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Abstract

This tribute article presents selected immunocytochemical and transmission
electron microscope data on the location of ATP-gated P2X receptors in the rat
brain, as studied in the 1990s in Prof G. Burnstock's laboratory at University
College London. There are examples of immuno-ultrastructural findings and
introductory information about pre- and -post-synaptic location of P2X receptors
in the rat cerebellum and endocrine hypothalamus to support the concept of
purinergic transmission in the central nervous system. Then findings of diverse
immunoreactivity for P2X1, P2X2, P2X4 and P2X6 receptors associated with
brain microvessels are shown, including vascular endothelium and pericytes as
well as perivascular astrocytes and neuronal components. These findings imply
the involvement of P2X receptors and hence purinergic signalling in the
neurovascular unit, at least in microvessels in the rat cerebellum and
hypothalamic paraventricular and supraoptic nuclei examined here. Various
aspects of P2X receptors in brain microvessels are discussed.
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Introduction

In one of his last contributions to his legendary research on purinergic signalling,
Prof Geoffrey Burnstock presented an overview of the role of a purine adenosine 5'-
triphospate (ATP) as a cotransmitter with glutamate, noradrenaline (NA), gamma-
aminobutyric acid, acetylcholine and dopamine in the brain. He highlighted the role
of ATP-gated P2X ionotropic receptors, and their involvement in fast synaptic
transmission and synaptic plasticity (Burnstock 2020). For the account of Prof G
Burnstock's contribution to the field of purinergic signalling see: Verkhratsky et al.
(2020).

In the late 1990s circumstances allowed morphologists to be involved in research
into the purinergic system. The antibodies for the detection of purinergic P2
receptors had been developed and were made available for immunohistochemical
research. Consequently, the first immunocytochemical findings from transmission
electron microscope (TEM) examination of the distribution of ATP-gated P2X
receptors in the central nervous system (CNS) were reported (Lé et al. 1998;
Llewellyn-Smith and Burnstock 1998; Loesch and Burnstock 1998a). These
included a study of rat brain, particularly of the cerebellum and the hypothalamo-
neurohypophysial system (Loesch and Burnstock 1998a, 2000, 2001; Loesch et al.
1999). It was shown that the immunoreactivity for P2X1 receptors was localized in a
subpopulation of synapses established by varicosities of parallel fibres of granule
cells and dendritic spines of Purkinje cells, while P2X1-immunoreactivity also
appeared in some astrocyte processes (Loesch and Burnstock 1998a). In the
hypothalamo-neurohypophysial system, best known for its production of the
hormones vasopressin and oxytocin (see Renaud and Bourquet 1991),
immunoreactivity for P2X2 and P2X6 receptors was shown. The immunoreactivity
for these receptors was associated with (i) hypothalamic supraoptic and
paraventricular endocrine neurones, neurosecretory and non-neurosecretory axons
and dendrites; and (ii) neurohypophyseal pituicytes and neurosecretory axons
(Loesch et al. 1999; Loesch and Burnstock 2001). Numerous asymmetric axo-
dendritic synapses were commonly observed, which involved P2X2-positive axons
and unlabelled dendrites or the contrary — involved P2X2-positive dendrites and
unlabelled axons. Axo-somatic synapses established by P2X2-positive axons on
P2X2-positive endocrine cell bodies as well as on P2X2-negative somata were also
observed (Loesch et al. 1999). These data therefore demonstrated the fine
morphological basis of P2X receptors distribution, at least P2X2 and P2X6
receptors, in the hypothalamo-neurohypophysial system (Loesch and Burnstock
2001).

A pioneering TEM-immunocytochemical study of P2X receptors in the rat also
revealed an association of the P2X3 receptor with sensory neurons of: (i)



trigeminal ganglia, (ii) cervical and lumbar dorsal horn of the spinal cord, where
the receptor appeared in scalloped presynaptic terminals, and (iii) the solitary
nucleus and tract, where P2X3-labelled buttons synapsed on P2X3-negative
dendrites or axons (Llewellyn-Smith and Burnstock 1998); these studies
consequently suggested that ATP can influence sensory signalling within the
CNS. At the same time TEM findings of presynaptic expression of P2X4
receptors in rat cerebellar cortex, olfactory bulb glomeruli and substantia
galatinosa of the spinal cord confirm the selective presynaptic role of ATP in the
modulation of neurotransmitter release in central sensory nerves, and the
involvement of the P2X4 receptor in fast excitatory purinergic transmission (Lé
et al. 1998). In fact, evidence suggested that ATP may act not only as a fast
transmitter or co-transmitter in autonomic and sensory nerves, but may also play
a modulatory role acting presynaptically rather than solely postsynaptically in the
nervous system (Cunha and Ribeiro 2000).

