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synaptically released glutamate dilates arterioles. However, whether this model is also 

applicable to brain areas that use less conventional neurotransmitters, such as 

neuropeptides, is currently unknown. To this end, we studied NVC in the hypothalamic 

magnocellular neurosecretory system (MNS) of the supraoptic nucleus (SON), in which 

dendritically released vasopressin (VP) can be found. Bath-applied VP significantly 

constricted SON arterioles via activation of the V ia receptor subtype. Vasoconstriction 

was also observed in response to single VP neuronal stimulation, an effect prevented by 

V ia receptor blockade (V2255). Conversely, osmotically-driven magnocellular 

neurosecretory neuronal population activity leads to a predominant nitric oxide (NO)- 

mediated vasodilation. Activity-dependent vasodilation was followed by a VP-mediated 

vasoconstriction, which acted to reset vascular tone. Taken together, our results unveiled 

a unique and complex form of NVC in the MNS, supporting a competitive balance 

between activity-dependent dendritic released VP and NO, in the generation of proper 

NVC responses.
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L INTRODUCTION (Chapter 1)

A. Statement of the Problem

The widely accepted model of neurovascular coupling (NVC) is that activity- 

dependent axonal glutamate released at the synapse triggers the production and release of 

vasoactive signals from both neurons and astrocytes. This leads to dilation of arterioles 

and in turn, increased cerebral blood flow (CBF). Therefore, NVC is a critical process 

which directs efficient oxygen and nutrient delivery to meet increased metabolic demands 

(Attwell et al., 2010). NVC coupling has been largely investigated in regions in which 

neuronal and network activity is largely driven by fast-acting afferent glutamate 

excitatory inputs including the cortex (Zonta et al., 2003; Filosa et al., 2004) and 

hippocampus (Lovick et al., 1999). In other neuronal systems, such as the hypothalamic 

magnocellular neurosecretory system (MNS), slow acting and far-diffusing neuropeptides 

constitute critical signals regulating neuronal/network activity, besides influences of 

glutamatergic afferents derived from circumventricular organs (Richard and Bourque, 

1995). Magnocellular neurosecretory neurons (MNNs) of the MNS reside in the 

supraoptic (SON) and paraventricular (PVN) nuclei. Whether the same NVC signaling 

modality applies to these distinct hypothalamic nuclei is unknown.

In addition to releasing vasopressin (VP) from their axonal terminals in the 

posterior pituitary (Poulain and Wakerley, 1982; Cazalis et al., 1985), magnocellular

1
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neurosecretory neurons (MNNs) also release VP from their soma and dendrites in an 

activity-dependent manner (Brown and Bourque, 2004; Ludwig and Leng, 2006; Son et 

al., 2013). Dendritic peptide release influences the degree/efficacy of afferent inputs 

(Kombian et al., 1997), individual neuronal firing (Gouzenes et al., 1998), as well as 

overall population (Ludwig and Leng, 1997) and inter-population activity (Son et al., 

2013). However, whether dendritic release of peptides also constitutes an efficient 

feedback signaling modality regulating local CBF and NVC is unknown.

As shown in many other vascular beds (Maigaard et al., 1986; Suzuki et al., 1992; 

Chen et al., 1999), VP is a potent vasoconstrictor in the SON. We therefore hypothesized 

that sinsle VP neuronal stimulation triesers SON arteriolar vasoconstriction. Using 

brain slices from the transgenic eGFP-VP rat (Ueta et al., 2005), we assessed activity- 

dependent SON vascular responses following single VP neuronal activation. We found 

that single VP neuronal stimulation preferentially induced vasoconstriction which was 

converted to vasodilation by vasopressin receptor blockage. We further explored the 

nature of dilatory signals by selective blockade of vasoconstrictive VP.

Nitric oxide (NO) acts as a vasodilator in various brain regions including 

cerebellum (Rancillac et al., 2006), hippocampus (Lourenco et al., 2014) and neocortex 

(Cauli et al., 2004; Kitaura et al., 2007). Mainly derived from neuronal nitric oxide 

synthase (nNOS), NO is abundantly produced in the SON (Arevalo et al., 1992; Calka 

and Block, 1993; Nylen et al., 2001; Stem and Zhang, 2005) and its availability is 

enhanced in response to hyperosmotic stimulation (Kadowaki et al., 1994). In order to
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test whether NO contributes to VP neuronal activity-mediated vascular responses in the 

SON, we depolarized single VP neurons in the presence of both NO and VP blockade. 

The diminished vascular diameter changes confirmed the involvement of NO in NVC in 

the SON.

Rather than the decrease in neuronal activity as observed in hippocampus and 

neocortex (Luhmann and Heinemann, 1992; Hyllienmark and Brismar, 1999; Krnjevic, 

2008), in the SON, hypoxia increased VP neuronal firing activity. Increased VP firing 

leads to the release of VP from the dendrites, a process we showed results in the 

vasoconstriction of SON arterioles. Thus, we hypothesized VP-induced vasoconstriction 

initiates a feed-forward pathway which further augments the hypoxic microenvironment 

o f the SON leadins to increased VP neuronal activity and thus the release o f  VP (e.s. 

into the circulation). However, contrary to our hypothesis, vasodilation instead of 

vasoconstriction was observed in response to hypoxic stimulation, suggesting that 

hypoxia may trigger the release of vasodilators which overcome the possible 

vasoconstrictive effects of dendritically-released VP.

Because vasoactive substances derived from single VP neuronal stimulation are 

limited to VP neurons, we next used hyperosmotic stimulation to active whole 

magnocellular neuronal population in the SON to test our third hypothesis: Neuronal- 

derived nitric oxide and dendritically released VP contribute to vasodilation and 

vasoconstriction in the SON, respectively. We found that osmotically-driven MNN 

population responses led to a predominant NO-mediated vasodilation and the delayed
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dendritically-released VP served to reset vascular tone following activity-dependent 

vascular response. Collectively, our results elucidate a multifaceted NVC in the MNS in 

which a competitive balance between NO and dendritic released VP regulates proper 

NVC responses.

Our studies highlighted dendritic release of peptides and the gas molecule NO as 

a novel mechanism by which neurons locally influence vascular tone and CBF. 

Moreover, the novel mechanism further supports multiple forms of NVC signaling 

modalities in the brain (Hamel, 2006b), which is mediated by a variety of neurochemical 

signals released by activated neurons. Importantly, pathophysiological implications can 

be drawn from NVC in the SON. For example, in heart failure a profound decrease in 

nNOS and NO availability, along with increased VP levels, have been reported in the 

SON/PVN during heart failure (Wang et al., 2005; Sivukhina et al., 2010; Sharma et al., 

2011). Thus, imbalanced VP/NO levels during heart failure may compromise NVC 

responses, resulting in a mismatch in the neuronal metabolic demand-supply equilibrium.

B. Review of related literature

1. Control of cerebral blood flow.

Human brain comprises only 2% of total body weight, yet consumes 20% of 

oxygen (Raichle and Gusnard, 2002). The high energy expenditure is mostly dedicated to 

the reversing of ionic fluxes underlying synaptic potential and action potential (47% and 

34% respectively) (Attwell and Laughlin, 2001; Howarth et al., 2012). Moreover, under 

physiological conditions, total blood flow to the brain is remarkably constant. Abnormal
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global increases in cerebral blood flow causes a large increase in cerebral blood flow 

(300—400%), disruption of blood-brain barrier and eventually edema formation in disease 

conditions (Euser and Cipolla, 2007). Two mechanisms, autoregulation and functional 

hyperemia, are involved in maintaining constant blood flow to the brain and up-regulate 

local blood flow in response to regional energy demand, respectively.

Cerebral pila artery/arteriole system and the blood supply to hypothalamus.

Mammalian brain is mainly supplied by two carotid arteries and two vertebral 

arteries which communicate with each other and form the Circle of Willis. Originating 

from the Circle of Willis, three pairs of arteries, namely anterior, middle and posterior 

cerebral arteries, give rise to pial arteries that cover the majority of the brain surface. 

Apart from blood supply to the whole cerebrum, the Circle of Willis also gives rise to 

branches such as medial lenticulostriate arteries, thalamoperforating arteries, 

thalamogeniculate arteries and perforating branches which directly penetrate into the 

brain and maintain blood supply to hypothalamus and other structures located at the base 

of the brain (Ambach and Palkovits, 1975). Those direct braches from the Circle of Willis 

together with branches from pial arterioles, penetrate the brain parenchyma as 

parenchymal arterioles or penetrating arterioles. The later, divide into an extensive 

capillaries network free of vascular smooth muscle cells (Heistad and Kontos, 2011). Pial 

arteries on the surface of brain are innervated by nerves originating from superior 

cervical, sphenopalatine, otic and trigeminal ganglia of the peripheral nervous system 

(Hamel, 2006a). As pial arteries divide and penetrate the brain parenchyma, peripheral 

innervations are replaced by astrocyte endfeet which can cover >99% of arterioles and
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capillaries (Iadecola and Nedergaard, 2007; Mathiisen et al., 2010; McCaslin et al., 

2011).

Autoregulation.

Autoregulation, defined as vascular resistance changes or simply arteriolar caliber 

changes according to variation of blood pressure or perfusion pressure (Paulson et al., 

1990), stands as an important mechanism maintaining constant cerebral blood flow. CBF 

autoregulation in human is operated between blood pressure ranges from 50 to 160 

mmHg (Paulson et al., 1990). Three factors have been proposed to contribute to cerebral 

autoregulation: myogenic, neurogenic and metabolic components (Edvinsson et al., 1993) 

(chapter 25: p395-412). In this section, only myogenic and neurogenic controls of 

autoregulation are discussed. Metabolic factors and their role in function hyperemia will 

be addressed latter. In the myogenic component, a stepwise increase or decrease in 

transmural pressure either constricts or dilates cerebral arteries/arterioles, respectively 

(Bayliss, 1902). The sensor for pressure induced myogenic tone has been elusive, until 

Brayden and colleagues suggested the involvement of transient receptor potential (TRP) 

C family (Welsh et al., 2002). Using antisense strategy, this group showed that acute 

knockdown of TRPC6 reduces pressure induced depolarization of vascular smooth 

muscle cells (VSMC), suggesting the role of TRPC6 in transducing pressure to 

vasoconstriction. More recently, it has been proved that TRPC6 in cerebral VSMC can be 

directly activated by pressure-induced stretch (Gonzales et al., 2014). The activation of 

stretch-operated TRPC6 and angiotensin II receptor type 1 on plasma membrane of 

VSMC trigger IP3R-mediated calcium ions (Ca2+) release to activate Na+ predominant
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TRPM4 currents, leading to further membrane depolarization (Gonzales et al., 2014). 

Depolarized membrane potential activates voltage-dependent calcium channels which 

allows Ca2+ influx and thus facilitates the release of arachidonic acid from phospholipids 

pools, generating the potent vasoconstrictor 20-hydroxyeicosatetraenoic acid (20-HETE) 

(Harder et al., 1994; Gebremedhin et al., 2000). 20-HETE exerts its vasoconstrictive 

effect via inhibition of large-conductance Ca2+ activated potassium channel (BK) as well 

as activation of L-type Ca2+ channels (Gebremedhin et al., 1998; Sun et al., 1998).

Besides myogenic control of autoregulation, neurogenic autoregulation also plays 

an important role in autoregulation. Pial vessels are highly innervated by autonomic 

fibers and sensory fibers in peripheral nervous system (Edvinsson et al., 1993) (chapter 

25: p395-412). The limit of autoregulation was shifted in parasympathetically denervated 

rats (Morita et al., 1994). The mechanism of neurogenic control of pial vessels by sensory 

fibers has also been elucidated, highlighting the release of pressure-induced 20-HETE 

from VSMC and subsequent activation of TRPV1 channels on nerve terminal. The 

opening of TRPV1 leads to an increase in intracellular Ca2+ in nerves and perivascular 

release of substance P which causes tachykinin neurokinin-1 receptors-mediated 

contraction of VSMC (Scotland et al., 2004; Xie et al., 2010). Parenchymal arterioles and 

microvessels are innervated by neuronal fibers in central nervous system (Ishitsuka et al., 

1986; Hamel, 2006a; Rancillac et al., 2006). How these innervations influence 

autoregulation has not been studied.

Concepts of functional hyperemia, neurovascular coupling and neurovascular unit
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In 1890, Roy and Sherrington concluded that the brain possesses an intrinsic 

mechanism by which its vascular supply can be varied locally in correspondence with the 

local variations of functional activity” (Roy and Sherrington, 1890). The above concept is 

still valid and a century’s research has redefined the concept as “functional hyperemia”, 

which reflects the dilation of arterioles and capillaries to a restricted brain region in 

response to a local increase of neuronal activity (Girouard and Iadecola, 2006; 

Carmignoto and Gomez-Gonzalo, 2009).

The mechanism that mediates functional hyperemia is termed “neurovascular 

coupling (NVC)” (Newman, 2013). Important to keep in mind is the fact that NVC 

encompasses both neuronal activity-induced vasodilation as well as neuronal activity- 

induced vasoconstriction (Cauli et al., 2004). NVC involves an active interplay between 

neural cells as well as non-neuronal vascular cells which are fundamental components of 

the neurovascular unit (NVU). The anatomical substrates of the NVU, which are also 

important players in NVC, differ at different hierarchy levels of cerebral vascular beds. 

For example, in parenchymal arterioles the neurovascular unit is composed of neurons, 

astrocytes, endothelial cells and vascular smooth muscle cells, while in capillary beds, it 

is comprised of pericytes in addition to neurons, astrocytes and endothelial cells 

(Iadecola, 2004; Hawkins and Davis, 2005). The concept of the NVU emphasizes the 

anatomical relationship among the various cellular compartments while the concept of 

NVC emphasizes the interplay and functional relationship between cellular components 

of NVU. Disruption of brain homeostasis in disease conditions such as ischemia (del 

Zoppo, 1994; del Zoppo and Mabuchi, 2003), affects the integrity of the NVU, leading to
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inflammation, cerebral edema and vascular dementia (Iadecola, 2004; Hawkins and 

Davis, 2005), which negatively affect the efficiency of NVC. The effect of 

hypoxia/ischemia on NVC is discussed in this chapter latter.

Glutamate-mediated vasodilation is the most common mechanism for functional 

hyperemia.

