/ml of BrdU (Sigma Life
Science) dissolved in saline at a dose of 50 mg/kg body weight. Injections were done twice a
day, at 9 a.m. and 6 p.m. for 7 days. The first injection was given the day after three days of
handling and the first day of high salt diet protocol. For the oral administration, BrdU was added
to the drinking water at a concentration of 1.0 mg/ml and supplied ad libitum. Drinking water

with BrdU was renewed every 3 days to avoid chemical degradation.
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4.3 Transcardiac Perfusion

Rats were under anesthetization with 3% isoflurane and perfused with 10 ml phosphate buffered saline
(PBS, 300 mOsm/kg for normal water fed rats and 320 mOsm/kg for high salt diet rats, 7.4 pH)
followed by 4% paraformaldehyde (PFA) dissolved in PBS. Both PBS and 4% PFA in PBS were at
room temperature. Brains were extracted and immersed in 4% PFA for at least 48 hours prior to
sectioning. To visualize pericytes using anti- CD13/mAminopeptidase N, rats were perfused with 4%
PFA and 0.25% glutaraldehyde in PBS (pH 6.8) at 37°C. Brains were sectioned coronally using
vibratome (Leica, VR1200S) into tissue sections of 50 um thickness. Brain sections were stored in 1X

PBS with 0.02% sodium azide at 4 °C prior to immunohistochemistry staining.

4.4 Plasma Osmolality

Blood was collected from the right atrium prior to transcardiac perfusion of PBS or 4% PFA in
PBS. Blood samples were placed on ice for at least an hour, then centrifuged at 1,500 rpm for 10
min. Serum samples were collected after centrifugation and blood osmolality was measured

using an osmometer in triplicates (Advanced Instrument model 3320).

4.5 Antibodies

Primary antibodies used are indicated in the table below.
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Antibody Animal Dilution Company Catalog Number | Reference
anti-Ki67 rabbit 1:250 Abcam Ab15580 [114]
anti-BrdU rat 1:500 Abcam Ab6326 [115]
anti-vimentin | chicken 1:5000 EMD Millipore | Ab5733 [116]
anti-NG2 rabbit 1: 500 EMD Millipore | Ab5320 [26]
anti- CD13/ | goat OVLT: R&D Systems AF2335 [117]
mAP-N 1:50
SFO: 1:200
anti-Ibal rabbit 1:3000 Wako 019-19741 [118]
anti-Ibal guinea pig | 1:500 Synaptic 234-004 [119]
Systems

anti-NeuN guinea pig | 1:500 EMD Millipore | ABN90 [120]
anti-Sox2 rabbit 1:1000 EMD Millipore | AB5603 [121]
anti- mice 1:50 Invitrogen A21271 [122]
HuC/HuD

anti- guinea pig | 1:1000 EMD Millipore | Ab2253 [123]
doublecortin

Table 1. Primary antibodies used and their corresponding animal, dilution, product

company, catalogue number, and reference.

Secondary antibody used were Alexa Fluor- conjugated 488, Alexa 568 and Alexa 647

(1:500, Life Technologies). Negative controls for the secondary antibodies were tested using the
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same protocol in Section 4.6 on OVLT and SFO sections and verified no non-specific staining

(Data not shown).

4.6 Immunohistochemistry

To reveal the antigens for BrdU, sections were incubated in 1N HCI at 45°C for 12.5 min.
Sections were immediately placed on ice after the HCI bath. To neutralize the acidity following
the HCI bath, sections were incubated in borate buffer (100 mM, pH 8.5, constitute NaCl and
Boric acid, Sigma, B6768) for 30 min at room temperature and then washed with PBS three
times. Sections were blocked with 10% normal goat serum in 0.3% Triton X in PBS for 1 hour at
room temperature. After blocking, sections were incubated with primary antibodies for 12-24
hours at 4°C. Sections were then washed three times and incubated with corresponding
secondary antibodies and DAPI (4',6-diamidino-2-phenylindole,1:1000, Invitrogen, California,
USA) for 2 hours at room temperature. Finally, sections were washed three times and mounted
on coverslips with Slow Fade Gold Antifade reagent (Life Technologies).

For co-staining of BrdU and HuC/HuD or Dcx, sections were incubated in citrate buffer
(trisodium citrate, pH2) at 75°C for 15 min and placed on ice immediately after the acidic bath.
Borate buffer (100mM, pH 8.5) was applied for 30min at room temperature following three
washes.

For anti-CD13 staining, rats were perfused with 4% PFA and 0.25% glutaraldehyde. Brain
sections were incubated 15 min in 0.1% NaBHy4 in cytoskeletal buffer containing: 130 mM NaCl,
10 mM MES, 5 mM EGTA, 5 mM MgCl,, and 5 mM MgCl,, pH 6.3. Antigen blocking was

done by incubating in 10% normal donkey serum. Primary antibodies were incubated for 48-72
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hours. Secondary antibodies were applied by first using donkey anti-goat consecutively followed
by other goat secondary antibodies.

To co-stain Ki67 and NG2 which are both rabbit antibodies, a Double Fluorescent Tyramide
Signal Amplification protocol (Perkin Elmer TSA kit, Boston, MA) was used [124]. Brain
sections were incubated with anti-Ki67 (1:25000) on the first day and anti-NG2 (1:100) on the

second day.