Early TEM studies of the rat brain also showed that apart from neurons or their
components displaying immunoreactivity for P2X receptors, hence
histologically supporting the phenomenon of purinergic synaptic transmission in
the brain (see Burnstock 2007), the endothelial cells of small calibre blood
vessels can also express immunoreactive P2X receptors (Loesch and Burnstock
2000, Loesch 2002). Earlier, the possibility of the release of ATP by the
endothelium was reported in the isolated microvessels of the rat brain (Milner et
al. 1995).

This tribute article presents findings of P2X receptors: P2X1, P2X2, P2X4 and
P2X6 in the rat brain microvessels. This is presented in the general context of the
cerebrovascular mechanisms of the control of cerebral blood flow involving
perivascular astrocytes and neuronal cell profiles as well as vascular endothelium
and pericytes. It is well-established that these cells contribute to the histology and
physiology of the functional neurovascular units (NVU) connecting brain
parenchyma with cerebral vasculature (Dore-Duffy and Cleary 2011; Dalkara and
Alarkon-Martinez 2015; Netto et al. 2018; Hayden 2019). Here, the data are
extracted from the studies Prof G Burnstock and myself carried out in 1997-
2001. Some TEM images of the vascular and perivascular immunoreactivity for
purinergic receptors in rat cerebellum and hypothalamic paraventricular and
supraoptic nuclei are shown here for the first time with the hope these might add
to the general morphological aspects of purinergic signalling in relation to brain
microcirculation.



Materials and methods

All data presented here were obtained by examination of the brains of 3-4-month
old Sprague-Dawley and Wistar rats (in accordance with the ethical approval and
UK Animals (Scientific Procedures) Act 1986) following application of relevant
P2X antibodies and the pre-embedding immunocytochemistry protocols for
TEM, details of which have been previously published (see Loesch and
Burnstock 1998a, 2000, 2001; Loesch et al. 1999). In Brief, rabbit polyclonal
antibodies to P2X1, P2X2, P2X3, P2X4 and P2X6 receptors were generated and
characterised by Roche Bioscience, Palo Alto, USA (Oglesby et al. 1999; also see
Chan et al. 1998; Xiang et al. 1998). Antibodies were generated against unique
peptide sequences of receptor subtypes. The receptors were visualized using
ExtrAvidin-horseradish peroxidase conjugate protocol, which was followed by
the step with 3,3'diaminobenzidine (DAB) and then standard procedures of
osmication, dehydration, embedment in Araldite, ultracutting, contrasting with
uranyl acetate and lead citrate and examination with a JEM-1010 TEM.

Results

P2X receptors in the brain

In support of the immunocytochemical data described in the Introduction, here
Fig. 1 demonstrates TEM examples of neural immunoreactivity for P2X
receptors: P2X1, P2X2, P2X3, P2X4 and P2X6 and the involvement of these (or
at least some) in the establishment of synaptic contacts. Apart from these
findings, the focus of this article is on the distribution of P2X receptors: P2X1,
P2X2, P2X4 and P2X6 in association with brain microvessels, here observed in
the cerebellum and paraventricular and supraoptic nuclei.

P2X receptors and microvessels

P2X1. An example of the close relationship between immunoreactivity for P2X1
receptors and a microvessel of the rat cerebellar medulla is shown in Fig. 2a, b.
Astrocyte processes are seen at the microvascular wall forming perivascular end-
feet and displaying diffuse or patchy immunoreactivity for P2X1 receptor.
Immunoreactive astroglia end-feet making tight overlap with no slits between
them could be observed at higher TEM magnification (Fig. 2b). Microvascular
endothelium and pericytes appeared to be immunonegative for P2X1 receptors.