Multiple lines of evidences showed that synaptically released glutamate, the most 

prevalent neurotransmitter in cortical regions, initiates NVC in the brain (Busija and 

Leffler, 1989; Pelligrino et al., 1996; Zonta et al., 2003; Petzold and Murthy, 2011). 

Glutamate does not directly act on vascular smooth muscle cell, since glutamate induced 

vasodilation is prevented in isolated cerebral arterioles (Simandle et al., 2005). Moreover, 

glutamate-induced vasodilation does not require the participation of endothelial cells, 

since the removal of endothelial cells did not affect N-methyl-D-aspartate (NMDA)- 

induced vasodilation (Domoki et al., 2002).

Neurons and astrocytes are important mediators for glutamate-induced 

vasodilation. Both neurons and astrocytes express a variety of inotropic glutamate 

receptors (iGluR) as well as metabotropic glutamate receptors (mGluR) (Steinhauser and 

Gallo, 1996; Zonta et al., 2003; Takano et al., 2006; D'Antoni et al., 2008; Bradley and 

Challiss, 2012). There are three types of iGluR, characterized by their synthetic 

analogues: NMDA, alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

(AMPA) and kainate (Busija et al., 2007). iGluR are ligand-gated ionic channels, the 

opening of which allows ions influx and membrane depolarization. There are eight



10

different subtypes of mGluR (1-8) which can be further divided into three groups (mGlu 

I-III). mGluR are coupled to second messenger signaling. Activation of group I mGluR 

(mGluR 1/5), Gq/11 family of G-proteins, leads to formation of inositol 1,4,5- 

trisphosphate (IP3) and diacylglycerol. IP3 triggers the release of Ca2+ from intracellular 

stores while diacylglycerol activates protein kinase C which initiates subsequent protein 

phosphorylation. Activation of group II (mGluR 2/3) and III (mGluR 4/6/7/8), which are 

Gi/Go family of G-proteins, leads to down-regulation of adenylate cyclase and 

suppression of cellular activity (Pin and Duvoisin, 1995; D'Antoni et al., 2008).

Both neurons and astrocytes express iGluR, however, neurons have more frequent 

and abundant expression of iGluR receptors than astrocytes (Cauli et al., 2000; Cauli and 

Hamel, 2010). Ca2+ entry by activation of NMDA receptors leads to membrane 

depolarization, activation of intracellular pathways and eventually the production of 

vasodilatory substances including nitric oxide (NO) (Garthwaite, 1991; Faraci and 

Breese, 1993; Domoki et al., 2002; Cauli et al., 2004) and prostaglandin E2 (PGE2) (Niwa 

et al., 2000; Pepicelli et al., 2005) (Figure 1).

Cortical neurons also express metabolic glutamate receptors. Group I mGluR are 

generally found in postsynaptic density and modulate postsynaptic efficacy while Group 

II and III are found mainly in presynaptic density and regulate neurotransmitter release 

(Ferraguti and Shigemoto, 2006). The activation of postsynaptic mGluR5 in intemeurons 

can trigger the release of vasoactive substances which mediate NVC. For example, in 

submucosal plexus, mGluR5 (group I mGluR)-sensitive intemeuron express vasoactive
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intestinal peptide (VIP), the release of which can trigger glutamate-induced, VIP- 

mediated vasodilation (Wang et al., 1986; Yaksh et al., 1987; Cauli et al., 2004).

The most common pathway for astrocytic production of vasoactive substances is 

through the activation of astrocytic mGluR (mGluRl and mGluR5) (Zonta et a l, 2003), 

which conveys glutamate-induced vasodilation in cortical areas (Zonta et al., 2003; 

Takano et al., 2006; Sloan et al., 2010) and subcortical regions such as striatum (Sloan et 

al., 2010). The activation of mGluR on astrocytes triggers the production of 1,4,5- 

triphosphate (IP3) which lead to the release of Ca2+ from endoplasmic reticulum (Zonta et 

al., 2003; Takano et al., 2006). Increase intracellular Ca2+ further triggers the production 

of arachidonic acid (AA), a precursor of vasodilators prostaglandin E2, 

epoxyeicosatrienoic acids (EETs), as well as constrictor 20-HETE (Roman, 2002). 

Besides the production of AA, increased Ca2+ triggers exocytosis of adenosine 

triphosphate (ATP) which is rapidly hydrolyzed to vasoactive adenosine, a mediator for 

functional hyperemia (Pangrsic et al., 2007; Shi et al., 2008; Pelligrino et al., 2011). 

Another vasoactive substance triggered by increased intracellular Ca2+ is potassium ion 

(K+). K+ is released via large conductance Ca2+-activated K+ channels (BK) from 

astrocyte into perivascular space. Perivascular K+ activates inwardly rectifying potassium 

channels (Kir) expressed on vascular smooth muscle cells (Filosa et al., 2006). An 

increase in perivascular K+ (<20 mM) induces dilation while a large increase in K+ (>20 

mM) dictates constriction (Girouard et al., 2010).
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Although astrocytes express functional iGluR in certain brain regions (Dzamba et 

al., 2013), the level of iGluR expression in astrocytes is much lower than that in neurons 

(Cauli and Hamel, 2010). Activation of astrocytic NMDA receptors facilitates 

intracellular Ca2+ either directly by opening of Ca27Na+/K+-permeable NMDA receptors 

or indirectly by activating voltage-sensitive L-type Ca2+ channels (Latour et al., 2001). 

Unlike neuronal NMDA receptors which is sensitive to Mg2+ block, astrocytic NMDA 

receptors is weakly sensitive to Mg2+block due to predominant expression of GluN3 

subunit (Cavara and Hollmann, 2008; Dzamba et al., 2013). Recent work showed that 

activation of NMDA receptors leads to Ca2+ elevation in cortical astrocytes (Palygin et 

al., 2010; Pankratov and Lalo, 2014). The increased astrocytic cytosolic Ca2+ increases 

glial excitability which may lead to the production of vasoactive substances as discussed 

above.

In addition to glutamate, astrocytes also can be directly activated by ATP via 

either metabotropic purinergic receptors such as P2YR (Simard et al., 2003) or inotropic 

purinergic receptors such as P2 X7 (Habbas et al., 2011) and P2Xi/s (Palygin et al., 2010). 

The activation of P2YR induced production of IP3 which further induced Ca2+ release 

from intracellular Ca2+ store. The activation of P2 X7 or P2Xi/5 induces influx of Ca2+ 

from extracellular space. The signaling pathways for the release of vasoactive substances 

have been discussed and summarized in Figure 1.

Mechanism of vasoconstriction.
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Both neurons and astrocytes are able to release vasoconstrictive substances. 

Elegant work from Hamel’s group showed that stimulation of single cortical intemeurons 

can trigger vasoconstriction. Expression profile of enzymes which are responsible for the 

production of vasoactive substances using single-cell reverse transcriptase-multiplex PCR 

showed that vasoconstriction in response to single intemeuron stimulation is due to the 

release of either neuropeptide Y (NPY) or somatostatin (SOM) (Cauli et al., 2004). 

Astrocytes, on the other hand, are also able to directly induce vasoconstriction via 20- 

HETE (Metea and Newman, 2006) and K+ (Girouard et al., 2010). The rise in 

intracellular astrocytic Ca2+ trigger the production and release of AA which can be 

converted to vasoconstrictor 20-HETE in VSMC (Metea and Newman, 2006). Increased 

intracellular Ca2+ in astrocytes can also trigger the activation of BK channel leading to the 

release of K+ into perivascular space. A mild increase in intracellular Ca2+ in astrocytes 

triggers a relative low increase in gliovascular K+ (<20 mM) which activates Kir channels 

on VSMC which leads to VSMC hyperpolarization and subsequently vessel dilation. 

However, a large increase in intracellular Ca2+ in astrocytes triggers large increases in K+ 

(>20 mM) which directly depolarizes VSMC leading to vasoconstriction (Filosa et al., 

2006; Girouard et al., 2010).

The effect of hypoxia in neurovascular coupling.

Brain activity, especially synaptic transmission, is highly energy demanding and 

mainly depends on the production of ATP via oxidative metabolism of glucose (Attwell 

and Laughlin, 2001; Hall et al., 2012). The lack of oxygen (O2), or hypoxia, produced 

marked cerebral arteriolar vasodilation and subsequently increase in blood flow (Kontos
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et al., 1978) which enables O2 supply to the hypoxic region. It has been initially 

suggested by Kontos that hypoxia induced vasodilation is likely mediated by dilators 

derived from neural parenchyma other than direct relaxant effect of low O2 on arterioles 

(Kontos et al., 1978). More recently, Gordon et al showed the mechanism by which lower 

oxygen level favors the release of dilatory signals from neural tissue to induce 

vasodilation (Gordon et al., 2008). Bath applied aCSF equilibrated with low level of 

oxygen induces hypoxia in acute brain slices. Ca2+ elevations in astrocytes triggered by 

the mGluR agonist caused PGE2-mediated vasodilation. Gordon et al also showed that 

not only PGE2 pathway is enhanced during hypoxic condition, but also adenosine 

accumulation occurs in the extracellular space which leads to inhibition of VSMC L-type 

Ca2+ cannels and thus favors vasodilation (Gordon et al., 2008). Although Gordon’s work 

provides valuable insight into the central player in hypoxia induced vasodilation, a caveat 

of their study is that all their work has been performed on vessels of acute brain slices in 

the absence of proper vascular tone, which can greatly influence the polarity of the 

vascular response (dilation vs. constriction) to astrocyte derived vasoactive substances 

(Blanco et al., 2008). Other vasodilators may also be released in response to hypoxia and 

contribute to hypoxia-induced vasodilation such as hydrogen ions and K+ (Heistad and 

Kontos, 2011).

2. Regional differences in neuronal stimulation-induced 

vascular response.

It has been shown that the magnitude and/or type of vascular response induced by 

neuronal stimulation are region specific. For example, there is a positive correlation
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between local field potential and blood oxygen level-dependent signals in the primary 

cortex. However this correlation is not observed in thalamus and brainstem (Sloan et al., 

2010; Devonshire et al., 2012). Electrical stimulation of nucleus basalis of Meynert 

selective increase blood flow to some areas in frontal cortex, parietal cortex and occipital 

cortex, but not other brain regions such as hippocampus, hypothalamus and caudate 

putamen, etc (Adachi et al., 1990; Sato et al., 2001). The existence of such regional 

difference suggests that the knowledge on NVC acquired from one brain region cannot be 

readily applied to another area. Hence it is important to study NVC for specific regions of 

interest.

Factors influencing NVC in different brain regions.

To study NVC in different brain regions, several aspects should be taken into 

account, such as neuronal circuitry, receptors expression level and types of vasoactive 

substances, locally released vasoactive substances and type of astrocytes involved.

Neuronal circuitry.

The neuronal innervation to brain vasculature varies with region. Cortex is the 

most thoroughly studied region on the type/source of innervation and the nature of NVC- 

related peptides. Cortical afferents that influence NVC come mainly from two sources: 

subcortical origin, which are extrinsic afferents from thalamus, basal ganglia and 

cerebellum; local original, which are intrinsic afferents of cortical origin (Shepherd,

2004). Extrinsic afferents contain vasoactive substances, such as acetylcholine, 

dopamine, serotonin and norepinephrine. The release of acetylcholine and dopamine
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induces vasodilation while the release of serotonin and norepinephrine causes 

vasoconstriction (Hamel, 2006a).

Receptor type/distribution.

Receptor type, location and expression level can influence the type (constriction 

vs. dilation), magnitude, onset and duration of vascular responses mediated by vasoactive 

substances. For instance, activation of dopamine D1/D5 receptors expressed on 

microvasculature preferentially mediates increased cerebral blood flow while activation 

of dopamine D2 receptors and astroglial dopamine D3 receptors induces the opposite 

effect (Schwarz et al., 2004; Chen et al., 2005; Choi et al., 2006). Another example is y- 

aminobutyric acid (GABA), which is the main inhibitory neurotransmitter in the brain. 

GABA released from cortical intemeurons triggers vasodilation via astrocytic G ABA a 

receptors (Kocharyan et al., 2008). GABA released from cerebellum GABA-ergic 

neurons activates astrocytic GABA transporters and mediates vasoconstriction (Doengi et 

al., 2009). Moreover, the onset and duration of vascular response are varied in response 

to activation of different receptors/second messengers. As reviewed by (Cauli and Hamel, 

2010), NO, the fastest diffusible vasodilator (Wood and Garthwaite, 1994), transiently 

released by neurons (Buerk et al., 2003), is more likely to be responsible for the onset and 

early phase of the NVC response. On the other hand, PGE2 and EETs, which produced by 

second messenger activation, account for NVC responses during sustained neuronal 

activity.

Locally released vasoactive substances from neurons.
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Vasoactive substances can be released directly from local neuronal processes into 

perivascular space and change local vascular tone. Cortical GABA intemeurons integrate 

synaptic events and, based on the types of vasoactive substance expressed, dilate 

(VIP/NOS) or constrict (SOM/NPY) nearby arterioles (Cauli et al., 2004). Furthermore, 

cerebellar stellate cells dilate local arterioles via the release of NO while nearby Purkinje 

cells constrict arterioles by the release of endothelin-1 and thromboxane A2 (Rancillac et 

al., 2006).

Types of astrocytes presented.

As mentioned earlier, astrocytes have direct influence on NVC. However, studies 

have shown that the hemodynamic influence of astrocytes is not homogenous throughout 

the brain (Kurth-Nelson et al., 2009; Hoogland and Kuhn, 2010; Buffo and Rossi, 2013). 

Distinct types of astrocytes coexist within the hippocampus. Segregated expression of 

AMPA glutamate receptors and glutamate transporters on enable hippocampal astrocyte 

to exert different functions (Matthias et al., 2003). Moreover, as discussed in detail in a 

recent review, astrocytes can also vary special and temporal release of multiple 

gliotransmitters to exert diverse modulatory actions (Araque et al., 2014). The type of 

astrocytes also greatly influences NVC. For example, most cortical astrocytes showed 

restricted Ca2+ increases in astrocytic processes in response to glutamate induced by 

sensory stimulation (Wang et al., 2006). In contrast, cerebellar Bergman glia showed 

large scale Ca2+ waves in response to glutamate induced by motor stimulation 

(Nimmerjahn et al., 2009). The supraoptic nucleus of the hypothalamus has a unique 

population of astrocytes: radial-like astrocytes which exhibit strong
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morphological/functional plasticity during different physiological states (Hatton, 1997; 

Hawrylak et al., 1999; Oliet et al., 2001). The retraction of astrocytic processes from 

tripartite synapses in response to physiological stimulation may lead to altered NVC due 

to decreased synaptic efficacy resulting from absence of glial-derived NMDA receptor 

co-agonist D-serine (Oliet et al., 2001).