4.7 Image Acquisition and Analysis

Immunohistochemistry sections were imaged using ApoTome.2 microscope (ZEISS) 20X
objective, LSM 880 Apo 20x/0.8 or 63x/1.40 oil objectives (Zeiss AG, Oberkochen, Germany).
Confocal z-stacks were generated by acquiring 18-22 optical sections with 1.5 pm steps using
20X objective and 20-80 optical sections with 0.2-0.4 um steps using 63X objective. Images
were analyzed with Zen 2 blue (ZEISS). Each rat brain contains 5-6 sections of OVLT and 5-8
sections of SFO (50 pum thick). 4 optimal medial sections were taken from the OVLT and SFO of
each rat to quantify the number of BrdU+ cells in the OVLT and SFO. BrdU+ cells were verified
by its colocalization with DAPI, and quantification is based on manual counting. The number of
BrdU+ cells in the OVLT and SFO are based on the cumulative BrdU+ cells in the 4 optical
medial sections. The identity of BrdU+ cells was further verified by analyzing BrdU
colocalization with other cellular markers (e.g. vimentin, NG2, CD13, Ibal, Sox2, Dcx,
HuC/HuD, and NeuN). A minimum of 5 rats were used for each quantification. Figures were

assembled using Adobe InDesign and Illustrator (Adobe Inc).
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4.8 Statistics

Statistical analysis was performed using multiple Student’s t-tests, 2-way ANOVA, and unpaired
Student’s t-test. Results are reported as mean plus or minus standard error of the mean (= SEM).
Statistical significance was set up as the following: *p < 0.05, **p <0.01, ***p <0.001, and
*a%Ep < 0.0001; ns, non-significant. Graphs were made using Prism 9 (GraphPad Software) and

statistics were done using Prism 9 and Excel.
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5. Results

5.1 Constant Cell Proliferation in the OVLT and SFO in Adult Rat Brain

To study if cells in the OVLT and SFO undergo constant cell proliferation, Ki67, an
endogenous mitotic marker that labels actively dividing cells (Gi, S, G2, and mitosis) but not
quiescent cells (Go), was employed. Ki67-positive (Ki67+) cells were observed in both the
OVLT and SFO of adult rat brains, implying constitutive cell proliferation occurs in the OVLT
and SFO of adult rat brains (Fig. 4A & B). In the OVLT, Ki67+ cells appeared more frequently
near the ventricular surface as well as in the subpial zone, or the peripheral parenchyma that is
close to the pia (Fig. 4A). In the SFO, Ki67+ cells appeared scattered through the parenchyma of
the SFO (Fig. 4B). To further validate these results, rats were treated with bromodeoxyurine
(BrdU). BrdU is a nucleoside homolog that incorporates into newly synthesized DNA (during S
phase), therefore labeling newborn cells [125]. Young adult rats (around 3-month-old,
bodyweight > 350g) were treated with BrdU for 7 consecutive days of intraperitoneal (i.p.)
injections and sacrificed the day after their last BrdU treatment, labeling cells that underwent S
phase during the 7-day BrdU treatment. A profound number of BrdU+ newborn cells in the
OVLT and SFO was observed, confirming the presence of cells undergoing constant cell
proliferation in the OVLT and SFO in adult rat brains (Fig. 4C & D). In contrast to the Ki67
expression, BrdU+ newborn cells in the OVLT and SFO appeared scattered throughout the
parenchyma. This suggests that the BrdU+ newborn cells have migrated during the 7-day BrdU
treatment, resulting in a relatively uniform distribution of newborn cells. Together, these
observations show that cells in the OVLT and SFO undergo constant cell proliferation in adult

rat brain. Note, although Ki67 labels a greater portion of cell cycle than BrdU, Ki67 can only
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label actively dividing cells at the moment when the rat was perfused. In contrast, BrdU can label
cells that has undergone S phase during the 7-day injection period. Thus, BrdU accumulates in
cells that underwent division, labeling more cells than ki67 which is only present in cells

dividing at the time of perfusion.
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Figure 4. Cell proliferation in the OVLT and SFO in adult rats.

(A, B) Coronal sections of the OVLT and SFO of young adult rats with normal drinking water
(and no i.p. injections), labeled for Ki67 (white) and DAPI (blue). White dashed lines delineate
the pia matter around the OVLT. (C, D) Coronal sections of the OVLT and SFO of young adult

rats that were 1.p. injected with BrdU for 7 days, labeled for BrdU (white) and DAPI (blue).
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5.2 Tanycytes, Pericytes, Microglia and NG2 Glia are Highly Proliferative

Cells in the OVLT and SFO

To identify potential progenitor cells in OVLT and SFO, we studied cells that are
undergoing constant cell proliferation in the OVLT and SFO. Different cellular markers were
used to characterize Ki67+ or BrdU+ newborn cells. We are interested in glia such as tanycytes,
NG2 glia, and microglia, which are highly proliferative cell types, as well as pericytes.

We observed Ki67+ tanycytes (Fig. SA, visualized by vimentin), pericytes (Fig. 5B,
visualized by CD13), microglia (Fig. 5C, visualized by Ibal), and NG2 glia (Fig. 5D, visualized
by NG2) in the OVLT of untreated rats (rats that did not receive i.p. injection). To further
validate our results, we subjected rats to 7 days BrdU i.p. injections. We observed BrdU+
tanycytes (Fig. 5SE, I & J), pericytes (Fig. 5SF & H), microglia (Fig. 5G), and NG2 glia (Fig. SH)
in the OVLT, validating our previous observation with Ki67. Therefore, tanycytes, pericytes,
microglia, and NG2 glia undergo continuous proliferation in the OVLT. To evaluate the cellular
composition of proliferating cells in the OVLT, BrdU+ tanycytes, pericytes, microglia, and NG2
glia were quantified (Table 2). Note that 53.12 £ 1.55 % cells proliferating in the OVLT did not
express detectable levels of cellular markers and thus their identity remains unknown in the
OVLT.