P2X2. Perivascular regions of brain microvessels can display a rich presence of
P2X2 receptor-immunoreactive neural and glial cells and/or their processes. In
rat cerebellum, P2X2-immunoreactive dendrite profiles of Purkinje cells and



astrocyte processes/end-feet can be seen contacting microvessels (Fig. 3a).
Pericyte and endothelium of cerebellar microvessels showed no obvious
immunoreactivity for P2X2 receptors. In contrast, some microvessels of the
paraventricular and supraoptic nuclei of the hypothalamus showed endothelial
immunoreactivity for P2X2 receptors, but P2X2-negative endothelial cells,
pericytes and astrocyte profiles were also observed (Fig. 3b, c). At times,
however, immunoreactivity for P2X2 receptors could be seen in pericytes of
microvessels in the paraventricular nucleus (Fig. 3d). In this case, a patchy
distribution of P2X2-immunoreactivity seemed concentrated at the abluminal
(adventitial) regions of the pericyte cytoplasm. This coincided with the presence
of P2X2-negative perivascular axon terminals containing synaptic vesicles,
including numerous small agranular and some granular vesicles.

P2X4. The appearance of immunoreactivity for P2X4 receptors appeared varied
when comparing microvessels of cerebellum and hypothalamus. In the
cerebellum both neural and glial perivascular components displayed P2X4-
receptor immunoreactivity, while the endothelium and pericyte were unlabelled
(Fig. 4a). In the hypothalamus, however, microvascular endothelium was
immunoreactive for the P2X4 receptor, as also was the perivascular astrocyte; the
Immunoprecipitate was unevenly (in patches) distributed in these cells (Fig. 4b).
No pericyte positive for the P2X4 receptor was observed.

P2X6. Examples of immunoreactivity for P2X6 receptors were obtained from the
study of the paraventricular nucleus. It was evident that the immunoreactivity for
P2X6 receptors was confined to some of the microvascular endothelium (Fig. 4c)
and perivascular astroglia end-feet (Fig. 4d). The cell membrane of P2X6-
immunoreactive astrocyte end-feet could be invaginated; this was seen at the
sites of presence of immuno-negative pericytes and/or endothelial cells (Fig. 4d).

Discussion

The immunocytochemical TEM data showed that P2X receptors are associated
with brain microvessels. These findings extends the original TEM
immunocytochemical observation of the P2X2 receptor in the rat brain
microvessels (Loesch and Burnstock 2000) providing a further immuno-
morphological basis for the diverse distribution of P2X receptors in the
endothelium, pericyte and perivascular astroglia processes associated with brain
microvessels. Here, some of the images disply a possible morphological
relationship between the endothelium, pericyte, astrocyte and neural elements (as
part of NVU), as well as the potential for purinergic signalling in and at the
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microvessels of rat brain. The possibility cannot be excluded that the
immunoreactivity for either of P2X4 or P2X6 receptors observed in the present
study might in fact indicate the presence of heteromeric P2X4/6 receptors. This is
because P2X4 or P2X6 receptors are usually assembled as heteromeres P2X4/6
receptors and have trafficking properties (Collo et al. 1996). By the same token,
immunoreactivity for P2X2 receptors might suggest the presence of heteromeric
P2X2/6 receptors (Bobanovic et al. 2002; Robinson and Murrell-Lagnado 2013).

Endothelium

Here, endothelium showed a diverse, heterogeneous distribution of P2X
receptors even within the same cross-sectional profile of a microvessel, where,
for example, both P2X2-positive and P2X2-negative endothelial cells coexisted
in microvessels of paraventricular and supraoptic nuclei. This heterogeneous
distribution of P2X receptors might be related to the microvessel-specific role. It
Is now clear that the distribution of P2X receptors varies from vessel to vessel
and also there are species-specific differences in receptor subtype expressions
(Burnstock and Ralevic 2014; Burnstock 2017a). The initial studies of purinergic
receptor distribution included immunofluorescence laser confocal microscopy of
the P2X1 receptor in rat mesenteric artery and veins in urinary bladder, and of the
P2X2 receptor in rat aorta (Hansen et al. 1999); the P2X3 receptor in endothelial
cells of rat thymus (Glass et al. 2000), and the P2X3, P2X4 and P2X7 receptors
in endothelial cells of rat thyroid blood vessels (Glass and Burnstock 2001). A
co-labelling study of freshly harvested human umbilical vein endothelial cells
(HUVEC:S) at the confocal microscope and TEM levels, as well as the application
of Western blotting analysis revealed, that the P2X4 and P2X6 receptors are
strongly co-localized with the cell adhesion molecule VE-cadherin on plasma
membranes at cellular adherens junctions. It also appeared that the receptors
became internalised specifically after decreasing the extracellular calcium
([Ca*]) level, therefore being involved in modulating adhesion junctions in
human endothelial cells (Glass et al. 2002). Many more aspects of purinergic
signalling in the cardiovascular system including the vasoactive role of ATP and
purinoceptors can be found in the elegant publication by Ralevic and Burnstock
(1998).