3. The hypothalamic supraoptic nucleus.

Magnocellular neurons in the supraoptic nucleus.

Hypothalamus is a very small but very important region in the maintenance of 

body homeostasis, to name a few, temperature, glucose level, food/water intake, blood 

pressure and reproduction. The supraoptic nucleus (SON), part of the neurohypophysial 

system, is one of the best characterized nucleus in the hypothalamus. Unlike multiple 

neuronal types and complex input-output relationships in the cerebral cortex, the SON 

has relatively simple neuronal composition and defined circuits.

The border of the SON refers to the magnocellular neuronal soma which are 

densely clustered on the lateral side of the optic chiasm (OC) but not the occasional 

occurrence of magnocellular neurons along the medial to the OC and widely spread nerve 

fibers (Figure 3 and 4). The SON is mainly composed of large shaped (around 20 pm) 

magnocellular neurons, either vasopressinergic (VP) or oxytocinergic (OT) (Dyball and 

Koizumi, 1969; Hatton, 1990; Renaud and Bourque, 1991). Magnocellular neurons have
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one to three dendrites which are confined largely within the boundaries of the nucleus. 

Those dendrites are oriented vertically and directed ventrally aggregated into a thick 

dendritic plexus (Figure 2 and 3). It is important to stress that the majority and perhaps 

only projection of SON magnocellular neurons is involved in hormonal release in the 

pituitary gland (Swanson and Sawchenko, 1983; Armstrong, 1995; Ludwig and Leng, 

2006). A variety of peptides can be synthesized by magnocellular neurons, however, VP 

and OT are the main secretory products in response to cardiovascular-related as well as 

reproductive-related stimulation (Armstrong, 1995). VP can either act on the kidney 

proximal tubule to promote water retention or directly constrict arteries to increase blood 

pressure. OT activates uterine contractions during labors and stimulates milk production 

in milk ejection reflex (Armstrong, 1995).

Neuronal network in the SON is well characterized.

The SON is innervated by a large number of fibers from brainstem and 

periventricular system (Swanson and Sawchenko, 1983). Noradrenergic projections are 

the most thoroughly characterized neuronal inputs into the SON from the brainstem. 

Histofluorescent study showed that SON is densely innervated by catecholaminergic 

fibers (Lindvall and Bjorklund, 1974). Retrograde labeling study showed that SON 

catecholaminergic innervations originate from A l, A2 and A6 regions of the brain stem. 

The soma of those neurons is also co-stained with DBH, suggesting the projection from 

those regions to the SON is primarily noradrenergic. It has also been found that VP 

neurons in the SON are preferentially innervated by noradrenaline afferents compared to 

that of OT neurons (Sladek and Zimmerman, 1982). Noradrenaline pathway from
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Figure 2: Confocal photomicrograph o f sinele VP neurons in the SON 
acute brain slices from VP-eGFP rats. Alexa 555, a red fluorescent dye was 
included into patching pipette which selectively patches a VP neuron. The 
original confocal image o f Alexa 555 (red) is converted to binary (black).



Fieure 3: Confocal vhotomicroeravh o f VP (sreen) 
and OT (red) neurons in the SON. Note that the thick 
dendritic plexus at the ventral side o f the SON.



Fieure 4: Confocal photomicrograph showing magnocellular VP neurons (sreen. 
VP anti-mouse) and vascular beds (red. Reca-1 anti-mouse, endothelial cell 
marker). Note the large penetrating vessel branches into capillary beds o f high 
density. VP neurons and SON vasculature has close relationship. OC, optic chisam.



24

brainstem ventrolateral medulla to the SON conveys visceroceptive information directly 

to the neurohypophyseal system (Swanson and Sawchenko, 1983).

The SON is also richly innervated by glutamatergic fibers which account for 

around 20% of all synapses in the SON (Meeker et al., 1993). Glutamatergic innervations 

are mainly projected from osmosensitive neurons in circumventricular organs (such as 

organum vasculosum of the lamina terminalis) (Oldfield et al., 1994). Increased systemic 

osmolarity activates osmosensitive, glutamatergic neurons in circumventricular organ and 

thus lead to glutamate release in the SON (Richard and Bourque, 1995). As a result, 

glutamate conveys osmolarity, one of the cardiovascular related signals, to the activity of 

SON neurons.

Besides glutamate, SON neurons are also densely innervated by GABA synapse 

which account for around 50% of total synapses (Decavel and Van den Pol, 1990). The 

role of GABA on the activity of magnocellular neurons in the SON is controversial. 

GABA has been shown to have an inhibitory effect on both types of magnocellular 

neurons in the SON (Li et al., 2003; Potapenko et al., 2013). It has also been shown 

GABA has differential effects on magnocellular neurons which is based on different 

intracellular chloride levels (Haam et al., 2012).

Blood supply to the SON.

Blood supply to the hypothalamic SON is mainly conducted by branches of 

posterior communicating and posterior cerebral arteries and the anterior cerebral and
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internal carotid arteries which are direct branches of the Circle of Willis (Daniel, 1966; 

Ambach and Palkovits, 1975). SON arterioles branches into dense capillary beds which 

supply blood flow to the SON (Figure 4 and 5). Large arterioles in the SON have close 

association with VP soma (Figure 4 and 5) and neuropil (Figure 6). Interestingly, main 

vessels that supply the SON also supply other hypothalamic regions such as 

paraventricular nucleus (PVN) and suprachiasmatic nucleus (Ambach and Palkovits, 

1975), likely regulating blood flow to these functionally related regions.

Astrocytes in the SON.

Three groups of astrocytes have been characterized in the SON: star-shaped 

astrocytes, radial-like astrocytes and round-shaped astrocytes (Bonfanti et al., 1993; 

Israel et al., 2003). The morphology of star-shaped astrocytes in the SON, resembles 

astrocytes commonly found in adult neuronal tissue. However, the occurrence of star

shaped astrocyte is not as high as radial-like astrocytes in the SON (Bonfanti et al., 1993). 

The second type of SON astrocyte is the round astrocyte which is located near the ventral 

site of the SON, usually in small clusters. The injection of Lucifer yellow into one round 

astrocyte can transfer between a few of these types of astrocytes, suggesting the existence 

of gap junction on round astrocytes. Round astrocytes have few processes which are short 

and not sent throughout the SON as with radial-like astrocytes. Similar to star-like 

astrocyte, the number round astrocytes in the SON is low. The function of round-shape 

astrocytes is still unknown (Israel et al., 2003).
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Figure 5: Confocal photomicrograph showins an SON arteriole (blue) and VP 
neurons (red). A penetrating vessel which passing through the SON supplies blood 
flow to the SON. VP neurons and their processes are immunofluorescent stained 
with VP specific antibody (shown in red). Arterioles are stained with a fluorescent 
dye Alexa 633, specific marker for arteriole wall (shown in blue). Arrow heads 
indicate secondary branches from the main arteiroles. OC, optic chisam.



Fieure 6: Confocal photomicrograph o f VP-positive neuropil and 
an arteriole. A: Confocal photomicrograph at low magnification 
(25X) showing VP neurons and their processes which are 
immunofluorescent stained with VP specific antibody (shown in red) 
and an arteriole which is stained with a fluorescent dye Alexa 633, 
specific marker for arteriole wall (shown in blue). B: Confocal 
photomicrograph at high maginification (63X) o f (A) showing the 
intimate relationship between a SON arteriole and VP processes. C: 
Another example o f  the close relation between VP-postive processes 
and SON arterioles. Note that a VP neuron (asterisk) project one o f  
its dendrites (arrows) directly to the arteriole.
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The third type of astrocyte is radial-like astrocytes which is the most abundant 

type of astrocytes in the SON. Compared to cortical regions in the adult brain, the SON 

uniquely processes radial-like astrocytes. The soma of radial astrocytes resides in the 

ventral side of the SON which give rise to long, thick processes in dorsal-ventral 

orientation. Those processes, almost parallel to each other, spanned whole SON and 

ended beyond a little bit to the dorsal side of the SON (Figure 7A). Moreover, these 

processes associated closely to the large penetrating arterioles in the SON (Bonfanti et 

al., 1993) (Figure 7B). One may assume that those astrocytic processes may contribute to 

the glutamate-mediated NVC in the SON. Interestingly, unlike cortical astrocytes, 

electrophysiology data showed that SON radial-like astrocytes do not respond to 

glutamate (Israel et al., 2003).

Another unique characteristic of SON radial-like astrocytes is their plasticity. The 

morphology of SON astrocytes is highly dynamic since their processes can retract 

towards ventral glial soma upon physiological stimulation, such as lactation, dehydration 

and parturition (Perlmutter et al., 1984, 1985; Chapman et al., 1986; Theodosis et al., 

1986; Hatton, 1997; Langle et al., 2002). The functional consequences of glial retraction 

have been intensely studied in recent years and came to following conclusions: (1) 

decreased tortuosity facilitates diffusion in the extracellular space. Increased glutamate 

diffusion promotes the binding of pre-synaptic glutamate receptors on GABA neurons 

which inhibit the release of GABA in the SON (Piet et al., 2004); thereby reducing 

GABA inhibition on magnocellular neurons (Stem and Ludwig, 2001). (2) Decreased 

efficacy of astrocytic glutamate transporter leads to glutamate accumulation in the SON.



Figure 7: Glial plasticity in the SON. A: Confocal photomicrograph 
shows radial-like glial processes which are immunofluorescently stained 
with astrocyte specific antibody GFAP (shown in blue) under either 
normal-hydrated (left) or dehydrated (right) condition. Note that glial 
processes within the border o f the SON are greatly reduced in 
dehydration. B: Confocal photomicrograph at higher magnification o f the 
dashed square in (A) showing glial processes and endothelial cells which 
are stained with RECA-1, specific endothelial cell marker. Note that glial 
processes are in close proximity to a large vessel (arrows).
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The accumulated glutamate acts at pre-synaptic glutamate receptors and inhibits 

glutamate release. (Oliet et al., 2001). (3) Decreased release of glial transmitters such as 

D-serine which is a co-activator for NMDA receptor. Reduction in the level of D-serine 

decreases the number of NMDA receptor available for activation, leading to long-term 

depression (Panatier et al., 2006).

NVC in hypothalamic supraoptic nucleus (SON)

We found the SON is a very unique and important region for studying NVC due 

to following aspects:

First of all, SON has relatively simple neuronal composition and defined circuits. 

SON composes exclusively magnocellular vasopressin (VP) and oxytocin (OT) neurons, 

whereas axonal collaterals are rarely found. As a result, the contribution of dendritically 

released signals can be studied without the interference of axonal released neuropeptides. 

Second, the osmosensing ability of VP/OT neurons provides the possibility to stimulate 

magnocellular neurons by increasing osmolarity. Third, several arterioles supply the 

blood flow to the SON also simultaneously supply other hypothalamic regions. As a 

result, SON is in a perfect place to control blood flow to several hypothalamic regions of 

related functions. The understanding of NVC in the SON may also have great impact on 

the understanding NVC in other hypothalamic regions.

4. ' Somato-dendritically released neuropeptides.

In addition to well-known pituitary release, the dominant SON neuropeptides VP 

and OT can also be released from dendrites and soma, termed somato-dendritically
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release of neuropeptides (Ludwig, 1998). The major releasing site for neuropeptides are 

dendrites which account for 80% of total neuronal surface area (Ludwig and Leng, 2006). 

Dendrites of magnocellular neurons have large swellings which contains dense 

neuropeptides immunoreactivity (Pow and Morris, 1989) (Figure 3).

Dendritically released neuropeptides are different in at least two aspects from 

classical axonal released neurotransmitters such as glutamate and GABA. Firstly, the 

half-life of neuropeptides is much longer than neurotransmitters. The half-life of typical 

neurotransmitters is about five seconds, however, half-life of neuropeptide (e.g VP/OT) is 

around twenty minutes (Ludwig and Leng, 2006). The long half-life enable neuropeptides 

exert their action in places far away from their releasing sites, not restricted to synaptic 

cleft as in the case of most neurotransmitters. Secondly, neuropeptides usually bind to 

high affinity G-protein coupled receptor instead of relative low-affinity inotropic 

receptors, so that low concentration of neuropeptides is enough to activate their 

respective receptors. For example, one of VP’s receptor vasopressin la  is Gq protein- 

coupled receptor, the activation of which promotes the activation of phospholipase C 

(PLC) and consequent release of Ca2+ from intracellular Ca2+ stores. Action of VP on 

VSMC induces vasoconstriction (Nemenoff, 1998; Henderson and Byron, 2007).

Mechanism of the release of dendritic neuropeptides

The dendritic neuropeptides release has been intensely studied in the SON due to 

anatomical segregation of dendrites and axons in the magnocellular neurohypophyseal 

system, which allows the measurement of neuropeptides independently. At the ventral
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side of the SON, thick dendritic plexus can be found. Using tannic acid to stabilize 

extracellular peptidergic granule, large dense-core vesicles and their fusion intermediate 

“omega structures” on both dendrites and soma of magnocellular neurons are visualized, 

suggesting exocytosis of neuropeptides from dendrites and soma (Pow and Morris, 1989). 

The source of Ca2+ which is required by the fusion of large dense-core vesicles is not 

clear (Kennedy and Ehlers, 2011). Previous work showed that neuropeptide release can 

be mediated by Ca2+ influx through L-type Ca2+ channels in response to neuronal 

depolarization (Xia et al., 2009). Ca2+ influx directly through NMDA receptors can also 

mediate oxytocin release (de Kock et al., 2004). Another possible source of Ca2+ is 

endoplasmic reticulum, since thapsigargin, mobilizer for intracellular Ca2+ store, is 

sufficient to induce large dense-core vesicles exocytosis (Ludwig et al., 2002). Neuronal 

firing activity in magnocellular neurons is sufficient for dendritically release of 

vasopressin (Kombian et al., 1997; Son et al., 2013). However, neuronal firing activity is 

not necessary for the dendritic release of neuropeptides, since activation of NMDA 

receptors on OT neurons allows dendritic release of OT in the absence of action potential 

(de Kock et al., 2004). Moreover, OT or thapsigargin can also trigger dendritic release of 

oxytocin without changing neuronal activity (Ludwig et al., 2002). The above work 

indicats that multiple signaling pathways can be involved in Ca2+-mediated dendritically 

release of neuropeptides.

