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Abstract

Neurotransmitter signalling to neurons and glial cells plays a key role in brain
development, information processing and pathological processes. This thesis focuses on
neurotransmitter signalling to oligodendrocytes, the glial cells which provide myelin to
speed the propagation of action potentials along neuronal axons. In cerebellar and
corpus callosal slices, I used patch-clamping and immunocytochemistry to examine the
properties of precursor, immature and mature oligodendrocytes, characterizing their
morphology and basic electrical properties, their response to glutamate, GABA and
other neurotransmitters, and the neurotransmitter receptor subunits that they express. In
contrast to the currently held view, I found that oligodendrocytes express NMDA
receptors. These receptors show extremely weak magnesium-block, allowing them to be
activated at the resting potential, and they may be composed of NR1, NR2C and NR3
subunits. To investigate the role of these NMDA receptors in pathology, experiments on
hippocampal neurons were first used to establish how best to block glycolytic and
mitochondrial production of ATP to mimic the energy deprivation which occurs in
ischaemia. Ischaemia-evoked glutamate release was found to activate oligodendrocyte
NMDA and non-NMDA receptors. Although the normal role of the oligodendrocyte
NMDA receptors may be to regulate myelination, they probably contribute to the
glutamate-mediated damage which occurs to oligodendrocytes in periventricular
lecukomalacia (leading to cerebral palsy), stroke, spinal cord injury and multiple
sclerosis. Block of these receptors may therefore offer a potential therapeutic approach

to treating these disorders.
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Chapter 1

Introduction

In this thesis I will explore the properties of oligodendrocytes in the white matter
of the mammalian brain. I will characterize their anatomy, basic electrophysiological
properties and current response to neurotransmitters, and I will describe their response
to simulated ischaemia, which mimics the causes of white matter diseases such as
cerebral palsy, spinal cord injury and stroke. I will also report in less detail on the
properties of the astrocytes that share the white matter with the oligodendrocytes, and

on the response of neurons in the grey matter to simulated ischaemia.

1.1  The white matter — a historical view

In humans the white matter makes up half of the brain volume, with the other
half being the grey matter (Schoenemann et al., 2005). During evolution brain size has
increased, and the human brain is significantly larger than 1s expected for a primate of
our size (Passingham, 1973; Rilling & Insel, 1999). Among primates, humans have the
largest prefrontal cortex, an area thought to contribute to many particularly human
characteristics like creative thinking, decision making, forward planning, working
memory and language. With an increasing absolute amount of grey matter volume, the
white matter should increase disproportionately to maintain the connectivity of neurons
(Ringo, 1991). In fact, the white matter in human cortex is indeed disproportionately
larger than is expected by comparison with the brains of smaller primates (Ringo,
1991). Despite the increasing importance of the white matter for maintaining the
neuronal connectivity in our larger volume brains, if one looks back at the history of
neuroscience it is understandable why the white matter has been given a lower priority
for investigation compared to the grey matter.

First, the white matter is mainly populated by glial (Greek: glue) cells. This

name was given to them by Virchow in 1856, when he named these cell Nervenkitt, i.e.
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nerve-glue or nerve-putty (Somjen, 1988), as he thought they were there only to fill in
the gaps between the neurons. Second, until recently there has been a general
conception that glia are passive and inactive members of the brain, whereas the neurons
in the grey matter are the working machinery of the brain.

However, some scientists did not share Virchow’s views on the unimportance of
gha: in 1886 Golgi suggested that glia feed metabolic substrates to neurons (Somjen,
1988)., while Del Rio Hortega (1921, 1928) both named and classified oligodendrocytes
and suggested that they were myelinating cells similar to Schwann cells in the
peripheral nervous system (Wood & Bunge, 1984). Del Rio Hortega (1921) used silver-
carbonate staining to show that oligodendrocyte processes were attached to the myelin
(or ended 1n close vicinity to it). These findings were reaffirmed by Penfield in 1924,
implying that oligodendrocytes do form myelin in the CNS (Wood & Bunge, 1984;
Somjen, 1988).

Rio Del Hortega grouped oligodendrocytes into two classes: perineuronal (if the
cell body was adjacent to a neuronal soma in the grey matter) and interfascicular
(oligodendrocytes with somata among the myelinated axons in the white matter). He
further classified them into four types depending on morphology (Wood & Bunge,
1984). This classification is still in use today, as it was confirmed by EM studies
(Stensaas & Stensaas, 1968) and by light microscope 1mages of dye-filled

oligodendrocytes (Butt et al., 1995; Berry et al., 1995).