In the original TEM study of P2X2 receptors in rat brain microvessels we
suggested the possibilities that these receptors may regulate the formation of
endothelial gap and/or tight junctions influencing the blood-brain barrier (BBB),
or modulate the contractility of capillary endothelial cells (Loesch and Burnstock
2000). Here, immunoreactivity for P2X2, P2X4 and P2X6 receptors detected in
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endothelial cells of hypothalamic microvessels also suggested that these
receptors can interact with circulating ATP — possibly deriving from
neighbouring endothelial cells (Burnstock 1990, 2010; also see Vanhoutte 2000).

It is now well-established that the endothelial distribution of P2 receptors is
related to ATP effects on the vasculature and its involvement in control of
vascular tone and remodelling (Burnstock and Ralevic 2014). In general terms,
ATP released from perivascular sympathetic nerves causes vasoconstriction via
the P2X1,2 and 4 receptors on vascular smooth muscle of the media, while ATP
released from endothelial cells during shear stress and hypoxia acts on P2X1,2,3
and 4 and P2Y1,2,4 or 11 receptors on nearby endothelial cells to stimulate the
production of a potent vasorelaxant nitric oxide (NO) and endothelium-derived
hyperpolarizing factor/s (EDHF), which subsequently dilate vessel/s (Burnstock
and Ralevic 2014). It can be mentioned that a number of studies on ATP release
from endothelial cells were performed in Prof Burnstock's lab at UCL in the early
1990s. These studies have shown that ATP is released both from the in vivo and
freshly isolated endothelial cells during hypoxia or changes of perfusion flow
rate. Initially, release experiments were performed on freshly isolated rabbit
aortic endothelial cells (Milner et al. 1990a, 1992; Bodin et al. 1991; Bodin and
Burnstock 2001), freshly harvested HUVECs (Milner et al. 1990b; Bodin and
Burnstock 1995), rat mesenteric arterial bed (Ralevic et al. 1992) and the rabbit
cerebral vasculature perfused with a perfluorocarbon emulsion, a substitute for
erythrocytes delivering oxygen to the brain (Domer et al. 1993). The latter study
was particularly important in relation to the ATP system in the brain vasculature.
It has supported the view that ATP and other vasoactive agents, such as substance
P, endothelin-1 and arginine vasopressin, are released by vascular endothelial
cells during changes in the rate of vascular perfusion, therefore contributing to
changes in local cerebrovascular tone (Domer et al. 1993). Chronic sensory
denervation of perivascular nerves with the neurotoxin capsaicin also leads to
changes in the release of ATP, as well as substance P, endothelin and vasopressin
of endothelial origin from rat brain microvessels during increased flow (Milner et
al. 1995). Therefore, along with ATP other vasoactive substances also may play a
role in maintaining cerebrovascular tone, and this includes NO generated by
cerebrovascular endothelium and perivascular nerves and/or neuronal processes
of central origin (Bredt et al. 1990; ladecola et al. 1993; Nozaki et al. 1993;
Loesch and Burnstock 1996, 1998b). Importantly, NO can also be released by
brain glial cells including astrocytes (Murphy et al. 1993), as well as by the brain
microvascular pericytes, particularly during inflammatory processes when these
cells can secrete cytokines and chemokines (Kovac et al. 2011).