An important process for chronic release of neuropeptides from dendrites needs 

“priming” of neuropeptides, the concept which was initially proposed and proved by 

Ludwig and Leng (Ludwig and Leng, 2006). The treatment of thapsigargin increases the
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incidence of LDCV on the plasma membrane which subsequently allows a greater level 

of neuropeptides release from dendrites in response to high K+-induced neuronal 

depolarization (Ludwig et al., 2002; Tobin et al., 2004).

Function of dendritically-released neuropeptides

Dendritically released neuropeptides VP and OT have been shown to function as 

neuromodulators (Hatton, 1990; Armstrong, 1995; Kombian et al., 1997; Son et al., 

2013). OT and VP have differential effects on excitability of VP and OT neurons. OT has 

excitatory effect on OT neurons but has no effect on VP neurons (Moos et al., 1984; 

Yamashita et al., 1987). VP has excitatory effect on OT neurons via the activation of 

oxytocin receptors. VP has been shown to reduce afferent excitation in a retrograde 

manner on VP neurons (Kombian et al., 1997; Hirasawa et al., 2003) which lead to 

reduced firing activity in overall VP population (Ludwig and Leng, 1997). As a result, 

dendritically released VP decreases excitability of VP neurons but increases the 

excitability of OT neurons. VP can also mediate the cross talk not only between 

magnocellular neurons but also other types of neurons. It has been recently showed that 

dendritically released VP from magnocellular neurons activates pre-sympathetic neurons 

in paraventricular nucleus (Son et al., 2013).

Compared to effects on neurons, SON neuropeptides were much less studied for 

their effect on non-neuronal cell types. Up to now, only one study showed dendritically 

released VP induces hypoxia in SON, leading to increased angiogenesis (Alonso et al.,
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2008). However, no study showed whether dendritically released VP can modulate 

vascular tone in the SON.

5. Nitric oxide production and function in the SON.

General introduction of nitric oxide.

Nitric oxide (NO) is a gas molecule and a free radical, which can be synthesized 

enzymatically by nitric oxide synthase (NOS) which catalyze L-arginine to NO and L- 

citrulline in the presence of O2 (Calabrese et al., 2007). NOS have three isoforms, all of 

which exist in brain: endothelial NOS (eNOS or NOS III), neuronal NOS (nNOS or NOS 

I), inducible NOS (iNOS or NOS II). eNOS and nNOS are constitutively expressed by 

endothelial cells of cerebral vasculature and neurons respectively (Topel et al., 1998; 

Calabrese et al., 2007). Recent evidence also supports eNOS expression in astrocytes as 

well (Lin et al., 2007; Biancardi et al., 2011). iNOS gene exists mostly in microglia, the 

brain immune cells and the expression of iNOS is linked with inflammation, viral 

infection or trauma (Bredt, 1999). The detailed information on iNOS is not going to be 

addressed in the thesis.

NO production.

Two steps are involved in NO production: NOS hydroxylates L-arginine to Nw- 

hydroxy-L-arginine; NOS oxidizes Nw-hydroxy-L-arginine to L-citrulline and NO. Both 

eNOS and nNOS are controlled by intracellular Ca/calmodulin which facilitates the flow 

of electrons and catalytic processes (Hemmens and Mayer, 1998). NO-sCG pathway is 

the most common pathway for NO signaling. NO has great affinity to Fe-heme on soluble
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guanylate cyclase (sGC), the binding of which increases sCG enzymatic activity which 

catalyzes Guanosine-5'-triphosphate to cyclic guanosine monophosphate (cGMP) 

(Calabrese et al., 2007). The most widespread mechanism carried out by cGMP is the 

activation of protein kinase G (PKG) which eventually alters the phosphorylation status 

of targeted proteins (Calabrese et al., 2007).

>

Differences between NOS isoforms.

The cellular localization of NOS significantly influences its function. eNOS is 

docked to the plasma membrane where it interacts with lipids and proteins. eNOS- 

derived NO thus has easier access to targets in proximity with the membrane. The most 

common targets for eNOS-derived NO are vascular smooth muscle cells, in which the 

subsequent activation of PKG increase the open probability of ion channels such as Ca2+- 

activated K+ channels which eventually cause hyperpolarization of smooth muscles cells 

(Garthwaite, 2008). Through NO-cGMP pathway, NO also activates sarcoplasmic- 

endoplasmic reticulum Ca2+ ATPase, decreasing cytosolic Ca2+ level which leads to 

relaxation of VSMC. nNOS has 4 isoforms generated by mRNA splicing: nNOSa, 

nNOSp, nNOS|3 and nNOSy. Isoforms nNOSa and nNOSp are targeted to subcellular 

structures by PDZ domain while nNOSP and nNOSy are cytoplasmatic (Guix et al.,

2005). Unlike eNOS, nNOS does not have anchoring sites that link it to plasma 

membrane. However, nNOSa, the most abundant form of nNOS has PDZ domain which 

binds to NMDA receptor (Brenman et al., 1996), allowing the activation of nNOS by 

NMDA receptor (Garthwaite, 2008).
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Inactivation of NO.

NO catalyzes sGC in less than 20 ms (Bellamy and Garthwaite, 2001). The 

diffusion rate for NO is fast with diffusion coefficient rate of 848 (am/s2. (Garthwaite, 

2008; Liu et al., 2008). Despite its fast action and diffusion rate, NO has very short half- 

life (~<10 ms) in tissue (Hall and Garthwaite, 2006). The half-life for NO in brain 

parenchymal has wide range depending on model used. The inactivation rate of NO is 

slower in isolated tissues (tens of seconds) compared to intact tissue in vivo (sub-second) 

(Santos et al., 2012). The heme group is the main physiological scavenger to eliminate 

NO (Seregelyes et al., 2004).

NO expression in hypothalamic SON.

NO is constitutively produced in the SON by eNOS and nNOS. Unlike other 

cerebral vascular beds, endothelial cells in the SON are not the key source for eNOS- 

derived NO. Previous work showed that eNOS expression primarily co-localizes with 

perivascular astrocytic marker GFAP staining, but not endothelial cells in the SON. NO 

sensitive dye 4,5 diaminofluorescein diacetate is detected in perivascular neuropil, co

localized with glial fibrillary acidic protein (GFAP), but not in other places in the SON 

(Biancardi et al., 2011). Since GFAP is a marker for astrocytic processes, the above 

finding suggested that astrocytes may be the major source of eNOS-derived NO in the 

SON.

Magnocellular neurons are the main source of nNOS (Arevalo et al., 1992; Calka 

et al., 1994; Stem and Zhang, 2005). nNOS co-localizes with both VP and OT neurons
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(Nylen et al., 2001). However, the major source of NO are VP neurons since around 70% 

VP neurons actively produce NO while only around 40% OT neurons produce NO (Stem 

and Zhang, 2005). nNOS-derived NO constitutes a strong basal NO tone in the SON 

(Stem and Zhang, 2005). More NO is produced from nNOS in response to increased 

excitatory synaptic input and changes in intrinsic SON neuronal membrane properties (da 

Silva et al., 2014). During chronic physiological/pathological stimulation such as 

dehydration and hypovolemia, the expression of nNOS mRNA is increased and thus 

leads to a greater production of NO in SON neurons (Kadowaki et al., 1994; Ueta et al., 

1995; U etaetal., 1998).

The major target of NO produced within the SON are magnocellular neurons 

since high level of sGC, the intracellular receptor for NO, was expressed by SON neurons 

(Furuyama et al., 1993; Yang and Hatton, 1999). At the ultrastructural level, cGMP was 

co-localized with GABAergic presynaptic terminals and glutamatergic postsynaptic 

components (Stem and Zhang, 2005). It has been found that astrocytic processes and 

microvasculature also express cGMP, indicating them as potential targets for NO (Ding 

et al., 2004; Stem and Zhang, 2005).

6. Mechanisms of osmosensing in the SON.

SON neurons can indirectly sense the change in plasma osmolarity via excitatory 

synaptic inputs from circumventricular organs such as lamina terminalis, median preoptic 

nucleus and subfornical organ. Neurons of circumventricular organs are osmosensitive 

which project glutamatergic axons to the SON (Wilson et al., 2002). Increased osmolarity



38

in systemic circulation activates osmosensitive neurons in circumventricular organs and 

thus increases glutamatergic synaptic activity in the SON. The activation of inotropic 

glutamate receptors (both NMDA and AMP A) (Stem et al., 1999), induces NO 

production (Stem and Zhang, 2005) and dendritic release of neuropeptides (Ludwig, 

1998) within the SON. Besides activation by excitatory synaptic input, magnocellular 

neurons also have the ability of sensing osmolarity directly. It has been found recently 

that the N-terminal variant of the transient receptor potential vanilloid type-1 (TRPV1) 

channels expressed on magnocellular neurons in the SON can be activated in response to 

increased extracellular osmolarity (Sharif Naeini et al., 2006). Activation of TRPV1 N- 

terminal variant allows Ca2+ influx (Sharif Naeini et al., 2006; da Silva et al., 2014) 

which is an essential trigger for NO production and release of neuropeptides from 

dendrites.



II. MATERIALS AND METHODS (Chapter 2)

1. Experimental set-up.

Experiments were conducted using the Camware high performance Sensicam 

(Romulus, MI, USA) attached to a ZEISS microscope (Carl Zeiss, Jena, Germany) and 

equipped with a mercury arc lamp (AttoArc 2 HBO 100W). The microscope chamber 

was continuously perfused with artificial cerebrospinal fluid (aCSF) using a peristaltic 

pump (Miniplus 3, Gilson, Middleton, WI, USA) at a rate of 2-3ml/min . Chamber 

temperature was maintained at 33°C by a single line solution heater (SH-28B, Warner 

Instruments, Hamden, CT, USA) connected to a DC power supply (1735A, BK Precision, 

Yorba Linda, CA, USA). Patch pipettes were pulled (P-97 puller Sutter Instruments, 

Novato, CA) to resistances between 4-6 MQ. Whole cell current patch clamp recordings 

were obtained using an Axopatch 700B amplifier (Axon instruments, Foster City, CA) 

and sampled at 20 kHz, filtered at 2 kHz with digidata 1440A (Axon instruments, Foster 

City, CA) (Figure 9-11).

2. Slice preparation.

Coronal hypothalamic brain slices were prepared from juvenile (P21-45) Wistar 

VP-eGFP rats or Wistar rats according to standard protocols approved by the Animal 

Care and Use Committee of Georgia Regents University. Following anesthesia with

39
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sodium pentobarbital, the brain was removed and cut into 250-300 pm thick coronal 

slices using a vibratome (Leica VT 1200S, Leica Microsystems, Wetzlar, Germany) in 

aCSF consisted of (in mM): 120 NaCl, 3 KC1, 1 MgCl2, 26 NaHCOa, 1.25 NaH2P 04, 2 

CaCh, 10 glucose, and 0.4 L-ascorbic acid, equilibrated with 95% 0 2-5% C 02, pH 7.4. 

Brain slices were kept at room temperature (RT) until used (Figure 8).

3. Video Microscopy.

Video microscopy was performed to measure changes in arteriole diameter using 

differential interference contrast (DIC). Parenchymal arterioles were visualized using a 

40X water immersion objective (Figure 9A). Images were acquired at a rate of 1 frame 

per second and stored on a computer hard drive for later analysis. U46619 (150 nM) or 

LNAME (100 pM) and cPTIO (100 pM) were bath applied to pre-constrict arterioles and 

induce steady-state vascular tone (Figure 9B,C); U46619 was not used in combination 

with NO blockade as it resulted in a substantial arteriole constriction. High (7.8) or low 

(6.8) pH aCSF were used to test the viability of the vessel by their vasoconstrictive or 

vasodilatory response, respectively. For hypoxic stimulation experiments, aCSF is 

equilibrated with 20% 0 2-5% C 02, pH 7.4. For hyperosmotic stimulation experiments, 

NaCl was increased to obtain an osmolarity of 340 mOsm. For 6.8 and 7.8 pH solutions, 

the NaHCCb concentration was either decreased or increased, respectively and equal 

amounts of NaCl substituted to maintain the aCSF osmolarity -295 mOsm.
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Fieure 8: Brain slice preparation. A: Schematic drawing showing the rat 
brain in horizontal section. The SON is on the lateral side o f optic 
chiasm, between two solid lines. The position o f a representative SON 
slice is indicated by a dotted line. B: Cross section o f  rat brain slice 
showing the representative SON slice. One side o f the SON is indicated by 
a square and zoomed in C. C: Schematic drawing showing zoomed SON. 
3 V, third ventricle; f  fornix; MCNs, magnocellular neurons; OC, optic 
chiasm; PaAP, paraventricular nucleus anterior parvocellular part; SON, 
supraoptic nucleus.
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Fieure 9: Video microscopy. A: Schematic drawing showing setup for video 
microscopy. B: A picture taken by video microscopy showing part o f  SON 
slice. An SON arteriole is pointed by an arrow. SON magnocellular neurons 
are indicated by stars. C: Representative diameter trace for U46619-induced 
constriction. Vessel diameter is normalized with the maximum diameter. The 
steady-state vascular tone represents diameter change (%) from maximum 
diameter.
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4. Electrical stimulation.

Electrical stimulation was performed to stimulate a group of neurons. Arterioles 

were pre-constricted by bath application of the thromboxane receptor agonist U46619 

(150 nM) for about 15 min as previously described (Filosa et al., 2004; Blanco et al., 

2008). Here, we define steady-state vascular tone induced by U46619 as the % diameter 

change from the maximum diameter measured at baseline (Figure 9C). Vessels which, in 

response to U46619, did not develop > 20% vascular tone from baseline were discarded. 

Once steady-state vascular tone was achieved, electrical stimulation (ES) (2 V, 50 Hz for 

2 seconds) was induced using a bipolar electrode placed within the SON, 100-250 pm 

away from the arteriole (Figure 10).

5. Electrophysiology.

To selectively record from VP neurons, brain slices from VP-eGFP transgenic 

rats, where eGFP expression is driven by the VP promoter, were used. Likewise, OT 

neurons were selected based on the lack of eGFP expression in VP-eGFP transgenic rats. 