1.2 An overview of the function of oligodendrocytes

Oligodendrocytes produce myelin by tightly wrapping their cell membrane
many times around the axons, generating a myelin sheath. This reduces the effective
capacitance (and increases the resistance) of the axonal membrane, and hence less
charge is needed to produce a depolarization. As a result, myelin increases the
conduction velocity of the action potential (Bunge, 1968; Hille, 2001). One
oligodendrocyte can myelinate up to 30 axons with 150-200pm long myelin sheaths, but

it does not myelinate the same axon twice (Butt & Ransom, 1989; Ransom et al., 1991).
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These myelin sheath segments, which are called internodes, are separated by an
unmyelinated gap on the axon, which is named the node of Ranvier (see Fig. 1.1, at the
end of the chapter), where voltage-gated sodium channels cluster in the axonal
membrane. On each side of the node of Ranvier are so-called paranodes (where the
myelin sheath has a looser structure) where potassium channels cluster in the axonal
membrane (Salzer, 2003). This architecture allows the action potential to travel fast
down the axon, by “jumping” between nodes. In addition to increasing the propagation
speed of the action potential, oligodendrocytes have also been suggested to secrete
neurotrophic factors that support neurons and increase their survival (Dai et al., 2003;
Wilkins et al., 2003).

In diseases like multiple sclerosis (Zajicek & Compston, 1995; Skundric, 2005),
periventricular leukomalacia (Kinney, 2005), spinal cord injury (Beattie et al., 2002),
stroke (Dewar et al., 2003) and schizophrenia (Davis et al., 2003) oligodendrocytes get
damaged. This causes a loss of neuronal function, as the action potential slows down or
ceases altogether, resulting in movement disorders (spinal cord injury, cerebral palsy) or
cognitive disorders (periventricular leukomalacia, schizophrenia).

Recent reports have suggested that neurotransmitters act on oligodendrocytes,
both to control the cells’ development and to damage them in disease (detailed
descriptions are given later in this chapter). However, the neurotransmitter responses of
oligodendrocytes have not been very well characterized, especially in comparison to
what we know about neuronal responses to neurotransmitters. It is therefore of great
interest to study further the neurotransmitter responses in these cells and explore their

involvement in oligodendrocyte pathology: such studies form a major part of this thesis.

1.3 The development of oligodendrocytes

Oligodendrocyte development is controlled by a complex array of transcription
factors and growth factors, but also by neurotransmitters. As a background to the
experiments | have carried out on the neurotransmitter responses of oligodendrocytes, in

this section I will review what is known about the development of oligodendrocytes.

20



1.3.1 The birth of oligodendrocytes

Most experiments done to understand the developmental origins of
oligodendrocytes have been carried out in the spinal cord neuronal epithelium. In the
ventral part of the spinal cord oligodendrocytes are generated at embryonic day (E) 14
in the rat (Pringle & Richardson, 1993; Yu et al., 1994) and at E12.5 in the mouse
(Miller, 2002). There are two main streams of thought on how oligodendrocytes are
generated; the first 1s based more on cell lineage studies in culture and the other more on
studies of oligodendrocyte formation in vivo.

The first theory is that oligodendrocytes are generated from a glial-restricted
progenitor cell (i.e. a cell that generates only gla). It i1s based on the finding that
progenitor cells 1solated from neonatal animals could generate two types of cell in
culture, 1.e. so-called type 2 astrocytes and oligodendrocytes (Raff et al., 1983a; Raff et
al., 1983b). Consequently these cells were named O-2A progenitor cells. A possible
precursor to these O-2A cells 1s another glial restricted precursor which, when isolated
from the embryonic neuroepithelium, generates oligodendrocytes and two types of
astrocyte (so called types | and type 2), and will not grow into neurons either in culture
(Rao et al., 1998) or when transplanted into the rat brain (Herrera et al., 2001). These
cells are found both ventrally and dorsally in the neuroepithelium, but the ventrally
situated ones seem to be more prone to generate oligodendrocytes than the dorsal ones
(Gregori et al., 2002; Fig. 1.2B).

The second theory is driven from the findings that oligodendrocytes are
generated in a very restricted region of the ventricular zone in the spinal cord
neuroepithelium (Pringle & Richardson, 1993; Yu et al, 1994), and that two
oligodendrocyte specific transcription factors, Oligl and 2 are involved in specifying an
oligodendrocyte fate (Lu et al., 2000; Takebayashi et al., 2000; Zhou et al., 2000b).
There is a specialised precursor domain in the ventral spinal cord, the pMN domain, that
generates most of the oligodendrocytes in the CNS, but also generates motoneurons
(Zhou et al., 2001; Zhou & Anderson, 2002; Lu et al., 2002; Takebayashi et al., 2002).
Oligodendrocytes are generated in the pMN domain under the control of sonic