Astroglia and pericytes

Here, immunoreactivity for P2X receptors was displayed by perivascular
astrocyte end-feet (P2X1, 2, 4 and 6) and to a lesser extent by pericytes (P2X2),
suggesting that these cells are prepared for the action of extracellular ATP to
influence intracellular Ca?* concentration ([Ca?*]i). Hypothetically, the ATP
action via P2X receptors could coexists with the action of glutamate that escaped
from the synaptic clefts and interact with metabotropic glutamate receptors
(mGIuRs) on astrocytes increasing [Ca*]i in these cells (Porter and McCarthy
1996). In fact, both ATP and glutamate can be released by astrocytes themselves
as a part of the astrocytes-microglia signalling system (Verderio and Matteoli
2001), and also participating in astrocyte-neuron bidirectional cross-talk (Aragque
et al. 1999; Bezzi et al. 1999). Studies of primary cultures of hippocampal
astrocytes of embryonic rat pups revealed two types of vesicles in the cells for
storage and release of either: (i) ATP - stored in large dense-core vesicles of ~
104 nm diameter or (ii) glutamate - stored in small agranular vesicles of ~ 56 nm
diameter (Coco et al. 2003). Whether glutamate and ATP initiate relaxation or
constriction of microvessels seems partially dependent on the pre-existing
vascular tone (Blanco et al. 2008). Evidence also suggests that ATP acting on
astrocytic P2X1 receptors evokes the release of prostaglandin E, (PGEZ2), which
subsequently relaxes pericytes (Mishra et al. 2016). Unfortunately it is unknown
in the present study whether P2X1-positive astrocytes of microvessels of
cerebellar medulla were able to release PGE2 or any other agent. Complex
morpho-functional studies of rat and mouse brain cortical slices, including
whole-cell patch-clamp experiments, revealed that, for example, NA-stimulated
elevations of [Ca*]i in astrocytes can regulate arteriole diameter, and that
astrocyte Ca®" waves cause vascular constrictions, the extent of which are related
to astrocyte end-feet participation (Zona et al. 2003, Mulligan and MacVicar
2004). As NA is a cotransmitter with ATP in central and autonomic sympathetic
nerves (Sperlagh et al. 1997; Poelchen et al. 2001; Burnstock and Verkhratsky
2010; Burnstock 2020), here the possibility cannot be excluded that axon
terminals observed close to pericyte might be a source of NA and ATP.

Here, the relatively modest expression of P2X receptors by pericytes, as only
P2X2 immunoreactive receptors were observed in abluminal cytoplasm of
pericytes of the hypothalamic microvessels, is nevertheless, worth to notice. This
is because the close location of axon terminals to pericyte suggests that the axon
terminals might be a source of ATP interacting with pericyte-associated P2X2-
receptors. This is an interesting observation in the context of the elegant studies
of the rat isolated retina and cerebellar slices by Peppiatt and colleagues (2006),
showing that superfused ATP in the retina and NA in the cerebellum, resulted in
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constriction of capillaries by pericytes, while glutamate reversed the constriction
produced by NA. Constriction of capillaries is caused when pericyte [Ca*']i is
elevated, which leads to activation of intracellular contractile proteins hence
causing constriction of pericyte processes around the capillary (Peppiatt et al.
2006; Chang et al. 2018). According to Peppiatt et al. (2006) the spread of
constriction is not produced by a glial Ca** wave, but rather by a direct contact
between neuropil elements and pericytes, which can render pericyte-capillary
constriction. In light of the above data, the current finding of axon terminals
close to the basement membrane covering P2X2 receptor-positive pericyte is
interesting, as these terminals contain a number of synaptic vesicles, some of
which perhaps store ATP (Fig. 3d). This histological feature might be of
relevance to the purinergic involvement in local control of contractility of
pericyte and the host microvessel. It can be noted, however, that pericytes display
different sensitivities to purinergic stimulation (Peppiatt et al. 2006).

In fact the vasoregulatory mechanisms involving ATP are complex, as it has been
shown in the study of rat brain penetrating arterioles, which are precapillary
microvessels. It has been shown that the microapplication of ATP to the cerebral
penetrating arterioles produced a biphasic response, which in the first instance
was constriction followed by dilatation, where the latter was dependent upon
both the endothelium and cytochrome P450 metabolites (Dietrich et al. 2009;
also see Jensen and Holstein-Rathlou 2013). Experiments with local injection of
ATP into the somatosensory barrel cortex of transgenic NG2-DsRed mice
showed that ATP-induced capillary constriction depends on the capillary order
and the activation of purinergic P2 receptors, including those pericyte-associated
P2 receptors (Cai et al. 2018).