The VP-eGFP neuron near the pre-constricted vessel was detected using fluorescence 

microscopy and patched using DIC and recordings were performed in the whole cell 

configuration (Figure 11). The internal solution consisted of (in mM): 135 K+ gluconate, 

10 HEPES, 0.2 EGTA, 10 KC1, 0.9 MgCl2, 4 Mg2ATP, 0.3 Na2GTP, and 20- 

phosphocreatine; pH to 7.25 adjusted with KOH. In current-clamp mode, positive current 

was injected to induce action potentials to a frequency range between 3-10 Hz for 2-2.5 

min. In spontaneously discharging neurons, minimal hyperpolarizing current was injected 

to eliminate firing activity.
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Figure 10. Schematic drawing o f electrical stimulation. Stimulator 
is used to generate the electrical stimulation (2 V, 50 Hz for 2 
seconds). OC, optic chiasm; SON, supraoptic nucleus.
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Fisure 11. Schematic drawine showins sinsle VP neuronal stimulation.
Top row: DIC image (left) o f  a GFP-positive VP neuron (eGFP) (green, 
middle) also loaded with Alexa 555 (red, right). The schematic drawing 
below top images showing that VP neurons are detected by green 
fluorescence. One VP neuron is chosen for patching. Multiclamp amplifier 
is used to receive and amplify electrical signals o f the patched the neuron. 
Digidata is used to translate analog-digital signals so that it can send and 
receive signals from the amplifier. OC, optic chiasm; SON, supraoptic 
nucleus.
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6. Parenchymal arteriole cannulation.

Details of the cannulation technique were described in (Kim and Filosa, 2012). 

Briefly, cannulas (ID 1.17 mm and OD 1.50 mm, G150TF-3, Warner Instruments, 

Hamden, CT, USA) were pulled with a micropipette puller (P-97 puller Sutter 

Instruments, Novato, CA, USA) and filled with internal cannula solution consisted of (in 

mM): KC1 3, NaCl 135, MgCh 1, glucose 10, HEPES 10 and CaCh, plus 1% albumin 

with osmolarity at 300-305 mosmol l*1 and pH 7.4 adjusted with NaOH. To continuously 

monitor the pressure of the perfusion system, the cannula was connected to a pressure 

transducer (PS/200, Living System Instrumentation, Burlington, VT, USA); luminal flow 

rate was controlled with a syringe pump (11 PLUS, Harvard Apparatus, Holliston, MA, 

USA) (Figure 17A). At the end of each experiment, 100 pM papavarine was added to 

zero Ca2+ aCSF to maximally dilate the arteriole.

7. Astrocyte calcium imaging.

SON slices were incubated with calcium indicator Rhod-2AM (Molecular Probes, 

MP 01244, 8 pM) and 1.5 pL 20% pluronic acid (Molecular Probes P3000MP) in a 95% 

Oil5% CO2 oxygenated chamber for 40-min after which, slices were moved to 

equilibrated aCSF chambers and maintained at room temperature for a short period until 

imaging. Images were acquired using either 40x or 60* objective (Nikon) every 250 ms.
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8. Vascular smooth muscle cell calcium imaging.

SON slices were incubated with the calcium indicator Fluo-4AM (Molecular Probes, F- 

14201, 40 pM) and 2.5 pL 20% pluronic acid (Molecular Probes P3000MP) in a 95% 

Oil5% CO2 oxygenated chamber for 100-min after which, slices were moved to 

equilibrated aCSF chambers and maintained at room temperature for a short period until 

imaging. Images were acquired at a rate of 4 images/second using a 60x objective 

(Nikon). Calcium imaging was analyzed as previously described (Filosa et al., 2004) 

using SparkAN software (Dr. Adrian Bonev, University of Vermont). Fluorescence 

intensity was determined within 20x20 pixel squares placed over VSMC with baseline 

fluorescence (F0) determined from 20 image frames showing no activity. Fractional 

fluorescence (F/F0) was calculated and peaks were automatically detected from 

oscillations crossing a set threshold value (>0.15 F/F0) and summarized as Ca2+ 

oscillations peak frequency (Hz).

9. Immunofluorescence.

Immunofluorescence was used to show the relationship between VP neurons and 

arterioles. VP neurons were stained by adding Alexa 555 (100 pM) to the internal 

recording solution. At the end of the experiment, the SON slice was incubated for 15-30 

min in aCSF containing Alexa 633 (2 pM), shown to stain arterioles (Shen et al., 2012). 

Slices were then fixed in 4% paraformaldehyde PBS (4% PFD) for 72 hours at 4°C. 

Following fixation, sections were incubated in 0.5% TritonX-100, 0.04% NaN3 and 10% 

normal horse serum for 1 hour. For immunofluorescence reactions, sections were 

incubated overnight in polyclonal guinea pig anti-(Arg8)-VP (1:200,000, Bachem).
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Reactions with primary antibodies were followed by a 4 hours incubation with secondary 

antibodies (donkey anti-guinea pig-Cy3 labeled (1:250 dilution) in PBS containing 0.5% 

TritonX-100 and 0.04% NaN3, Jackson ImmunoResearch Laboratories). Mounted slices 

were imaged using a LSM510 confocal microscope (Carl Zeiss Microimaging 25 x, 40 x 

and 63 x oil immersion all these are oiled, zoomed x 1-2).

10. Drugs.

The thromboxane A2 receptor agonist 9, 11-dideoxy-l la , 9a-epoxymethanoprostaglandin 

F2« (U-46619) (Cayman chemical, Ann Arbor, MI, USA) was prepared as a stock in 

dimethyl sulfoxide (DMSO) and subsequently added to the aCSF. DMSO content in the 

experimental solutions was <0.1%. Alexa555 and Alexa633 were obtained from 

Invitrogen (Carlsbad, CA). All other chemicals were purchased from Sigma (St Louis, 

MO).

11. Data analysis.

Arteriolar diameter data (IR-DIC) was analyzed using SparkAN (created by Dr. Adrian 

D. Bonev, Univ. of Vermont). Changes in internal diameter throughout the experiment 

were determined from the distance between two set point values across the arteriole. 

Initial diameter was determined during the first ~2 min of sampling, during which time 

arterioles lack vascular tone. Steady-state vascular tone is expressed as the % diameter 

value from the initial diameter before U46619 pre-constricted arterioles. Vascular tone 

defined as diameter (%) and the magnitude of the vascular response (A diameter %) were 

calculated as previously described (Blanco et al., 2008). Namely, diameter (%) =



49

100%*(initial diameter-steady-state diameter induced by U46619)/initial diameter and A 

diameter (%) = 100%*(averaged peak diameter during response-steady-state 

diameter)/steady-state diameter. Neuronal firing activity was analyzed using either 

Clampfit 10.2 or Mini Analysis Program V6.0.3 (Synaptosoft Inc, NJ). All summary data 

are presented as mean ± SEM. Differences between two means from the same arteriole 

were tested using paired Student’s t-test. Differences between two means from different 

arterioles were tested using unpaired Student’s t-test. Differences above two means from 

the same arteriole or neuron were determined using two-tailed or repeated measures 

(RM) one-way ANOVA followed by Bonferroni posttest, as indicated. Two-way 

ANOVA (RM) followed by Bonferroni post hoc analysis was applied in Figure 37. A 

95% (P<0.05) confidence interval was used to test statistical significance.



III. RESULTS (Chapter 3)

1. Vasopressin constricts SON arterioles via Via receptor 

activation.

As a first step to determine the effect of VP on SON parenchymal arterioles, their 

response to bath-applied VP was monitored. In order to compensate for the lack of 

myogenic (pressure-induced) tone, as arterioles in brain slices are not perfused and 

pressurized (Filosa et al., 2004), SON arterioles were first pre-constricted with the 

thromboxane agonist U46619 (150 nM) to a steady-state vascular tone of -29±4% (n=6), 

comparable to that previously reported (Blanco et al., 2008). In the presence of U46619, 

bath-applied VP (1 pM) transiently and reversibly constricted SON arterioles by A- 

41±7% (n=6) from steady-state tone (Figure 12A,B)- Onset vasoconstriction occurred 

0.5±0.1 minute from the time VP reached the tissue. As a positive control, at the end of 

some experiments, the reactivity of the arteriole was assessed by measuring its response 

to high pH aCSF (pH 7.8). As previously reported in cerebral arterioles (Apkon and 

Boron, 1995) and indicative of a healthy arteriole, alkalinization induced marked 

vasoconstriction (A-50±9%, n=4, Figure 12A,B) with an onset of 0.6±0.3 minutes from 

the time the high pH aCSF reached the tissue. VP-mediated vasoconstriction was blocked

50
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Figure 12. The effect o f VP on SON arterioles. A.
Representative diameter trace for vasopressin 
(VP)- and high pH-induced parenchymal arteriole 
constriction. B: Summary data o f the diameter (%) 
changes in response to U46619 (steady-state), VP 
and normal vs. high pH  (7.8). Values were 
compared using repeated measures one-way 
ANOVA followed by Bonferroni posttest; paired t- 
test was used for pH  data comparison. * P<0.05.
***,p<0.001.
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by the selective V ia receptor antagonist, V2255 (1 pM), Figure 13A,B- V2255 however, 

did not affect per se baseline vascular tone. On the other hand, high pH still induced a 

significant vasoconstriction of the same arteriole (A-47±ll%, n=5), Figure 13A,B- 

Finally, to further verify the VP effect on SON arterioles, we measure vascular smooth 

muscle cell (VSMC) Ca2+ changes in response to bath applied VP (1 pM). As shown in 

Figure 14A,B VP significantly increased VSMC Ca2+ oscillation frequency (0.055±0.024 

Hz to 0.148±0.013 Hz, n=4). Together, these data suggested that VP can increase Ca2+ in 

VSMC and constrict SON intraparenchymal arterioles via V ia receptor activation.

2. Electrically-evoked neuronal stimulation in the SON 

primarily constricts arterioles.

Relevant to functional hyperemia, previous in vitro studies in the cortex 

demonstrated electrical stimulation (ES)-evoked neuronal activation resulted in 

vasodilation, a phenomenon involving glutamate-mediated astrocytic activation (Filosa et 

al., 2004; Filosa et al., 2006). As an initial approach to address how changes in 

magnocellular neuronal activity affect vascular responses, extracellular ES was used to 

activate a group of SON neurons, Figure 15A,B- Under these conditions, ES induced a 

A-23±6% constriction (p=0.0169, n=8) from a steady-state tone of -34±5%, Figure 

15A,B The onset for ES-evoked constrictions was 1.39±0.45 min from the start of the ES 

protocol. Consistent with viable arterioles, high pH (7.8) aCSF also constricted SON 

arterioles by A-47±8% (p=0.0011, n=8).
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Figure 13. VP-induced vasoconstriction is abolished 
in the presence o f V2255. A: Representative diameter 
trace for VP- and high pH-induced parenchymal 
arterioles responses in the presence o f the Via 
receptor antagonist, V2255. B: Summary data o f  
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comparison. * P<0.05.



54

°b"

j?

20 (.ini

B aselin e

B
C3 N

.2 X+-* 'w '
=§ *~  2 o cv> ajo 3  + cr
o  Ph

0 .20i

0.15

0.10-

0 .0 5 -

0.00
Baseline
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3. Single vasopressinergic neuronal activation preferentially 

constricts SON arterioles.

Two main peptidergic neuronal population subtypes reside in the SON namely, 

VP and OT neurons. Thus, we determined if the selective activation of a single VP 

neuron was sufficient to evoke SON arteriole responses. Using the VP-eGFP transgenic 

rat (Ueta et al., 2005), we obtained whole-cell patch-clamp recordings from identified VP 

neurons. Recorded neurons had a mean resting membrane potential of -59.46±1.02 mV, 

input resistance 491.1 ±27.19 MQ and capacitance of 22.60±1.26 pF (n=44). For further 

characterization of the recorded neuron, Alexa 555 (100 pM) was added to the internal 

recording solution, Figure 16A,B- To examine the effect of single VP neuronal activation 

on arteriolar diameter changes, a burst of action potentials (APs) (2-2.5 min duration) 

was evoked in the patched neuron, while simultaneous vascular responses were measured 

in the nearby pre-constricted arteriole. Single VP neuronal stimulation primarily evoked 

arteriole vasoconstriction (A-18±3% from steady-state tone, n=12/13), Figure 16A,B. 

Interestingly, in 3/13 vessels, a transient vasodilation preceded the vasoconstriction (see 

insert, Figure 16A), while in one case, the arteriole responded only with a vasodilatation. 

Overall, vasodilatory responses were characterized by a A15±5% (n=4) increase in 

diameter, preceding significantly the evoked vasoconstriction (0.4±0.2 min, n=4 vs. 

2.9±0.6 min, n=12, P=0.029).

While the use of U46619 to pre-constrict arterioles to near physiological levels 

has been widely utilized (Filosa et al., 2006; Metea and Newman, 2006; Blanco et al., 

2008), under these condition, arterioles lack luminal pressure and flow and thus, do not



57

A

-59m V  
9-S

3

<u
<u
£a
5

I
iAPs

120m V

2 0 m  V

57m V

2 irnn

B

n©ON
J-HCD+->

•

Q

100 -1 

80 - 

60 - 

40 

20 i  

0

U46619

I

□in
$

&

Fisure 16. Sinele vasopressin neuronal stimulation 
preferentially constricts SON arterioles. A:
Representative traces showing simultaneous action 
potential firing in the stimulated VP neuron (top) and 
diameter changes in the SON arteriole in response to a 
2 min depolarizing pulse (arteriole pre-constricted with 
U46619), showing a vasoconstriction response. Inset, 
example o f  a bi-phasic vascular response to VP 
neuronal stimulation. B: Summary data o f diameter 
changes (%) in response to bath applied U46619 
(steady-state) and single VP-neuronal stimulation. 
Results represent means ±  SEM. Repeated measures 
one-way ANOVA followed by Bonferroni posttest was 
usedfor data comparison. ***, p<0,001.
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develop myogenic tone. In order to validate vascular responses under more physiological 

conditions, experiments were repeated in perfused/pressurized SON arterioles, a 

technique we recently implemented for the first time to the slice preparation (Kim and 

Filosa, 2012) (Figure 17A). While applying this approach in conjunction with recordings 

from a nearby neuron is technically challenging, we were able nonetheless to efficiently 

assess the consistency of our results in a subset of experiments. Following cannulation 

and pressurization, arterioles exhibited A-22±6% (n=3) myogenic tone determined from 

the maximum diameter measured in zero Ca2+ and papavarine (see Methods) (Cipolla et 

al., 2009). Under these conditions, and similar to what we observed with U46619, single 

VP neuronal stimulation induced a A-14±2% constriction from myogenic tone (n=3). 