Similarly, we used Ki67 as a marker of proliferating cell in the SFO of untreated rats. We
found Ki67+ NG2 glia (Fig. SL), pericytes (Fig. 5SM), and microglia (Fig. 5SN) in the SFO, but we
did not detect any Ki67+ tanycytes. Next, we administered rats with BrdU i.p. for 7 days and
found BrdU+ NG2 glia (Fig. 5K & O), microglia (Fig. 5P & Q (iv)), and pericytes (Fig. 5K & Q
(ii1)). Consistent with the previous observation, little to no BrdU+ tanycyte was observed in the

SFO of young adult rats, implying that tanycytes do not contribute to the proliferating cells in the
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SFO in healthy adult rats. To quantify the cellular composition of proliferating cells in the SFO,
BrdU+ NG2 glia, pericytes, and microglia were quantified (Table 2). Additionally, there are
44.65 + 4.61 % of SFO proliferating cell types, whose identity could not be identified using
above-described cell markers.

In summary, tanycytes, NG2 glia, microglia, and pericytes are proliferating cells in the
OVLT; and NG2 glia, microglia, and pericytes are proliferating cells in the SFO. The
observation that little to no tanycytes undergo cellular proliferation in the SFO suggests that
tanycytes in the SFO do not serve as progenitor cells, indicating potential functional differences

between tanycytes in the OVLT and the SFO.
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Figure 5. Cell types constantly proliferating in the OVLT and SFO.

(A-D) High magnification images of Ki67+ tanycytes (A, vimentin, green), pericytes (B, CD13,
red), microglia (C, Ibal, yellow), and NG2 glia (D, NG2, white) in the OVLT of young adult
rats. (E-J) High magnification images of BrdU+ tanycytes (E, I, J), pericytes (F & H, yellow
arrowheads), microglia (G), and NG2 glia (H, open yellow arrowheads) in the OVLT of young
adult rats treated with 7 days BrdU i.p. injections. (L-N) High magnification images of Ki67+
NG?2 glia (L), pericytes (M), and microglia (N) in the SFO of young adult rats. (K, O-Q) High
magnification images of BrdU+ NG2 glia (K, yellow open arrowhead & O), microglia (P & Q iv,
white arrows), and pericytes (K yellow arrowheads labeled by NG2 & Q iii, yellow arrowheads

labeled by CD13) in the SFO of rats treated with 7 days BrdU i.p. injections.
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OVLT SFO
Absolute value | Percentage (%) | Absolute value | Percentage (%)

Tanycytes 43+ 1.84 13.14 £ 0.70 0.13£0.13 0.03 £0.03
NG2 glia 84.12£5.42 2552+ 141 159 £10.05 40.02 £ 2.92
Pericytes 11.4+1.54 3.55+£0.50 29.4 £3.64 7.09 £0.79
Microglia 19.5 £2.50 6.02 £0.75 31.33+£4.18 7.63 £1.31

Others 171.6 £ 8.19 53.12+1.55 186.4 £25.17 44.65 +4.61

Total 328.63 £5.68 100 403.88 £ 15.57 100

Table 2. Quantification of BrdU+ cells in the OVLT and SFO in adult rats.

Absolute values calculated based on the total BrdU+ cells presented in the 4 optimal medical

sections of 50 pm thickness of the OVLT and SFO. Percentages are in proportion to the total

BrdU+ cells counted in the OVLT and SFO. Numbers are reported in mean + standard error.
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5.3 Adult Neurogenesis is Present in the Rat OVLT and SFO

To examine the adult NSC potential of the rat OVLT and SFO, Sox2 was used as a
neural stem cell marker [126]. In the OVLT, Sox2 is highly expressed in tanycytes and in cells
located in the subpial zone, consistent with the Ki67 expression pattern observed in the OVLT
(Fig. 6A & Fig. 3A). Numerous Sox2+ cells were also found scattered throughout the OVLT,
suggesting the presence of hypothalamic NSCs in the OVLT parenchyma (Fig. 6A). In the SFO,
Sox2+ cells are highly expressed throughout the parenchyma (Fig. 6B). Notably, Sox2 is also
highly expressed in tanycytes in the SFO, which have undetectable levels of other proliferation
markers. The observation of Sox2 signal in tanycytes in the SFO resembles the strong Sox2
expression in ependymal cells, which have also been shown to express high levels of NSC
markers such as Sox2 but lack NSC functions since they fail to form neurospheres, proliferate,
and survive in vitro [127, 128].

To examine if proliferating cells can acquire neuronal fate and undergo neurogenesis in
the OVLT and SFO of adult rats, Ki67 labeling was used in combination with doublecortin
(Dcx), a marker expressed in neural progenitor cells (NPCs) and immature neurons [129]. We
found Ki67+ Dcx+ cells with short processes delineated by Dcx, suggesting that NPCs and/or
immature neurons are present in the adult OVLT and SFO (Fig. 6C & D). We also analyzed
young adult rats treated with BrdU i.p. for 7 days and found BrdU+ Sox2+ Dcx+ triple-positive
cells in the OVLT and SFO of these rats, suggesting that a subpopulation of cells can acquire
neuronal cell fate (Fig. 6E & F). To study if these NPCs or immature neurons can further mature
and become adult neurons in the OVLT and SFO, we used long-term administration of BrdU. To
reduce any possible side effects of long-term exposure to high doses of BrdU, we used low