Studies of adult rat retinal microvessels showed that extracellular ATP induces
depolarizing changes in the ionic currents, increases calcium levels and causes
pericytes to contract via functional pericyte-associated P2X7 receptors
(Kawamura et al. 2003). The activation of P2X7 receptors not only alters the
physiology of individual pericytes, but also inhibits gap junction communication
within the microvascular network, and therefore, it also regulates the spatial
dynamics of the vasomotor response. However, the effects of ATP on pericytes
appear to be mediated via multiple purinergic receptors, including P2X receptors
and possibly also uridine-5'-triphosphate (UTP)-binding P2Y  receptors
(Kawamura et al. 2003; Peppiatt et al. 2006; Cai et al. 2018). Here, the detection
of immunoreactivity of P2X2 receptors in pericytes, supports the evidence for
pericyte-associated purinergic signalling.



But what role pericytes may play in the context of the P2X receptor-negative
pericyte 'sandwiched' between the P2X4-positive perivascular astrocyte end-foot
and the P2X4-positive intimal endothelium, an observation presented here in the
hypothalamic supraoptic nucleus? Is it possible that in this case the P2X-negative
pericyte is in fact able to release ATP to act on the adjacent P2X-positive end-
foot and/or P2X-positive endothelium? So far there have been no reports of
pericytes releasing ATP. However, studies of the metabolism of placental
pericytes transiting from a quiescent to a proliferative state or during cell
differentiation, which requires an increased uptake of glucose, showed that
pericytes can produced ATP outside mitochondria through glycolysis, however
this ATP appears to primarily be used to meet pericyte energy demands
(Cantelmo et al. 2016; Nwadozi et al. 2020

Strikingly, pericytes in the brain seem to be more sensitive than endothelium to
certain conditions. For instance, in rat ischemic cerebellum (evoked by the
occlusion of the middle cerebral artery) a complex signalling can be observed
leading to pericyte-elicited constriction of cerebellar microvessels, and
subsequent death of the pericyte, which causes further and irreversible
microvessel constriction and damage to the BBB (Hall et al. 2014). Here, there
are no presentations of ischemic cerebrovascular pericyte or examples of
pericytes immunolabelled either for the characteristic NG2 proteoglycan, or the
platelet-derived growth factor receptor beta (PDGFRp) involved in pericyte
proliferation (Ozerdem et al. 2001; Armulik et al. 2005, 2010; Hall et al. 2014).

Finally, attention was given to the hypothalamo-neurohypophysial system, which
is well-known to be influenced by ATP actions and P2X receptors (Mori et al.
1992; Chen et al. 1994; Sperlagh et al. 1997, 1999; Kapoor 2000). The elegant
fluorescence immunohistochemical study by Guo et al. (2009) showed that
P2X2-6 receptors are richly but differentially expressed on vasopressin- and
oxytocin-containing neurons in the paraventricular and supraoptic nuclei of rat
hypothalamus. These immono-neuroanatomical findings provided valuable
information on the possible functional interactions between the purinergic system
and both wvasopressinergic and oxytocinergic systems in the endocrine
hypothalamus. For more details on purinergic signalling in the hypothalamo-
neurohypophysial system see: Lemos et al. (2018).

Conclusions

This tribute article has focused on the description of immunoreactivity for P2X
receptors associated with brain microvessels in the cerebellum and endocrine
hypothalamus observed at TEM level. Immunoreactivity for P2X1, P2X2, P2X4
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and P2X6 receptors was variously expressed in the endothelium, pericyte and
perivascular astrocyte and neuronal elements. The possibility that microvessels of
various orders from different regions of the brain are differently equipped in ATP
mechanisms cannot be excluded. This perhaps depends on the presence or
absence of specific P2X receptor subtypes on NVU involving vascular
endothelium and pericytes as well as perivascular astroglia end-feet and neuronal
components.

Reflections. It should be stressed that Professor Burnstock’s dedication to
research on purinergic signalling did not focus on the research alone. He was also
promoting the therapeutic potential of purinergic signalling and was involved in
the development of new generation drugs for various diseases that involve
dysregulation of the purinergic system. Prof G. Burnstock was very much
interested in ATP signalling and its dysregulation in the brain in conditions like
injury, stroke, ischemia, chronic pain, Alzheimer’s disease (AD), inflammation
and many other conditions (the list is long) (Burnstock et al. 2011; Burnstock
2017b,c; Burnstock and Knight 2018).