hedgehog (Shh) signalling from the notochord and floor plate during the second wave of
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cell genesis in the spine (Pringle et al., 1996), when Olig2 expression coincides with
Nkx2.2 expression (Zhou et al., 2001). This seems to be a general mechanism for
oligodendrocyte generation as most oligodendrocytes are generated ventrally in the
spinal cord and in the hind-, mid- and fore-brain in a sonic hedgehog dependent manner
(Tekki-Kessaris et al., 2001; Rowitch, 2004; Le et al., 2005). Sonic hedgehog induces
expression of Olig2, which is required for generation of both motor neurons and
oligodendrocytes (Zhou & Anderson, 2002; Lu et al., 2002; Takebayashi et al., 2002),
indicating that oligodendrocytes and motor neurons share a common precursor cell (Fig.
1.2A). Once formed, spinal oligodendrocytes migrate dorsally to colonize spinal white
matter tracts. Similarly, precursors formed in the basal forebrain (probably under the
control of Shh) gives rise both to both GABAergic interneurons and to oligodendrocytes
that migrate into the cerebral cortex (He et al., 2001). Astrocytes are generated in a
separate region from oligodendrocytes; in the spinal cord astrocytes are generated in the
p2 domain, which also generates ventral interneurons (Pringle et al., 1998; Zhou &
Anderson, 2002; Lu et al., 2002). Recently it has been shown that there is also a small
fraction of oligodendrocytes (15%) for which genesis is sonic hedgehog independent,
which are generated in the dorsal region of the neural tube (Cai et al., 2005; Vallstedt et
al., 2005; Fogarty et al., 2005). This dorsal oligodendrocyte generation seems to rely on
fibroblast growth factor (FGF) signalling (Kessaris et al., 2004; Fogarty et al., 2005).
Whether there is a functional difference between oligodendrocytes generated dorsally or
ventrally is still unknown.

These two theories do not necessarily contradict each other as there might be a
glial restricted precursor that potentially could become either an astrocyte or an
oligodendrocyte, depending on the positional cues in its environment. This would allow
these cells to generate oligodendrocytes in the pMN domain and astrocytes in the p2
domain (see review by Rowitch et al., 2002).

The oligodendrocyte precursor described by both theories (i.e. in culture or in
vivo) is defined by its expression of several molecules: the ganglioside GT3 which is
recognised by the antibody A2B5 (Eisenbarth et al., 1979), the PDGFa receptor (Pringle

et al., 1992) and the chondroitin sulfate proteoglycan NG2 (Stallcup & Beasley, 1987,
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Levine & Stallcup, 1987). In what follows, I will use a superscript + (or positive) to
mean “labels positively with antibody against the named protein”. It is commonly
assumed that the O-2A precursors, A2B5" cells, PDGFa R” cells and NG2" cells are all
the same cell type, since in culture these markers all label the same cell type. However,
as will become clear in this thesis (see Chapter 3), in vivo they do not only recognize
oligodendrocyte precursors. Nevertheless, for convenience, [ will initially use these

labels when talking about oligodendrocyte precursors.

1.3.2 Oligodendrocyte migration, proliferation and differentiation: effects of

growth factors

After oligodendrocyte genesis, the precursor cells have to migrate large
distances to reach their final destination, as well as proliferate and start to differentiate.
The precursor oligodendrocyte (which expresses the markers A2BS, PDGFaR and
NG2) differentiates first into an intermediate stage that expresses (with some overlap
with the precursor markers) the lipid sulphatide O4 (Sommer & Schachner, 1981). It
then differentiates further to a more mature stage expressing the cytosolic antigen RIP
and galactosylceramide (GalC), before differentiating to a yet more mature stage
expressing the myelin components myelin basic protein (MBP) and proteolipid protein
(PLP). This stage marks the start of myelination, O4 expression is then lost, and finally
myelin/oligodendrocyte glycoprotein (MOG) appears late in myelination (Fig. 1.3;

Baumann & Pham-Dinh, 2001).

1.3.2.1 Migration

In the CNS, neuronal migration is controlled either by long range or short range
attractants or repellents, and oligodendrocyte migration is no different (Tsai & Miller,
2002; Jarjour & Kennedy, 2004).

Oligodendrocyte precursor cells are highly motile and can travel long distances
along the neural axis. For example in the optic nerve (Small et al., 1987) they migrate
from the optic chiasm to the retina, repelled by netrin 1 secreted by cells in the optic

chiasm (Sugimoto et al., 2001). Netrinl also repels newly generated cells in the ventral

23



regions of the spinal cord (Tsai & Miller, 2002; Tsai et al., 2003), making them move
away from their origin. The idea that oligodendrocytes migrate along axons has been
disputed, since in the optic nerve without axons oligodendrocyte still migrate (Ueda et
al., 1999), but migration along axons has been seen in vivo using time lapse imaging of
oligodendrocyte precursors migrating parallel to unmyelinated axons in the corpus
callosum (Kakita et al., 2003) and into the grey matter from the sub-ventricular zone
(Kakita & Goldman, 1999). In addition to this imaging evidence for axonal guidance,
various growth factors secreted from astrocytes or axons promote oligodendrocyte
migration and proliferation or differentiation (Richardson et al., 1988; Noble et al.,
1988; Barres & Raft, 1993; Barres & Raff, 1999). Effects on migration, proliferation
and differentiation are interrelated, as agents that promote differentiation will reduce

migration, and vice versa.