Consistent with observations in arterioles preconstricted with U46619, in 1/3 arterioles, a 

transient dilation (A6%) preceded the vasoconstriction (A-l 1%) (Figure 17B). The onset 

for the vasodilatory response was 0.1 min while the mean onset for vasoconstriction was 

3.2±0.4 min (n=3).

4. Bath applied OT and single OT neuronal stimulation failed 

to induce vascular effects in the SON.

As with VP, OT has been characterized to have vasoactive effects inducing 

vasoconstriction via V laR activation or vasodilation via the production of endothelial- 

derived NO (Maigaard et al., 1986; Suzuki et al., 1992; Oyama et al., 1993; Chen et al., 

1999; Loichot et al., 2001). To determine whether in the SON OT evoked a vascular 

response as we observed with VP, we measured SON arteriole responses to bath applied
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OT (1 pM). As shown in Figure 18,19, neither bath applied OT (A-2±8%, n=5, Figure 

18A,B) nor single OT neuronal stimulation (Al±5%, n=6, Figure 19A,B) evoked a 

vascular effect on SON arterioles, suggesting OT is not a key signal in regulating NVC in 

the SON.

5. NO and VP were released in response to single VP neuronal 

stimulation.

The presence of both activity-dependent vasoconstriction and vasodilation 

following single VP neuronal stimulation (Figure 16A and insert) is suggestive of the co

release of at least two opposing vasoactive signals from the same activated neuron. VP 

and nitric oxide (NO), potent vasoconstrictor and vasodilatory signals, respectively, are 

known to be released in an activity-dependent manner within the SON (Dawson et al., 

1991; Neumann et al., 1993; Stem and Zhang, 2005; Ludwig and Leng, 2006). Thus, to 

assess their contribution to evoked vasoactive responses induced by the activation of a 

single VP neuron, experiments were repeated in the presence of V ia receptor (V2255) 

blocker and NOS inhibitors. As it was observed with bath-applied VP, the presence of 

V2255 abrogated vasoconstrictor responses evoked by single VP neuronal stimulation, 

notably unmasking, in 7/10 arterioles, activity-dependent vasodilation (A18±7% 

vasodilation from steady-state tone, n=10), Figure 20A,B. All arterioles tested, 

including those that did not show a VP-mediated vascular response (n=3), constricted to 

high pH aCSF (A-44±8%, n=7). For the 7/10 arterioles that showed a dilatory response 

in the presence of V2255, the onset occurred at 0.3±0.2 min (n=7) from the start of the 

depolarizing stimulus. Activity-dependent evoked vasodilatory responses in the presence
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responses. A. Representative diameter trace in 
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of the VlaR blocker were blocked by the combined used of an NO synthase blocker L- 

NAME (100 pM) and the NO scavenger cPTIO (100 pM), resulting in the absence of any 

significant vascular response (A-3±6%, n=7) (Figure 21A,B)- On the other hand, 

arterioles tested with low pH (6.8) aCSF still responded with a vasodilation (A35±12%, 

n=6), Figure 21A,B- Taken together, our data are consistent with the notion that 

increasing the firing discharge of VP neurons leads to the local co-release of opposing 

vasoactive signals, with a predominant vasoconstrictor response mediated by somato

dendritic release of the neuropeptide VP and a weaker and thus masked, vasodilatory 

response mediated by local release of NO.

6. Vascular responses are independent of basal tone, neuronal 

firing rate, or the topographical interrelationship between 

VP neurons and the nearby SON arteriole.

To determine whether the level of basal vascular tone was a critical factor 

impacting the magnitude and/or type of the vascular response (i.e., vasodilation vs. 

vasoconstriction), as we previously showed in the cortex (Blanco et al., 2008), we plotted 

the percent change in vascular diameter (A diameter (%)) evoked by single VP neuronal 

depolarization as a function of basal steady-state vascular tone, Figure 22. In contrast to 

our previous observations in the cortex (Blanco et al., 2008), we failed to observe a 

significant correlation between these two parameters, both, for the predominant 

vasoconstriction (r2=0.082, n=13) and vasodilatory (1^=0.087, n=13) responses observed.
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test was used for pH  data comparison. ** p<0.01.
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Moreover, mean basal steady-state tone was not significantly different between arterioles 

showing vasoconstriction and vasodilatory responses (39±3%, n=13 vs. 42±3%, n=13, 

respectively).

We then determined whether the vascular response was dependent on the degree 

of evoked neuronal firing activity. A plot of percent changes in diameter (A diameter 

(%)) as a function of evoked neuronal firing frequency failed to unveil a correlation 

between the vascular response (%) and the evoked neuronal firing frequency in the case 

of vasoconstriction (^=0.0008, n=13) or vasodilation (1^=0.086, n=13), Figure 23. 

Moreover, the mean degree of evoked neuronal activity was not significantly different 

between arterioles showing vasoconstriction or vasodilatory responses (7.4±0.7 Hz, n=13 

vs. 7.6±0.9 Hz, n=13).

Finally, we examined the topographical interrelationship between the responsive 

SON arteriole and the stimulated VP neuron. The distance between recorded VP 

neuronal somata and the SON arteriole was measured under DIC. In a subset of 

experiments, to better illustrate the interrelationship between the patched neuron and the 

recorded arteriole, slices were incubated in Alexa 633 (2 pM), a specific arteriole wall 

marker (Shen et al., 2012). Figure 24A shows an example of an Alexa 633-stained SON 

arteriole (shown in blue), VP neurons expressing GFP (shown in green) and the recorded 

VP neuron labeled with Alexa 555 (shown in red). The mean distance from the somata of 

the patched neuron to the monitored arteriole was 43.19± 10.26 pm (n=23). As shown in 

Figure 24B, the overall mean distance from neuronal somata to the vessel has no
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Fisure 24. Structural relationship between the recorded 
VP vasopressin neuron and the nearby SON arteriole. A.
Representative confocal image o f the recorded VP neuron 
and SON arteriole. Green, VP neuron in the VP-eGFP 
transgenic rat. Red, recorded VP neuron loaded with 
Alexa 555. Blue, SON arteriole stained with Alexa 633. 
Scale bar: 40 pm. B. Summary data o f vascular diameter 
changes (%) as a function o f  the distance between the 
neuronal soma and the recorded arteriole. Linear 
regression was used to determine the correlation between 
X  and Y axis. Vasoconstriction (%) (black closed circles), 
vasodilation (%) (black open circles), bi-phasic vascular 
responses (vasodilation followed by a vasoconstriction in 
the same arteriole connected with a with dashed line). 
Triangles represent vascular diameter changes (%>) in 
response to single VP neuronal stimulation in the 
presence o f V2255.
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significant difference between evoked vasoconstriction (40.13±16.16 pm, n=13) and 

vasodilation (39.34±9.86 pm, n=13). Moreover, there was no correlation between the 

magnitude/type of the vascular response and the soma-vessel distance (constriction: 

r2=0.003, n=13; dilation: r2=0.044, n=13). Taken together, these results support the 

notion that the type of the vascular response is not dependent on of the degree of firing 

activity, basal vascular tone or neuron-to-vessel distance, but rather, that these opposing 

responses are mediated by two distinct signaling mechanisms and their relative balance.

7. Hypoxia induced vasodilation is independent of neuronal 

activity in the SON.

The constriction of arterioles in response to increased VP neuronal activity in the 

SON may lead to local hypoxia due to reduced blood supply resulting from VP-mediated 

vasoconstriction (Alonso et al., 2008). Previous work in hippocampus and neocortex 

showed that hypoxia leads to a reduction in neuronal activity in order to compensate for 

the loss of blood supply (Luhmann and Heinemann, 1992; Hyllienmark and Brismar, 

1999; Kmjevic, 2008). In an effort to determine VP neuronal responses to changes in the 

oxygen (O2) tension of the tissue, we measured the activity of VP neurons exposed to 

20% O2 from a steady-state activity in 95% O2. Under these conditions, neuronal firing 

activity significantly increased from 4.91±0.92 Hz to 10.41±2.06 Hz (A128±56%, 

p<0.001, n=7) (Figure 25A-C), responses were accompanied by a significant membrane 

depolarization from -44.27±1.86 mV to -40.12±1.37 mV (A9±l%, p<0.001, n=7) (Figure 

25A,B,D). The increased neuronal activity and membrane depolarization is different from
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Figure 25. Hypoxic stimulation (20% O2) increases VP neuronal firing 
activity in the SON. A: Representative neuronal firing trace o f  a hypoxic- 
driven increased neuronal activity in the SON. The dashed line indicate 
membrane potential o f -40 mV. Note the membrane potential depolarized 
during hypoxia. B: The instantaneous frequency o f the representative 
trace is plotted as a function o f event start time. C: Summary data o f VP 
neuronal firing frequency changes in response to hypoxic stimulation. D. 
Summary data o f VP neuronal membrane potential changes in response 
to hypoxic stimulation. Results represent means ±  SEM. Values were 
compared using repeated measures one-way ANOVA followed by 
Bonferroniposttest. **,p<0.01; ***,p<0.001.
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the expected hyperpolarization previously shown in hippocampus and neocortex, 

indicating a different role of hypoxia in NVC in the SON.

We hypothesized that VP-induced vasoconstriction initiates a feed-forward 

pathway which further augments the hypoxic microenvironment o f  the SON, leadins to 

increased VP neuronal activity and thus the release o f VP (e.s. into the circulation). We 

proposed that the unique NVC, that is, VP-induced vasoconstriction may act as a 

feedforward stimulus to the VP system, contributing to a more hypoxic and excitable 

microenvironment in order to facilitate VP neuron activity and the release of VP into 

general circulation.

In order to test the hypothesis, we evaluated the vascular response of SON 

arterioles to tissue O2 changes. Contrary to the expected vasoconstriction, a prominent 

vasodilation was observed (A60±ll%, p<0.001, n=24, Figure 26A,B), suggesting 

dilatory signals override potential VP-induced constrictive signals in hypoxic condition. 

In a subset of these experiments, neuronal activity was recorded simultaneously with 

vascular diameter in response to hypoxia and a significant increase in neuronal firing 

frequency was observed (A42±14%, p<0.05, n=10, Figure 26A,C).

Extracellular K+, a mediator for NVC, can be generated by activated neurons 

and astrocytes. Previous work support astrocyte contribute to NVC-mediated vasodilation 

via the release of K+ into gliovascular space (the space between the vascular wall and the 

astrocyte endfeet membrane) (Filosa et al., 2006; Girouard et ah, 2010). K+ then acts on
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Fieure 26. Hypoxic stimulation (20% 02)-induced SON neuronal and 
vascular responses. A. Representative diameter trace o f  a hypoxic-driven 
vasodilatation in the SON. Samples o f VP neuronal firing activity during 
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data o f  VP neuronal firing frequency changes in response to hypoxic 
stimulation. Results represent means ±  SEM. Values were compared 
using repeated measures one-way ANOVA followed by Bonferroni 
posttest. *, p<0.05; ***,p<0.001.



74

Kir channels expressed in VSMC resulting in membrane hyperpolarization and arteriole 

vasodilation. Given the significant increase in VP neuronal firing activity which would 

consequently increase extracellular K+, we then tested whether hypoxia-induced 

vasodilation is mediated by potassium. In the presence of Kjr channel blocker barium 

chloride (BaCl2 , 1 0 0  pM), hypoxia still induced prominent vasodilation (45±11%, p<0.01, 

n=4, Figure 27A,B), suggesting K+ is not the key signal mediating hypoxia-induced 

vasodilation in the SON.

We then aimed to determine the source and nature of dilatory signal(s) 

responsible for hypoxia-induced vasodilation in the SON. In the presence of tetrodotoxin 

(TTX), fast sodium channel blocker responsible for generating action potentials, as well 

as VlaR antagonist V2255, hypoxia induced vasodilation (A89±35%, p<0.01, n=6 , 

Figure 28A,B). Hypoxia induced vasodilation in the presence of TTX/V2255 (89±35%) 

is not significantly different from that in the absence of TTX/V2255 (A60±ll%, p>0.05, 

unpaired t-test), suggesting hypoxia-induced vasodilation is not mediated by 

magnocellular neurons and dendritically released VP does not contribute to vascular 

diameter changes in response to hypoxia. To determine whether the level of basal 

vascular tone is a critical factor influencing the magnitude of the dilatory response as 

previously described (Blanco et al., 2008), we plotted the percent change in vascular 

diameter (A diameter (%)) evoked by hypoxia stimulation as a function of basal steady- 

state vascular tone in the presence or absence of V2255/TTX, Figure 29. A significant 

linear correlation was detected between vascular diameter changes (%) and vascular tone 

in response to hypoxic stimulation (^=0.55, p<0.0001, n=24, Figure 29). In the presence
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of V2255 and TTX, the linear regression between vascular diameter changes (%) and 

vascular tone does not reach significance (^=0.65, p=0.0515, n=6 , Figure 29). No 

significant difference was detected between above correlations (p=0.0769). These results 

further confirmed that magnocellular neurons and dendritically released VP are not 

central mediator for hypoxia-induced vasodilation. Intrinsic mechanism of VSMC or 

dilatory substances derived from astrocytes may be responsible for hypoxia-induced 

vasodilation.

8. An acute osmotic stimulus evokes VP/NO-mediated vascular 

responses in the SON.

Our studies indicated that evoked firing activity in VP neurons by direct current 

injection resulted in a predominantly VP-mediated vasoconstrictive response, and that 

when this was blocked, a NO-mediated vasodilatory response was unmasked. To study 

whether a similar vascular phenomenon was observed during a “population” rather than a 

unitary neuronal response, we evaluated SON neurovascular responses to a hyperosmotic 

challenge, one of the classical physiological challenges that increase the VP neuronal 

population activity (Leng, 1980; Bourque, 1989; MacGregor and Leng, 2013). We 

recorded vascular tone changes in response to an acute hyperosmotic stimulus to the 

entire slice (A40 mOsm, 4 min). In a few cases (4/10), simultaneous VP neuronal firing 

activity was also recorded. As previously reported (Leng, 1980), VP neuronal firing 

activity increased in response to the hyperosmotic stimulus (from 5.5±1.6 to 11.0±3.4 Hz, 

A107±60% from baseline, n=4). In contrast to single VP neuronal stimulation, we found 

that arterioles dilated by A19±2% (n=1 0 ) from steady-state tone with peak responses
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occurring 3.8±0.3 minutes from the onset of the stimulus, Figure 30A,B- While on 

average, all arterioles recovered back to their baseline diameter values (n=1 0 , see 

washout diameter Figure 30B), in 5 of these arterioles and as shown in the representative 

trace, a rebound constriction (A-14±4%) was observed (Figure 30A). To further confirm 

that our osmotically-driven vascular responses were dependent on activity-mediated, 

neuronally derived signals, the hyperosmotic stimulation was repeated while blocking 

action potential firing (TTX, 0.5 pM). With TTX treatment, hyperosmotic stimulation 

failed to induce a vascular response (A2±3% from steady state tone, n=7, Figure 31A,B 

and Figure 37).