To follow this interest, the question can be asked if the P2X receptors that have
been identified on brain microvessels might be a potential therapeutic target, for
example, in ischaemic stroke where mechanisms of vasoconstriction might
dominate. In such conditions the persistent constriction and death of pericytes
can occur, preventing blood flow and/or reflow (Cai et al. 2018). One of the
possibilities is the selective targeting of the pericyte-associated P2X receptors to
influence purinergic signalling initiated by NVU’s vasoconstrictor agents of
perivascular nerves and glia (see Peppiatt et al. 2006). In fact vasoactive
properties of microvessels are complex involving all NVU components including
microvascular endothelium. An earlier study in Prof G. Burnstock’s group at UCL
showed that chronic depletion of sensory innervation leads to altered release of
two endothelium-dependent vasodilators, ATP and substance P from the brain
microvasculature including arterioles, venules and capillaries (Milner et al.
1995); no data on pericytes was presented there. But it is likely that any defect in
microvasculature might affect pericytes and consequently the maintenance of
BBB and blood flow (Armulik et al. 2010). Therefore in some neurological
diseases or stroke, pericytes can be a therapeutic target in order to preserve the
BBB and to increase cerebral blood flow (Cheng et al. 2018). The relations
between NVU components became more complex in pathology. For example, the
most recent post-mortem study of various neurological stages of AD showed that
there are distinct immuno-structural changes in NVU components in cortical and
hippocampal samples suggesting functional deficits in the brain vasculature

11



(Kirabali et al. 2020). But there are also some contradicting results. Stereological
and two-photon imaging studies of post-mortem frozen AD brain samples
revealed increased capillary density with a normal pericyte population at least in
the frontal cortex (Fernandez-Klett et al. 2020). These examples of studies on AD
show how difficult it would be to comprise various or even opposite research
data when developing treatment to target pathological changes. Some advice on
how to approach these difficult problems can be found in the scientific
knowledge embedded in Prof Burnstock’s research publications.

| believe that the light and electron microscopy combined with
immunohistochemical methods were very much appreciated by Professor G.
Burnstock. This is evident in many of his publications showing structural and
immunohistochemical details relevant to our better understanding of biological
functions, including of the cells associated with purinergic system.
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Figures