concentrations of BrdU (1mg/ml) by adding it to drinking water for 28 or 60 days [130]. BrdU+
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cells were observed in the OVLT and SFO of adult rats that received 28 or 60 days of BrdU in
drinking water (Fig. 7 & 8). Markers of differentiated and mature neurons, HuC/HuD and
NeuN, were used to examine the presence of adult neurogenesis in the OVLT and SFO (Fig.
7C&D). We found BrdU+ HuC/HuD+ neurons in the OVLT and SFO of adult rats treated with
28 days BrdU drinking water (Fig. 8A & B). Similarly, BrdU+ HuC/HuD+ NeuN+ neurons were
found in the OVLT and SFO of adult rats treated with 60 days BrdU in drinking water (Fig.
8C&D). These findings reveal the presence of immature and mature neurons in the OVLT and
SFO, uncovering the presence of constitutive adult neurogenesis in the sensory CVOs and
establishing the OVLT and SFO as potential adult NSC niches. Interestingly, the numbers of
BrdU+ cells are smaller in rats treated with 60 days BrdU in drinking water than in rats that
received 7 days i.p. injections. Further investigation revealed that all these BrdU+ cells in rats
treated with 60 days BrdU express neuronal markers, possibly suggesting only neuronal progeny

can be labelled using this method of BrdU administration (more details discussed in Section 6.3).
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Figure 6. Adult NSC potential of the OVLT and SFO.

(A, B) Coronal sections of the OVLT (A) and SFO (B) of young adult rats were stained with
antibodies against Sox2 (purple) and vimentin (green). (C, D) High magnification images of
Ki67+ (white) Dex+ (red) immature neurons or NPCs in the OVLT and SFO in young adult rats.
(E, F) High magnification images of BrdU+ (white) immature neurons or NPCs that co-express
Sox2 (green) and Dcx (red) in the OVLT and SFO in young adult rats that received 7 days of

BrdU i.p. injections.
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Figure 7. Tracing adult neurogenesis in the OVLT and SFO through long-term
administration of BrdU.

(A, B) Coronal sections of the OVLT (A) and SFO (B) in adult rats that received BrdU in
drinking water for 60 days, labeled for BrdU (white) and DAPI (blue). (C, D) Coronal sections
of the OVLT (C) and SFO (D) in adult rats that received BrdU in drinking water for 60 days,

labeled for BrdU (white), HuC/HuD (green), and NeuN (red).
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Figure 8. Mature neurons in the OVLT and SFO of adult rats.

(A, B) BrdU+ (white) in neurons expressing HuC/HuD (green) in the OVLT (A) and SFO (B) of
rats treated with 28 days BrdU drinking water. (C, D) BrdU (white) in mature neurons
expressing HuC/HuD (green) and NeuN (red) in the OVLT (C) and SFO (D) of rats treated with

60 days BrdU drinking water.
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5.4 Increase in Cell Proliferation in a Model of Acute Hypertension

Because both the OVLT and SFO are involved in regulating cardiovascular functions and
maintaining fluid and electrolyte balance, we next examined the effect of high dietary salt-
induced hypertension on cell proliferation in these areas. Young adult rats were given 2% NaCl
in the drinking water for 7 days (or high salt diet, HSD). Following 7 days of HSD, the rats
developed hypernatremia, increased plasma osmolality, and became progressively hypertensive
[113]. During the course of HSD, rats were administrated with BrdU i.p. and sacrificed the day
after the 7 days HSD. Thus, cells proliferated during the 7 days of HSD incorporated BrdU,
allowing quantification of BrdU+ newborn cells. Rats treated with HSD had a significant
increase in blood osmolality which is indicative of acute hypertension (Fig. 9G) [113]. Further,
rats that received HSD drank significantly more and gained less weight compared to control rats
receiving tap water (Fig. 9H, J), consistent with our previous observations in rats subjected to
this model of HSD-induced hypertension.

Importantly, there were significant increases in the number of BrdU+ newborn cells in
both the OVLT and SFO of rats treated with HSD, implying that HSD stimulates cell
proliferation in these areas (Fig. 9A-C). In contrast, the number of BrdU+ newborn cells in ME
remained unaffected after HSD, indicating that this increase in cell proliferation is specific to the
OVLT and SFO (Fig. 9A & D). A closer examination of cell types proliferating during HSD in
the OVLT revealed that the enhanced proliferation is mainly contributed by tanycytes and
microglia (Fig. 9E). In contrast, increases in cell proliferation during HSD in the SFO are mainly
due to proliferation of NG2 glia and microglia (Fig. 9F). This suggests that OVLT tanycytes and

microglia as well as SFO NG2 glia and microglia increase their proliferation in response to HSD.
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To study the effect of HSD on adult neurogenesis, rats were subjected to BrdU i.p.
injections during the 7 days of HSD. Proliferating hypothalamic NSCs (BrdU+ Sox2+) and
immature neurons or NPCs (BrdU+ Sox2+ Dcx+) in the OVLT and SFO were analyzed (Fig.
10A&B). No statistically significant difference in the number of OVLT and SFO BrdU+ Sox2+
cells was observed between HSD and control rats. However, the number of BrdU+ Sox2+ Dcx+
immature neurons or NPCs was significantly increased in the OVLT and SFO in rats fed with
HSD compared to rats receiving tap water (Fig. 10C). This suggests that the rate of adult