To determine if the osmotically-evoked vasodilation involved NO signaling, 

hyperosmotic stimulation experiments were conducted in the presence of L-NAME (100 

pM) and cPTIO (100 pM). In this condition, hyperosmotic stimulation still evoked a 

significant increase in VP neuronal firing activity (from 5.9±0.8 to 12.4±2.3 Hz, 

A116±39%, from baseline, n=5). Likewise, in the presence of NO signaling blockade, 

hyperosmotic stimulation continued to induce a smaller, yet significant, vasodilatory 

response (A9±2% from steady-state tone, n=8 , Figure 32A,B)- Importantly, the presence 

of NOS blockers resulted in a pronounced peak rebound constriction (A-10±4%), an 

effect observed in all vessels studied (Figure 32A,B and Figure 37). Previous studies 

have demonstrated hyperosmotic stimulation-induced NO release from a neuronal source 

(Kadowaki et al., 1994; da Silva et al., 2013). Thus, to gain further information on the 

potential source of NO, experiments were repeated in the presence of the specific nNOS
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Fieure 30. Hyperosmotic stimulation-induced 
neuronal and vascular responses in the SON. A.
Representative diameter trace o f an osmotically- 
driven vasodilatation in the SON. Samples o f  VP 
neuronal firing activity during the respective time 
periods are shown below. B. Summary data o f  
diameter (%) changes in response to osmotic 
stimulation. Arteriole viability was assessed by 
its vasodilatory response to low pH  (6.8) aCSF. 
Results represent means ±  SEM. Values were 
compared using repeated measures one-way 
ANOVA followed by Bonferroni posttest; paired 
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p<0.05; ***,p<0.001.
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nitric oxide in osmoticaUv-driven NVC in the 
SON. A. Representative trace o f  osmotically- 
induced vasodilatation and rebound 
vasoconstriction in the SON in the presence o f  L- 
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shown below. B: Summary data o f  changes in 
diameter in response to osmotic stimulation in the 
presence o f L-NAME and cPTIO. Arteriole 
viability was assessed by its vasodilatory response 
to low pH  (6.8) aCSF. Results represent means ±  
SEM. Values were compared using repeated 
measures one-way ANOVA followed by Bonferroni 
posttest; paired t-test was used for pH  data 
comparison. **,p<0.01. ***,p<0.001.
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blocker 7-nitroindazole (7-NI, 100 pM). Bath applied 7-NI alone constricted (~46±5%, 

n=8 , Figure 33A,B) SON arterioles, suggesting the presence of tonically released NO 

from neurons. Moreover, and consistent with the notion that neuronal NO contributes to 

hyperosmotic stimulation-induced dilations, the presence of 7-NI blunted the 

hyperosmotic stimulation-evoked vascular response (All±5%, n=8 , Figure 33A,B)- 

Taken together, these results supported the notion that osmotic stimulation mediates a 

vasodilation mostly via nNOS-derived NO and the concomitant release of VP evokes a 

vasoconstriction that is observed as a late rebound, which helps in the re-establishment of 

steady-state tone following osmotically-mediated vasodilation. Rebound constriction 

was not observed in the presence of 7-NI.

When the osmotic stimulation was performed in the presence of the V ia 

antagonist V2255 (lpM ), pronounced vasodilatory responses were still observed 

(A35±8%, n=7, Figure 34A,B), which were significantly larger than those in control 

conditions (p<0.05). However, during the washout period instead a rebound constriction 

we observed a persistent dilation (A23±8% from baseline, n=7. Figure 34A,B and Figure 

37), which on average did not returned to baseline, at least within the recovery time 

period of our recordings. Consistent with viable arterioles, all vessels dilated in presponse 

to low pH (6 .8 ) aCSF (A24±6%, n-7).
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data comparison. ***,p<0.001.
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9. Vasopressin-mediated vasoconstriction is independent of 

functional astrocytes.

In the cortex (Takano et al., 2006; Iadecola and Nedergaard, 2007), astrocytes are 

key intermediaries in NVC-mediated arteriole vasodilation. However, astrocytic 

stimulation has also been linked to arteriole vasoconstriction (Mulligan and MacVicar, 

2004; Metea and Newman, 2006). Since astrocytes express VP receptors (Hatton et al., 

1992; Zhao and Brinton, 2003), and VP was recently shown to stimulate astrocyte 

activity (Haam et al., 2014), we determined their contribution to VP- and hyperosmotic- 

mediated vascular responses. Experiments were performed in the presence of the 

gliotoxin DL-a-aminoadipic acid (L-AAA) previously shown to impair astrocyte function 

(Huck et al., 1984). After achieving steady-state vascular tone in the presence of U46619 

(150 nM), slices were perfused with aCSF containing L-AAA (2 mM) and TTX (0.5 pM) 

for at least 20 min before exposing arterioles to bath-applied VP (1 pM). TTX was added 

to prevent possible changes in neuronal activity subsequent to inhibition of astrocyte 

function. As shown in Figure 35A,B, TTX and L-AAA application alone significantly 

reduced steady-state vascular tone by A14±5% (n=7). Nonetheless, VP-induced 

vasoconstriction (A-36±6%, n=7) persisted. Indicative of viable arterioles in this 

condition, acidosis (pH 6 .8 ) still induced a prominent vasodilation (A21±6%, n=7), 

Figure 35A,B- As with TTX and L-AAA, the presence of L-AAA alone significantly 

reduced vascular tone by A13±3%, Figure 36A,B. Moreover, consistent with an 

astrocyte-independent mechanism, SON arterioles continued to dilate to hyperosmotic 

stimulation (A22±4%, n=7). Together, these data suggest that while astrocytes in the 

SON may contribute to the modulation of steady-state vascular tone, they are not key
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intermediaries in VP-mediated vasoconstriction of SON arterioles or the NVC response 

to hyperosmotic stimulation.

10. Comparison of hyperosmotically-driven vascular 

responses.

Given the complexity of the responses observed (i.e., variable magnitudes and 

onset times depending on the presence of pharmacological blockers during and after 

hyperosmotic stimulation), and for better comparison, we graphed peak vascular 

responses (% change in diameter from baseline, A diameter (%)) during the stimulus time 

and 4 minutes from the onset of the washout time (Figure 37). During the osmotic 

stimulation period, a clear vasodilatory response was observed (A19±2%, U46619), 

which was blunted in the presence of NOS blockade (A9±2%, L-NAME+cPTIO) as well 

as the nNOS blocker 7-NI (A11±5%). Consistent with the notion that vascular responses 

occur as a result of increased neuronal activity, diameter changes were significantly 

blocked by TTX (A2±3%). Moreover vasodilatory responses were significantly 

enhanced in the presence of V ia receptor blocker (A35±8%, U46619+V2255) when 

compared to the U46619 group alone. During the washout period, A diameter in the L- 

NAME+cPTIO group was significantly more constricted when compared to the U46619 

group (A5±3% vs. A-10±4%). Interestingly, in the presence of 7-NI the constriction 

observed during the washout period was absent suggesting the potential contribution of 

NO from an eNOS source as well. In the presence of the V ia receptor blocker dilations 

were significantly greater during the hyperosmotic stimulus and arterioles remained 

significantly more dilated during the washout period (A23±8% vs. A5±3%, Figure 37).
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Finally, the presence of the gliotoxin LAAA did not altered the vascular response. In 

summary, these results support prominent NO-dependent vasodilatory responses to 

osmotically-driven neuronal activity and a delayed VP-mediated vasoconstriction, which 

helps in the recovery of vascular tone as the absence of VP signaling prevented arterioles 

from recovery their diameter.



IV. DISCUSSION (Chapter 4)

1. Evaluation of experimental models and techniques

Advantages and disadvantages of using in vitro acute brain slice model.

We used in vitro acute brain slices from VP-eGFP rats as our main model to study 

neurovascular coupling in the SON. Compared to cell culture, acute brain slices largely 

preserve the tissue architecture and original distribution of vasculature, neurons and 

astrocytes. Compared to in vivo confocal imaging which is limited to superficial cortical 

layers on dorsal part of the brain (Kobat et al., 2011), our brain slice model allows us to 

elucidate the sequence of events that trigger NVC in the deep subcortical nucleus SON. 

In vivo two photon imaging enables the detection of the flow direction, an important 

aspect of differentiating arterioles from venules, as blood in post-vessel capillaries flows 

away from the arteriole but towards the venule (Bonder and McCarthy, 2014). Since 

there is no blood flow in vessels of brain slice, our approach required us to 

morphologically differentiate arterioles from venules. Penetrating arterioles on brain 

slices have continuous smooth-muscle layer while venules have a thinner wall which 

lacks smooth muscle cells (Kim and Filosa, 2012). Additionally, arterioles on brain slices 

are usually dilated due to the absence of flow-induced myogenic tone which is an 

important determinant of the type (dilation or constriction) and magnitude of NVC 

(Blanco et al., 2008). In order to compensate the loss of tone in acute brain slice

92
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preparation, U46619, thromboxane agonist which acts directly on VSMC, was used to 

pre-constrict SON arterioles to induce vascular tone as reported previously (Blanco et al., 

2008; Girouard et al., 2010).

Concentration of VP used for activation of VlaR in the SON.

The plasma concentration of VP varies from 1 pg/mL to >100 pg/mL (around 

0.001-0.1 pM) depending on physiological state (Neumann and Landgraf, 2008). 

Microdialysis studies have shown VP concentrations in the SON to be 100-1000 times 

higher (or around 0.1-10 pM) than that in the plasma (Landgraf and Ludwig, 1991; 

Ludwig and Leng, 2006). Thus, we assume 1 pM VP falls within a physiological range. 

Furthermore, VP-mediated vasoconstriction were observed upon the release of 

endogenous VP, indicating that even at the single neuron level, sufficient VP is released 

to elicit a vascular response.

Single VP neuronal stimulation using brain slices from VP-eGFP rats.

To distinguish two types of magnocellular SON neurons, we used brain slices 

from VP-eGFP rats which have VP promoter controlled GFP to detect VP neurons by 

their green fluorescence (Ueta et al., 2005; Ueta et al., 2008). Utilizing electrophysiology 

and video microscopy, our experimental model enabled us to selectively stimulate single 

VP neurons and record arteriolar responses simultaneously. The use of the single VP 

neuronal stimulation model together with pharmacological approaches enables the 

detection of vasoactive substances derived exclusively from VP neurons, and rule out 

other potential sources such as innervations originated from other brain regions and
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endothelial cells of local vasculature. While single VP neuronal stimulation offers a 

limited picture of physiological NVC in the SON, SON NVC may be more complicated 

and the relative importance of participating vasoactive substances may be vary in a more 

inclusive model.

Population stimulation on SON slices.

We considered electrical, hypoxic, and hyperosmotic stimulation for population 

stimulation in the SON. Electrical stimulation in the SON does not exclude the possibility 

of releasing neuropeptides either from sparse collaterals (is any) between magnocellular 

neurons (Armstrong, 1995) or from axonal inputs of neurons in brain regions outside the 

SON (Kolaj et al., 2000; Israel et al., 2010). Moreover, the observed electrical 

stimulation-induced cellular depolarization may stimulate the whole system which does 

not occur under physiological condition.

Hypoxic stimulation is another model for population stimulation of the SON. 

Previous studies showed that the oxygen tension of a 300 pm thick brain slice is 

significantly above physiological norms (in vivo) when the aCSF is equilibrated with 

95% O2 (Garcia et al., 2010). The “hypoxic stimulation” we referred to is decreased 

aCSF oxygen tension compared to 95% O2 perfusion rather than actual hypoxic condition 

compared to in vivo norms. We showed that hypoxic stimulation has little direct effect on 

magnocellular neurons and it strongly triggers the release of vasoactive substances from 

either astrocytes or directly act on VSMC.
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Compared to electrical stimulation, hyperosmotic stimulation is a more 

physiological stimulus for cell population in the SON. Compared to hypoxic stimulation, 

hyperosmotic stimulation activates the whole neuronal population in the SON due to their 

sensitivity to osmolarity (Sharif Naeini et al., 2006; Shah et al., 2014). In response to 

hyperosmotic stimulation, magnocellular neurons have been shown to increase firing 

activity and intracellular Ca2+ level (Shah et al., 2014) which is essential for 

neuropeptides and NO release (Hemmens and Mayer, 1998; Ludwig and Leng, 2006). 

Besides, hyperosmotic stimulation favors the release of vasoactive substances mainly 

from magnocellular neurons based on following facts: 1) TTX completely block 

hyperosmotic stimulation-induced vascular responses and 2) no observation of 

hyperosmotic stimulation increases astrocytic intracellular Ca2+.

2. Electrical stimulation-induced vasoconstriction.

Electrical stimulation has been widely used by neuroscientist to study many areas 

such as the causal links between brain structures and behavior (Tehovnik, 1996) and the 

evoked synaptic activity in defined circuits (Bellone and Nicoll, 2007). Electrical 

stimulation has also been used to study NVC in many brain regions (Hardebo et al., 1989; 

Yang and Iadecola, 1996; Takano et al., 2006; Longden et al., 2014). Electrical 

stimulation induces vasodilation in cerebellum (Akgoren et al., 1994; Akgoren et al., 

1996) and cerebral cortex (Nakai et al., 1983; Takano et al., 2006; Longden et al., 2014). 