Fig. 1 TEM examples of neural immunoreactivity of P2X receptors in the rat
brain. a A P2X1-positive postsynaptic dendritic spine (ds) in cerebellar molecular
layer displaying immunoprecipitate (black) mostly at the postsynaptic density
(arrow). GI neuroglia processes, sv spherical agranular synaptic vesicles, pf
parallel fibre. b A P2X2-positive presynaptic axon profile (Ax) adjacent to
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unlabelled dendrite (dn) in supraoptic nucleus; m, mitochondrion. Note that
obscuring effect of immunoprecipitate in Ax prevents clear identification of
synaptic vesicles. ¢ A P2X2-positive axon profile (Ax) with mostly agranular
synaptic vesicles is establishing asymmetrical synapse with a P2X2-negative
endocrine soma (black star) in supraoptic nucleus; Go Golgi complex, er
endoplasmic reticulum. d A P2X3-positive dendrite (dn) in supraoptic nucleus is
surrounded by P2X3-negative axon profiles (Ax) of which at least one is forming
asymmetrical axo-dendritic synapse (arrow). e A P2X4-positive dendrite (dn) in
cerebellar molecular layer is forming asymmetrical synapse with unlabelled axon
profile (Ax). f A P2X6-positive dendrite (dn) in paraventricular nucleus is
forming asymmetrical synapse with P2X6-negative axon profile; the latter
displays small agranular synaptic vesicles and a few larger granular vesicles; m
mitochondria. g Fragment of perivascular region of the neurohypophysis
showing three neurosecretory axon profiles: P2X6-positive axon (Ax1) rich in
microvesicles (a label mostly stains the membrane of the vesicles and
axolemma), P2X6-partialy-stained axon (Ax2) filled with neurosecretory
granules some of which are immunopositive (arrows), and one P2X6-negative
axon (Ax3) containing mainly mitochondria (m). Also note a fragment of P2X6-
positive pituicyte (P) with cytoplasm showing clusters of immunoprecipitate; ex
extracellular matrix. Scale bars: a 100nm, b, d-f 250 nm, ¢, g 0.5 um. (Images
adopted from: a Loesch and Burnstock (1998a), with permission from Springer-
Nature, Fig. 1c, p255; b, ¢ Loesch et al. (1999), with permission from Springer-
Nature, Fig 2f, p498, Fig. 2j, p498; d-g A Loesch and G Burnstock unpublished
studies performed in December 1997 and November 1998).
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Fig. 2 P2X1 receptor associated with rat brain microvessels seen at TEM level. a
A microvessel in the cerebellar medulla displays immunoreactivity (black
precipitate) for P2X1 receptor confined to perivascular astrocyte processes (As)
end-feet, which embraces the capillary. Unlabelled endothelium (En), vessel
lumen (lu), perivascular glial cell (GI), and myelinated axons (mAx) can be seen;
m mitochondria. b A microvessel in the cerebellar medulla shows an end-foot to
end-foot overlap (a structure which helps seal the vessel) made by two astrocyte
processes (Asl and As2); the overlap length of about 1.27 um is demarcated by
two black vertical arrows. Note that the astrocyte processes display clusters of
P2X1-immunoreactivity (white short arrows); also note lightly labelled
myelinated axons (mAx) and unmyelinated neural profiles (np), while
endothelium (En), a fragment of a pericyte process (P), basement membrane
(bm), mitochondria (m) and the vessel lumen (lu) are unlabelled. Scale bars: 0.5
pum. (Images from: A Loesch and G Burnstock unpublished study performed in
November 1998 (a, b)).
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Fig. 3 P2X2 receptor associated with rat brain microvessels seen at TEM level. a
Note that a microvessel in cerebellar cortex is accompanied by P2X2-
immunoreactive (black immunoprecipitate) Purkinje cell proximal dendrite (Pd)
and astrocyte end-feet (As), while vascular endothelium (En), pericyte (P) and
axon profiles (Ax) are immunonegative; lu vessel lumen; m mitochondria; er
endoplasmic reticulum. b A wall of microvessel in the paraventricular nucleus
shows P2X2-immunoreactive (black stain) and P2X2-negative endothelial cells
(En). Pericyte (P) with visible nucleus and astrocyte processes (As) are
iImmunonegative; note that pericyte is surrounded by basement membrane
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(arrows); lu lumen. ¢ A fragment of microvessel in the supraoptic nucleus
displays P2X2-positive and P2X2-negative endothelial cells (En);
immunoreactivity is also visible at the endothelial cells junction (arrow), while
adjoining pericyte (P), astrocyte (As) and neural profiles (np) are
immunonegative; lu lumen. d A fragment of microvessel in the paraventricular
nucleus shows P2X2-positive pericyte with immunoprecipitate largely clustered
at the cell abluminal site facing an immunonegative axon terminal (Ax)
containing small agranular vesicle (av), a few granular vesicles (gv) and one
mitochondrion (m); endothelium (En) appears to be P2X2-negative. Note a
basement membrane (bm) around pericyte; lu lumen. Scale bars: a 0.5 um, b, c
1 pum, d 250 nm. (Images from: A Loesch and G Burnstock unpublished data
from a study performed in November 1998 (a-d)).
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microvessels seen at TEM level. a Note P2X4-positive  (black
immunoprecipitate) astrocyte (As) embracing a microvessel wall in cerebellar
cortex. Also note P2X4-positive neural profiles (np), while endothelium (En) and
pericyte (P) are P2X4-negative; lu vessel lumen, m mitochondria. b A fragment
of microvessel in the supraoptic nucleus shows P2X4-positive endothelium (En)
with immunoprecipitate mostly clustered at the cell abluminal site (white arrows)
facing an immunonegative pericyte (P) containing mitochondria (m); also note a
cluster of P2X4-immunoprecipitate (black arrow) in astrocyte end-foot facing
the pericyte; the latter is enveloped by a basement membrane (bm); lu lumen. ¢
A microvessel in paraventricular nucleus displaying thin layer of intima; arrows
point to junctions between P2X6-positive (right) and P2X6-negative (left)
endothelial cells. Pericyte (P) containing dense body/lipofuscin granule (db) is
P2X6-negative. d A fragment of microvessel in paraventricular nucleus shows
juxtaposition of P2X6-positive astrocyte end-feet (As) with invaginated cell
membrane facing immunonegative pericyte; also note P2X6-immunonegative
endothelium (En), basement membrane (bm), mitochondria (m) and vessel lumen
(lu). Scale bars: a 0.5 um, b 250 nm, ¢ 2 um, d 0.5 um. (Images from: A Loesch
and G Burnstock unpublished studies performed in November and December
1997 (a, b), November 1998 (c), and February 2000 (d)).
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