neurogenesis increases in the OVLT and SFO in response to salt-induced hypertension.
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Figure 9. HSD-induced hypertension increases cell proliferation in the OVLT and SFO.
(A) Coronal sections of the OVLT, SFO, and ME of rats that received 7 days BrdU i.p. injections
with or without HSD. (B) Quantification of BrdU+ newborn cells in the OVLT of HSD and
control rats. Unpaired t-test, p = 0.000125, [n=8]. (C) Quantification of BrdU+ newborn cells in
the SFO of HSD and control rats. Unpaired t-test, p < 0.000001 [n=8]. (D) Quantification of
BrdU+ newborn cells in the ME of HSD and control rats. Unpaired t-test, p = 0.4377, [n=6]. (E)
Quantification of the cell identities of BrdU+ newborn cells in the OVLT of HSD and control
rats. Multiple t-tests, [NG2 glia: n=8, p=0.2686; pericyte: n=5, p=0.2437; tanycytes: n=8,
p=0.0012; microglia: n=6, p=0.0367]. (F) Quantification of the cell identity of BrdU+ newborn
cells in the SFO of HSD and control rats. Multiple t-tests, [NG2 glia: n=8, p=0.0442; pericyte:
n=5, p=0.1033; tanycytes: n=8, p>0.9999; microglia: n=6, p=0.0242]. (G-K) Blood osmolality
(Osm) (G), daily water intake (H), total water intake (I), daily body weight change (J) and total
body weight change (K) of HSD and control rats. [n=16]. (H) Rats that received HSD are likely
to drink more compared to control rats (p<0.0001) given by a simple main effect analysis of a
two-way ANOVA. Day 0 marks the first day of handling. (I) No statistically significant
difference in total water intake is found between control and HSD using an unpaired t-test
(p=0.0778). (J) Rats that received HSD are likely to lose more weight compared to control rats
(p<0.0001) given by a simple main effect analysis of a two-way ANOVA. (K) There is no
statistically significant difference in total body weight change between control and HSD given

by an unpaired t-test (p=0.0668). * p<0.05, **p<0.01, ***p<0.001, **** p <(0.0001.
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Figure 10. The effect of HSD-induced hypertension on the proliferation of immature neurons or
NPCs in the OVLT and SFO.

(A, B) Orthogonal view of BrdU+ (white) Sox2+ (green) and Dcx+ (red) immature neurons or NPCs
presented in the OVLT (A) and SFO (B) of young adult rats that received 7 days BrdU i.p. injections.
(C, D) Quantification of proliferating hypothalamic neural stem cells (BrdU+ Sox2+) and immature
neurons or NPCs (BrdU+ Sox2+ Dcx+) in rats that received HSD or tap water (control). [n=6; OVLT:
BrdU+ Sox2+: p=0.9036, BrdU+ Sox2+ Dcx+: p=0.0004; SFO: BrdU+ Sox2+: p=0.5426, BrdU+

Sox2+ Dex+: p=0.0015]
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6. General Discussion and Results

6.1 Summary of Results

The present study characterized the adult NSC niche potential of the OVLT and SFO. We
found continuous cell proliferation taking place in the OVLT and SFO of young adult rats. Our
analysis revealed that tanycytes, NG2 glia, pericytes, and microglia proliferate in the OVLT; and
NG2 glia, pericytes, and microglia but not tanycytes proliferate in the SFO of adult rats.
Moreover, our data suggest that neurogenesis proceeds in both the OVLT and SFO of adult rats,
implying that both sensory CVOs represent adult NSC niches. As OVLT and SFO are involved
in the regulation of body fluid balance and cardiovascular functions, we examined the effect of
HSD-dependent hypertension on cell proliferation in the OVLT and SFO. Using an established
rat model of HSD-induced hypertension, we showed that cell proliferation is increased in the
OVLT and SFO of rats exposed to HSD. This increase in cell proliferation is mainly contributed
by tanycytes and microglia in the OVLT as well as NG2 glia and microglia in the SFO. Lastly,
we found that HSD increased the proliferation of NPCs or immature neurons in the OVLT and
SFO, therefore accelerating adult neurogenesis. Together, our findings represent the first
demonstration that the OVLT and SFO contain highly proliferative cells and NSCs that are

responsive to HSD-induced hypertension.

6.2 Limitations of the Study

This study showed the presence of constitutive cell proliferation in young adult male
Wistar rats of 300-550g. Since we did not investigate this process in older rats, we cannot

conclude that constitutive cell proliferation continues in the OVLT and SFO of rats throughout
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adulthood. Likewise, we cannot extend our conclusion to female animals. In previous studies,
Sprague Dawley rats were mostly used to study hypertension [131-133], while mice were used to
study the NSC potential of cells in the OVLT and SFO [90, 92]. As hypertensive traits and NSC
properties may vary between species and breeding, different animal models should be used to
verify the result of these studies. Here, we used Wistar rats to study the effect of HSD-induced
hypertension on NSCs in the OVLT and SFO, providing additional evidence to the adult NSC
niche potential of the OVLT and SFO. Nonetheless, future studies should explore other animal
models to gain a more comprehensive understanding of the NSC potential of cells in the OVLT
and SFO as well as the physiological significance.

In our study, we used BrdU, and this approach has imposed several limitations on this
study. First, the visualization of BrdU requires an antigen-retrieval procedure. This procedure
potentially affected the detection of other molecular markers (e.g. NG2, vimentin, CD13 and
etc.) using immunohistochemistry. Although the antigen-retrieval procedures were optimized for
a milder condition and additional measurements were employed (e.g. using borate buffer to
neutralize the acidity, thorough wash with PBS, and increasing the concentration of other
antibodies), it is possible that this antigen-retrieval procedure decreased the immunogenicity of
other markers. In other words, our values of BrdU+ tanycytes, pericytes, NG2 glia, microglia,
and NPCs were potentially underestimated due to the use of BrdU. An alternative approach
could have been employed using 5-ethynyl-2-deoxyuridine (EdU), since detecting EAU
potentially has a smaller effect on the immunohistochemistry labeling. Another limitation
attributable to BrdU is that this substance is frequently reported as cytotoxic to neurogenesis in
in vitro and developmental studies [134-136]. One study reported the lack of in vivo approach to

study the cytotoxic effect of BrdU on cell proliferation and adult neurogenesis and therefore
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investigated this in vivo in the adult rat hippocampus [137]. Specifically, this study examined the
effect of different BrdU dosages on the number of newborn cells and immature neurons after 2
hours and 4 days and observed no significant differences, leaving the long-term effect and other
cytotoxic indicators undiscussed. The lack of in vivo studies analyzing the effect of BrdU on
neurogenesis and cell proliferation makes the effect of BrdU application in our study and other
studies using BrdU enigmatic. Therefore, it is possible that employing BrdU in our study
affected our results, and the actual number of proliferating cells is higher in rats not treated with
BrdU. This limitation represents a major weakness of all studies using BrdU.