We use stimulating protocols (50 Hz, 2 V, 2 s) which has similar frequency and duration 

but with less intensity than previously reported (20 V) (Longden et al., 2014). Unlike the 

vasodilatory response observed in cerebral cortex and cerebellum, electrical stimulation
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in the SON induces vasoconstriction. Electrical stimulation-induced vasoconstriction is 

unlikely due to direct depolarization of vascular smooth muscle cells since the onset of 

vasoconstriction take place after tens of second after stimulation, whereas direct VSMC 

depolarization should take place immediately after stimulation. Only in one case, a 

transient vasodilation which took place immediately following electrical stimulation and 

before the onset of vasoconstriction was observed, suggesting the co-existence of 

competing vasoactive signals in the SON.

3. Activity-dependent dendritic release of VP mediates local 

arteriole vasoconstriction.

The MNS along with nigral dopaminergic neurons stand as the best characterized 

systems for dendritic release of neurotransmitters in the CNS (Jaffe et al., 1998; Chen and 

Rice, 2001; Bergquist and Ludwig, 2008). Activity-dependent dendritic release of 

neuropeptides from MNNs is a calcium-dependent exocytotic event regulated 

independently from axonal release (Ludwig, 1998) constituting a polymodal functional 

role within the MNS. Acting as an autocrine population signal, it enables neurons to 

autoregulate their own firing activity, optimizing neurohypophysial hormone release 

during physiological challenges including increases in plasma osmolarity or lactation 

(Ludwig and Leng, 1997, 2006). Moreover and as recently shown, slow diffusing 

dendritically released VP, acts as an interpopulation signal recruiting distant 

presympathetic neurons coordinating polymodal homeostatic responses to an osmotic 

challenge (Son et al., 2013).
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Supporting a vasoconstrictor role for dendritically released VP under near 

physiological vascular conditions, using previously defined protocols to evoke dendritic 

release (Kombian et al., 1997; Son et al., 2013; Haam et al., 2014), a predominant V ia 

receptor-mediated vasoconstriction was observed in response to single VP neuronal 

stimualtion. A dendritic (rather than axonal) VP source is further supported by the 

topographical segregation between dendritic and axonal terminals characteristic of this 

system: axons from MNNs run dorsally and laterally, exiting the nucleus with scarce or 

no collaterals terminating within the SON or PVN (Swanson and Kuypers, 1980; Hatton 

et al., 1985). Dendrites conversely, are confined within the nucleus, being mostly 

oriented ventrally (Armstrong, 1995). These characteristics minimized the possibility that 

axonal VP release contributed to activity-dependent vascular responses. Our studies 

suggest that in addition to regulating local neuronal activity, dendritic VP release also 

contributes to concomitant adjustments in parenchymal arteriole tone. In agreement, a 

recent study reported osmotic stimulation-evoked vasoconstriction (in vivo) of 

extracerebral arterioles around the SON (Alonso et al., 2008).

Indicative of the release of a vasodilator and vasoconstrictor signal with different 

efficacies, in a few cases, we observed dilation followed by vasoconstriction in response 

to single VP neuronal stimulation. In support of this idea, blocking VP-mediated 

vasoconstriction unmasked an NO-mediated vasodilation. This is consistent with high 

nNOS expression in VP neurons (Arevalo et al., 1992) and their ability to release NO in 

an activity-dependent manner (Pow, 1992; Kadowaki et al., 1994; Gillard et al., 2007). 

Thus, our results indicate that while VP neuronal activation results in the co-release of
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opposing vasoactive signals, at the single VP-neuronal stimulation level, VP-mediated 

vasoconstriction generally prevailed. A similar competitive action between co-released 

opposing vasoactive signals was reported in cortical NO-NPY-expressing GABAergic 

intemeurons (Cauli et al., 2004). Finally, and contrary to our previous observations in the 

cortex (Blanco et al., 2008), the type of the vascular response (dilation vs. constriction) to 

single VP neuronal stimulation was independent of the level of basal tone. Thus, vascular 

responses following activity-dependent dendritic release of VP, stands as a novel and 

distinct form of NVC in the brain.

4. Hypoxia-induced NVC responses

Contrary to decreased hippocampal and cortical neuronal firing activity in 

response to hypoxia (Luhmann and Heinemann, 1992; Hyllienmark and Brismar, 1999; 

Kmjevic, 2008), we found that firing activity of SON VP neurons increased by over 

100%. We proposed that increased neuronal activity in response to hypoxia is part of a 

feedforward loop contributing to a more hypoxic and excitable microenvironment in 

order to facilitate VP neuron activity and accelerate the release of VP into general 

circulation.

Contrary to our expectation, vasodilation rather than vasoconstriction is triggered 

by hypoxia, suggesting hypoxia is a potent stimulus for vasodilation and dilatory signals 

may override the vasoconstrictive effect of dendritically released VP. K+ is a potent 

vasodilator that can be released from both neurons and astrocyte. BK channels on 

astrocytic endfeet and Kjr channels on VSMC are involved in K+ mediated vasodilation
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(Filosa et al., 2006). We tested the role of K+ in hypoxia-induced vasodilation. We found 

that hypoxia-induced vasodilation persisted in the presence of the Kjr channel blocker 

BaCh, ruling out K+ as the central mediator for hypoxia-induced vasodilation.

Importantly, we demonstrated that hypoxia-induced vasodilation was independent 

of magnocellular neuronal activation, as the vascular response was not change in the 

presence of the fast sodium channel blocker TTX and VlaR antagonist V2255. By 

plotting vascular diameter change (%) as a function of vascular tone, we observe vascular 

tone-dependent vasodilation in response to hypoxic stimulation, consistent with previous 

work from our lab showing astrocyte derived vasoactive signals induced tone-dependent 

vascular response (Blanco et al., 2008). The correlation between vascular tone and 

diameter changes is not significantly different between condition in the presence or 

absence of TTX/V2255, further confirming magnocellular neuronal activity and activity- 

dependent released VP are not central mediators in hypoxia induced vasodilation. 

Another possibility is that hypoxia may directly decrease the ability of VSMC to 

maintain vascular tone. Other vasodilators such as adenosine and PGE2 (Howarth, 2014), 

may also participate in hypoxia-induced vasodilation.

5. Hyperosmotic stimulation-evoked NVC responses

As shown in previous section, in response to single VP neuronal stimulation, 

dendritically-released VP induced vasoconstriction. This activity-dependent 

vasoconstriction following single VP neuronal stimulation are puzzling, given that 

increased neuronal activity is typically associated with increased CBF (Girouard and
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Iadecola, 2006). It is important to consider however, that in order to increase and 

maintain elevated systemic release of VP (Bourque, 1998) in response to physiological 

challenges (e.g. osmotic stimulus), the entire VP neuronal population is activated 

(Gouzenes et al., 1998). Additionally to axonal systemic release of VP, hyperosmotic 

stimulation also evokes local dendritic release of VP (Landgraf and Ludwig, 1991; 

Neumann et al., 1993), as well as NO (Gillard et al., 2007), with both signals acting in 

concert to efficiently regulate VP-mediated osmotic responses (Gillard et al., 2007). We 

found that differently from single-neuronal stimulation and electrical stimulation, 

osmotically-driven VP population activity resulted in a predominant and reversible 

vasodilation. Moreover, differently from hypoxic stimulation in which magnocellular 

neurons are not recruited, hyperosmotic stimulation-induced vasodilation were abolished 

when action potentials were blocked with TTX, indicative of an activity-dependent 

neurovascular response. Our results also indicate that osmotically-driven NVC in the 

SON is complex and, as in the cortex (Attwell et al., 2010), involves multiple signals.

Supporting NO as a key (but not only) vasodilatory signal, the magnitude of the 

osmotic stimulation-evoked vasodilation was partly blocked by L-NAME and the specific 

nNOS blocker, 7-NI. Moreover, diminishing the magnitude of the vasodilation with L- 

NAME unmasked a delayed V ia receptor-dependent vasoconstriction; this 

vasoconstriction was absent in experiments conducted with 7-NI. These data supports 

nNOS-derived NO as the immediate NVC signal and, likely, eNOS-derived NO as an 

additional/modulatory factor. The nature of additional vasodilatory signal/s remains to be 

determined. Finally, in the presence of the V ia blocker, osmotic stimulation evoked a
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larger and sustained vasodilation, with no tone recovery. Thus, in the context of an 

osmotic stimulus, dendritic VP release may act to limit the magnitude of the evoked 

vasodilation, while ensuring rapid baseline tone recovery. Along with previous studies 

showing that during an acute or chronic osmotic stimulation dendritic release of VP 

contributes to autoregulation of VP firing activity (Ludwig, 1998), recruitment of 

neighboring presympathetic neurons (Son et al., 2013), modulation of systemic release of 

VP (Gouzenes et al., 1998) and angiogenesis (Alonso et al., 2008), our studies support a 

pivotal role for activity-dependent dendritic VP release in orchestrating optimal vascular 

responses to an osmotic challenge. Importantly, consistencies are observed with the 

timing of the evoked vascular response with either single or osmotically-driven 

stimulations; vasoconstriction occurred with a delay following the stimulus and, when 

present, vasodilation preceded/overrode VP-mediated vasoconstriction.

In general, increased neuronal activity dilates cerebral arterioles. This process, 

known as NVC, ensures matching of neuronal metabolic demands with oxygen and 

nutrient supply. Here, not excluding the contribution of glutamate-mediated NVC, we 

unveiled a novel modality of NVC mediated by the competing action of opposing 

vasoactive signals whose balance and vascular effects are dependent on the stimulus 

conditions by which either a single or population of neurons are activated, namely 

dendritically-released VP and the gas molecule NO (Figure 38).
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6. Role of OT neurons in NVC in the SON

Differences in the balance between activity-dependent VP and NO release may 

explain vascular responses observed between single (VP-mediated vasoconstriction) vs. 

population (osmotic) (NO-mediated vasodilation) neuronal stimulation. Alternatively, 

given that an osmotic stimulus also activates nNOS-expressing OT neurons (Neumann et 

al., 1993; Stem and Zhang, 2005) and eNOS-expressing cells (Stem and Zhang, 2005; 

Yuan et al., 2010), it is likely that enhanced NO release/availability originating from 

multiple sources, in addition to other vasodilatory signals, override VP-mediated 

vasoconstriction. Of note, OT stimulation alone was not sufficient to evoke a vascular 

response.

7. Independence of astrocytes in neurovascular 

communication in the SON

In the cortex and hippocampus, increased astrocytic Ca2+ mobilizes arachidonic 

acid metabolism leading to the formation of vasoactive signals, which contribute to NVC 

(Attwell et al., 2010). VP, the ligand for Gq protein-coupled receptor VlaR, has been 

shown to increase Ca2+ in astrocytes (Zhao and Brinton, 2003).

One possibility of no detection of astrocytic Ca2+ changes in response to VP 

stimulation in the SON is that astrocyte may change their Ca2+ levels in fine processes 

and endfeet which are in direct contact with the SON vasculature rather than in the soma. 

It is believed that Ca2+ elevation within astrocyte endfeet is likely more crucial for
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mediating neurovascular coupling than Ca2+ signaling elsewhere in the cell (Attwell et 

al., 2010; Bonder and McCarthy, 2014; Howarth, 2014). However, the bulk loading of 

organic Ca2+ indicator dye Fluo-4 AM which is used in current study is limited to the 

soma and several a few main processes. An alternative way of higher resolution of 

astrocytic Ca2+ level in the SON is to use genetically encoded Ca2+ indicators based on 

circularly permuted green fluorescent protein (Hires et al., 2008; Tian et al., 2009), which 

allows the detection of Ca2+ signals in astrocytic endfeet (Bonder and McCarthy, 2014).

In our study the presence of the gliotoxin L-AAA, which leads to the intracellular 

depletion of glutathione (Kato et al., 1993; Pow, 2001) and inhibition of glial specific 

enzymes (Chang et al., 1997) does not compromise VP-mediated vascular responses. L- 

AAA significantly reduced baseline vascular tone yet, VP evoked prominent 

vasoconstriction. Moreover, hyperosmotic stimulation-induced vasodilation was also 

preserved in the presence of L-AAA and TTX, despise the presence of a decreased level 

of basal vascular tone induced by L-AAA. The notion that in response to intense neuronal 

stimulation such as during lactation, dehydration and parturition (Perlmutter et al., 1984, 

1985; Chapman et al., 1986; Theodosis et al., 1986) glia processes retract, favors the 

participation of astrocytes in the modulation, rather than as key intermediaries, of the 

SON NVC response.

8. Significance of NO/VP-mediated NVC in the SON

Our studies show that activity-dependent NVC in the MNS involves signals and 

mechanisms substantially different from those previously described (Attwell et al., 2010),
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highlighting dendritic release of peptides as a novel mechanism by which neurons locally 

influence vascular tone and CBF. Moreover, they further support multiple forms of NVC 

signaling modalities in the brain (Hamel, 2006b), which appear to be determined in part 

by the variety of neurochemical signals released by activated neurons, as well as the 

particular stimulus mediating neuronal activation. Importantly, the observation that 

efficient SON NVC responses results from the balanced action of opposing activity- 

dependent vasoactive signals (VP-NO) has important pathophysiological implications. In 

heart failure for example, exacerbated neuronal activity in the SON/PVN contributes to 

neurohumoral activation (Patel et al., 2000; Zhang et al., 2002). Moreover, a profound 

decrease in nNOS and NO availability, along with increased VP levels, have been 

reported in the SON/PVN during heart failure (Wang et al., 2005; Sivukhina et al., 2010; 

Sharma et al., 2011). Thus, imbalanced VP/NO levels during heart failure may 

compromise NVC responses, resulting in a mismatch in the neuronal metabolic demand- 

supply equilibrium. Future studies are needed to address the extent to which this 

imbalance contributes to alter SON neuronal activity and NVC in heart failure.



V. SUMMARY (Chapter 5)

In conclusion, we have utilized an in vitro rat brain slice model to study NVC in 

response to single VP neuronal activation and population activation in the SON. We 

found vasoconstriction preferentially took place in response to single VP neuronal 

stimulation. Blockage of VP signal pathway induced NO-mediated vasodilation in 

response to single VP neurons stimulation.

In addition electrical stimulation induced a pronounce vasoconstriction while 

hypoxic and hyperosmotic stimulation induced vasodilation. Hypoxia-induced 

vasodilation, however, was not mediated by magnocellular neurons but other cells types 

in the SON. More importantly, hyperosmotic stimulation-induced reversible vasodilation 

is mediated by two neuronal-derived competing vasoactive substances, NO and VP, 

which mediate vasodilation during stimulation and vasoconstriction post stimulation to 

reset vascular tone, respectively.
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