Furthermore, our quantification of BrdU+ cells in the OVLT and SFO is potentially
incomparable to other non-CVO brain regions. Since the central nervous system (CNS) has little
de novo synthesis of nucleoside, the CNS primarily relies on nucleoside transporters in
endothelial cells and epithelial cells of the choroid plexus [138]. This nucleoside transport
system also mediates BrdU access into the CNS. However, it remains unknown if BrdU is
transported to the CVOs using a similar mechanism to non-CVO brain regions. Given the
presence of fenestrated blood vessels, CVOs are highly permeable to blood-borne molecules.
Permeability studies using peripheral injections of Evans Blue and FITC-conjugated low
molecular mass tracer showed that these tracers are found within the parenchyma of CVOs, but
not the parenchyma of nearby tissues, implying a specialized blood-brain barrier that prevents
the leakage of blood-borne molecules to nearby brain tissues [20, 21, 139]. Whether BrdU is
passively diffused into the OVLT and SFO or transported through nucleoside transporters similar
to non-CVO brain regions remains unexplored. If BrdU is passively diffused into the OVLT and
SFO, then the OVLT and SFO are presumably exposed to a higher concentration of BrdU, which

is 1.p. delivered. This might lead to the quantification of BrdU+ cells in the OVLT and SFO
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incomparable to other brain regions such as the hippocampus, where the blood-brain barrier is
complete. Accordingly, in our study we compared the effect of HSD-induced hypertension on
cell proliferation in the OVLT and SFO to that in the ME but not in the hippocampus [140, 141].
An alternative approach that will allow a reliable comparison between the CVOs and non-CVO
region is delivering BrdU by intracerebroventricular (i.c.v.) osmotic pump, as was done in
several studies [11, 12, 142, 143]. Nevertheless, the use of i.c.v. osmotic pumps would require
additional surgical procedure and is more invasive, and thus can potentially have additional
effects on cell proliferation.

Furthermore, the long-term effect of HSD-induced hypertension on adult neurogenesis in
the OVLT and SFO remains to be explored. Since the HSD-induced hypertension animal model
we used is limited to 7 days, we were only able to estimate the effect of HSD on the proliferation
of NPCs during these 7 days of HSD. Neurogenesis is a complicated and long process that
occurs for 3-6 weeks for a newborn neuron to become fully mature in the SGZ [144]. Therefore,
to study how HSD affects neurogenesis in the OVLT and SFO, the long-term effect of HSD on
neurogenesis should also be examined.

Lastly, we were unable to identify the lineage of a fraction of proliferating cells in the
OVLT and SFO with the array of cellular markers that we used. Accordingly, approximately
53% BrdU+ cells in the OVLT and 45% BrdU+ cells in the SFO remain unidentified. This
number is potentially overestimated, since the antigen-retrieval protocol of BrdU may attenuate
the signal of some cellular markers. In addition, progenitor cells undergoing differentiation might
express a low level of cellular markers which were undetectable using immunohistochemistry. It
is also possible that one or more uncharacterized cell types are proliferating in the OVLT and

SFO. Future studies should gain a more holistic view of cellular and molecular composition in
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the OVLT and SFO through single cell RNA sequencing, enabling a more comprehensive

approach to characterize different cell types within the OVLT and SFO.

6.3 Implication on Adult Neurogenesis and Adult Neural Stem Cell Niche

In the study of Ramon y Cajal, he described the adult brain as “something fixed,
immutable” and that “nothing may be regenerated” [145]. This had led to the idea of newborn
neurons in the adult brain being greatly ignored for approximately half a century, until Altman
presented the first evidence of adult neurogenesis in 1962 [146]. Today, although the presence of
adult neurogenesis in the human brain remains controversial, the presence of adult neurogenesis
in rats, mice, songbirds, and nonhuman primates has been established [147]. Besides the well-
characterized SVZ and SGZ, the adult neurogenic potential is also reported in other brain regions
including the hypothalamus, striatum, substantia nigra, amygdala, and cortex [148]. Some studies
reported that newborn neurons found in these regions are differentiated from migrating NSCs
and progenitor cells that typically originate in the SVZ [149-152]. Other studies reported the
presence of endogenous adult NSC pool, allowing them to replenish local neurons [153-155]. It
is possible that both processes coexist in the adult brain, where there are neurogenic systems
originating in the SVZ and SGZ that give rise to migrating NPCs, and local NSCs and NPCs that
replenish and maintain local cell populations. The CVOs are one of the novel neurogenic sites.
The adult NSC niche potential of CVOs has been studied not only in rodents [15, 90, 92], but
also in humans [156]. Specifically, a neurogenic system that rises from the CVOs and continues
to the circuitry of the hypothalamus and, to a certain degree, to the limbic system is characterized
in the adult human brain [156]. This characterization of the hypothalamic neurogenic system

raises the question if adult neurogenesis in the hypothalamus follows a structured way of

49



migration similar to the rostral migratory stream in the SVZ. Admittedly, research on the
neurogenic potential of the hypothalamus and CVOs often focus on a part of the hypothalamus.
Future research should consider this possible neurogenic system in the hypothalamus to study
neurogenesis in the hypothalamus.

The neurogenic potential of these novel neurogenic sites is linked to the physiological
function of these brain regions. For example, neurogenesis in the hypothalamus plays a role in
regulating energy metabolism and sexual behavior [12, 87, 157, 158], and adult neurogenesis in
the amygdala has been linked to fear conditioning and stress response [159, 160]. Previous
studies showed that cell proliferation and neurogenesis in the ME play a role in regulating body
weight and energy metabolism [13]. The present study shows that cell proliferation and adult
neurogenesis in the OVLT and SFO are affected by HSD-induced hypertension, implying that
cell proliferation and adult neurogenesis in the OVLT and SFO are potentially involved in
regulating body fluid balance and autonomic cardiovascular response. This increase in cell
proliferation is brain function-specific, as the HSD-induced increase in cell proliferation is only
presented in the OVLT and SFO, but not in the ME, which is also exposed to the peripheral
circulation (Fig. 9A-D). Thus, the present study contributes new evidence supporting the
neurogenic potential of CVOs and provides insight into the physiological significance of these
neurogenic niches.

The CVOs potentially represent an interesting NSC niche to consider. The stem cell niche
is defined as a specialized local environment required to maintain the potency of stem cells and
support the differentiation of stem cells [160]. CVOs closely interact with peripheral circulation
and the CSF, which potentially provides cues that are not present in other brain regions. Using

Ki67, we show that the OVLT has highly proliferative zones at the periventricular parenchyma
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and the subpial zone (Fig. 4A). These observations of the proliferative nature of the
periventricular space and subpial zone have been reported in other studies. In fact, one of the first
reports of the neurogenic potential of the hypothalamus was observed around the third ventricle
of the hypothalamus [154]. Later, it was discovered that this proliferative nature around the third
ventricle is contributed by tanycytes [15], which is also the case in the OVLT (Fig 5.A, E, I, and
J). This periventricular NSC niche potentially receives cues from the CSF, as tanycytes act as the
CSF-parenchyma barrier through regulating their well-organized tight junctions at the ventricular
surface [93, 161]. Furthermore, the subpial zone is also reported as neurogenic. Human studies
have shown that the subpial zone is rich in intermediate filament GFAP and nestin [156, 162].
Additionally, we show that the subpial zone of the OVLT in rats is rich in vimentin (Fig. 6A).
All three intermediate filaments are regarded as NSC markers. Animal studies have identified the
neurogenic potential of the subpial zone in the adult cerebral cortex and developing cerebellum
as well as SGZ [163-165]. Interestingly, the subpial zone contains the Virchow-Robin space, or
the perivascular space filled with CSF that allows directional CSF flow for waste elimination
[166]. This concept that the brain utilizes the Virchow-Robin space in a systematic way for waste
elimination is known as the glymphatic system. The close association between the glymphatic
system and the subpial zone suggests that the subpial zone is exposed to potential cues
originating from the CSF to regulate NSC cell fate. The CSF contains various growth factors and
signaling molecules to regulate neurogenesis and cell proliferation throughout development and
into adulthood. During embryonic development, the CSF carries growth factors such as
fibroblast growth factors (FGFs), insulin-like growth factors, sonic hedgehogs, retinoic acid, and
others [167, 168]. In the adult brain, the CSF contains signaling molecules such as the

proteoglycan Glypican-2, whose level in the CSF predicts the neurogenesis rate in the adult
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hippocampus through inhibiting FGF2-induced neural proliferation [169]. Thus, the close contact
between the CVOs and CSF may provide cues from the CSF to regulate NSC cell fate in the
CVOs.

Importantly, the fenestrated blood vessels unique to the brain’s CVOs potentially creates
a specialized local environment for NSCs in these regions. Vasculature provides a specialized
niche to maintain the homeostasis of local stem cells and guides, induces, and specifies the
differentiation of organ-specific stem cells (e.g. CNS, lung, liver, pancreas, and adipose tissue )
for tissue regeneration and development [170]. In the adult brain, the vascular niche supports the
maintenance and proliferation of NSCs. In the SVZ, type B1 stem cells give rise to type C
transient amplifying cells and type A neuroblasts, which are all located near the blood vessels
[171-174]. In the SGZ, NSCs and their progenitor cells also lie close to the capillaries [175].
This is supported by in vitro and in vivo studies showing that brain endothelial cells regulate
NSCs homeostasis and differentiation through direct contact enabled by membrane bound
proteins (e.g. EphrinB2 and Jagged-1) [176, 177], as well as the secretion of growth factors (e.g.
Bran-derived nerve growth factor, vascular endothelial growth factor receptor 2 and
neurotrophin-3) [178-181]. Interestingly, blood vessels in the SVZ are also specialized compared
to the classical blood-brain barrier, as they are not completely enwrapped by pericytes and
astrocytic endfeet and display an increased permeability to small molecules originating from the
peripheral circulation [174, 182]. In contrast, the CVOs harbor a more permeable blood-brain
barrier and are highly vascularized [58], possibly providing a vascular niche for NSCs unparallel
to other brain regions. One study shows that NPC marker-expressing cells are often localize next

to the vasculature in CVOs [183]. Nonetheless, it remains to be explored how the specialized
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vasculature (e.g. exposure to blood-borne molecules) might support and maintains the adult NSC
niche in the CVOs.

The present study has examined the neurogenic potential of the OVLT and SFO in the
adult rat brain. In our initial experiments aiming to uncover adult neurogenesis, we administrated
2 dosages/day of BrdU (50mg/kg) for 7 days and rats were sacrificed 28 days after the last BrdU
injection. While we were able to identify BrdU+ cells after 7 days of injections, we were unable
to identify any BrdU+ cells in the OVLT and SFO after 28 days. This implies that cells that
uptake BrdU divided, diluting the BrdU concentration, and thus its levels in their progenies were
too low to detect. Therefore, we administrated BrdU through drinking water which provides a
more continuous way of labeling newborn cells. To our surprise, in the OVLT and SFO, all
BrdU+ cells are also HuC/HuD+ in rats that received 28 days and 60 days BrdU drinking water.
This suggests that low concentration, prolonged duration of BrdU administration only labels
neurons. A possible explanation is that NPCs need to undergo multiple division before becoming
neurons, while other cell types are committed to their cell fate once they are generated from their
progenitor cells. In other words, NPCs need to undergo more divisions and cycles of S phases to
differentiate into neurons, while other cells do not require that many cell cycles. Therefore, only
NPCs and their progenies — neurons can accumulate enough BrdU to be visualized, while other
cells cannot accumulate enough BrdU to be detected. Thus, our results suggest that NPCs in the
OVLT and SFO undergo a series of divisions to differentiate into neurons. This process in which
NPCs undergo a stepwise division to commit to the neuronal cell fate is seen in the SVZ and
SGZ. Inthe SVZ, type B stem cells give rise to type C transit amplifying cells, which generate
type A neuroblasts, that can differentiate into immature neurons [184]. In the SGZ, SGZ

astrocytes give rise to intermediate precursors cells known as type D cells [184]. Type D cells
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proliferate and differentiate, progressively generating more differentiated progenies - type D1,
type D2, and type D3 cells — that can mature into granule cells [184]. In the OVLT and SFO,
NPCs presumably have their own pathways of becoming mature neurons, which remains to be

studied.

6.4 Implications of Elevated Cell Proliferation and Adult Neurogenesis in the

OVLT and SFO in Response to Acute Hypertension

The physiological significance of the increase in cell proliferation and adult neurogenesis
in the OVLT and SFO in rats treated with HSD remains to be elucidated. In rodent models of
obesity, it remains controversial whether cell proliferation in the ME contributes to the weight
gain or provides resilience to the development of obesity. In one study, ablation of proliferating
cells in the ME through X-irradiation in young mice (5.5 weeks) fed with a high-fat diet caused a
reduction in the body weight and an increase in energy expenditure [13]. However, another study
reported that ablation of proliferating cells in the ME through X-irradiation in adult mice (8-12
weeks) fed a normal chow diet caused a significant increase in body weight [185]. Similarly, the
effect of increasing cell proliferation and adult neurogenesis in the OVLT and SFO on the
development of hypertension can be either beneficial or detrimental. Similar to ME, where
increasing cell proliferation and adult neurogenesis in the basomedial hypothalamus can provide
resilience to the development of obesity [12, 87], increases in cell proliferation and adult
neurogenesis in the OVLT and SFO can potentially represent a protective mechanism providing
resilience to the development of hypertension. Conversely, cell proliferation and adult
neurogenesis in the OVLT and SFO can potentially contribute to the development of

hypertension. Since lesions of the OVLT attenuate the increase in the mean arterial pressure
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induced by HSD, proliferating cells in the OVLT might contribute to neural circuits regulating
the autonomic response to hypernatremia [186]. Thus, the functional contribution of enhanced
cell proliferation and adult neurogenesis in the OVLT and SFO to high dietary salt-dependent
hypertension remains to be explored. One potential way to do this is to induce or inhibit cell
proliferation through pharmaceutical approaches and assess how the induction or inhibition of
cell proliferation in the OVLT and SFO affect the blood pressure and blood osmolality in animal

models of high dietary salt-dependent hypertension.

6.5 Perspectives of Stem Cell Therapy to Treat Hypertension

Understanding the physiological significance of cell proliferation and adult neurogenesis
in the OVLT and SFO might be important for developing therapeutics to treat hypertension in
the future. Stem cell therapy is one of the most promising strategies for treating and preventing
diseases. Clinical studies utilizing stem cell therapy aim to treat a variety of diseases, including
but not limited to spinal cord injury [187], diabetes mellitus [188, 189], multiple sclerosis [190],
rheumatoid arthritis [191], and others. In animal studies focusing on the hypothalamus, the
induction of hypothalamic adult neurogenesis can treat obesity, and the transplantation of
immune-resistant hypothalamic NSCs can prolong lifespan [12, 88]. Identifying the role of NSCs
in the OVLT and SFO in the development of salt-dependent hypertension might provide a new
avenue for treating hypertension by manipulating NSCs in these areas. Existing stem cell therapy
treating hypertension focuses on secondary hypertensions such as pulmonary arterial
hypertension, which only encompass a small subset of hypertension [192]. However, primary
hypertension, which represents most hypertension cases, is associated with a series of metabolic

disorders (e.g. abdominal obesity, insulin resistance, and dyslipidemia) which have a central
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neuroendocrine origin in the hypothalamus [193]. A stem cell therapy focusing on the
hypothalamus can potentially provide a better treatment for primary hypertension and its
associated metabolic diseases. Nevertheless, there is still a very long way from the present study
to the development of potential clinical treatments. Numerous fundamental questions regarding
NSCs in the OVLT and SFO remain to be addressed. What triggers the increase in cell
proliferation and adult neurogenesis in animals that receive HSD? Is there an increase in
apoptosis in the OVLT and SFO in animals that receive HSD? What cell type(s) do progenitor
cells in the OVLT and SFO differentiate into? Do proliferating cells in the OVLT and SFO
migrate to other brain regions? What are the active and quiescent NSCs in the OVLT and SFO?
Answering these questions will provide the fundamental knowledge that can be used to generate

new therapeutic tools for treating diseases and ultimately improving the quality of lives.
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