1.3.2.2  Proliferation and differentiation

There i1s a complex control exerted by growth factors and other molecules on the
development of oligodendrocytes. However the main player in the control of migration,
proliferation and survival of oligodendrocyte precursors is platelet-derived growth
factor (PDGF) released by astrocytes (Raff et al., 1988; Richardson et al., 1988; Noble
et al., 1988) and/or axons (Barres & Raff, 1993). PDGF acts on PDGFa receptors in
oligodendrocyte precursors, to control the cells’ proliferation, motility and the timing of
their differentiation, both in culture (Raff et al., 1988; Richardson et al., 1988; Noble et
al., 1988) and in vivo (Butt et al., 1997a). PDGF is also the main chemo-attractant for
oligodendrocyte precursors (Armstrong et al, 1990). In addition, basic fibroblast
growth factor (bFGF) increases the sensitivity of oligodendrocyte precursors to PDGF,
by increasing the expression level of the PDGFa receptor in the precursors (McKinnon
et al., 1990). In culture, the combination of bFGF and PDGF makes the
oligodendrocytes migrate, but without PDGF they only proliferate, and if neither is
present they will start to differentiate (McKinnon et al., 1991). This is also true in vivo
as PDGF application in developing rats delays differentiation of the oligodendrocyte
precursor (Butt et al., 1997b), and if the effects of bFGF are cancelled by expression of

a dominant negative receptor, the oligodendrocytes will not migrate (Osterhout et al.,
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1997). So these two growth factors keep the oligodendrocyte precursors in a
proliferatory and migratory state. When an oligodendrocyte precursor differentiates into
an immature oligodendrocyte, expressing the marker O4, it becomes less motile and
also loses its PDGFa receptor and hence its proliferation signal (Barres & Raff, 1993,
Fig. 1.3)

In addition to PDGF and bFGF, there are several other growth factors that are
secreted that modulate oligodendrocyte development. For example, in culture and in
vivo, ciliary neurotrophic factor (CNTF) promotes PDGF-induced proliferation (Barres
et al.,, 1996). Furthermore, the oligodendrocyte precursors themselves secrete TGEp,
which inhibits proliferation and hence allows them to differentiate (McKinnon et al.,
1993), but if bFGF is also present it opposes this effect of TGF (McKinnon et al.,
1993). Interleukin 2 inhibits proliferation of oligodendrocyte precursors (Saneto et al.,
1986; Knobler et al., 1988), as does insulin-like growth factor (IGF-1) since it promotes
differentiation of the precursors (McMorris & Dubois-Dalcq, 1988; Wilson et al., 2003).
On the other hand both epidermal growth factor (EGF) and TGFa suppress
differentiation without affecting migration or proliferation (Sheng et al., 1989), as does
fibroblast growth factor 2 (Goddard et al., 2001) which actually destroys myelin via
activation of microglia and astrocytes (Goddard et al., 2002). Finally, it is worth noting
that, even if oligodendrocyte precursor proliferation is increased, it does not necessarily
have an effect on the final number of mature oligodendrocytes (Barres et al., 1996; Butt
et al.,, 1997b) because there may be a corresponding increase in cell death that
compensates for the larger number of cells generated (Fig. 1.3).

[ will come back to some theories of how these growth factors influence
oligodendrocyte development in section 1.3.3.2. However, oligodendrocyte
development is not only controlled by a complicated soup of growth factors: various
neurotransmitters, and potassium channel activity, have also been shown to have an
effect. These effects are likely to mediate local control of oligodendrocyte development,
while the growth factors mediate long range effects. In addition, integrins (reviewed by
Baron et al., 2005), neuregulin and Notch-1/Jagged-1 signalling have been shown to

mediate very localized effects on oligodendrocyte development (reviewed by Bozzali &
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Wrabetz, 2004), but as they are not directly relevant to my work I will not discuss them

in more detail.

1.3.3 Role of neurotransmitters and potassium currents in the development of

oligodendrocytes

The number of mature myelinating oligodendrocytes produced needs to be
matched to the number and length of the axons requiring myelination. One way to
achieve this would be if factors were released locally from axons that controlled the
proliferation and differentiation of oligodendrocytes. In this section I will review current

ideas about how neurotransmitter and K" release from axons may contribute to this.

1.3.3.1 Axonal activity affects oligodendrocyte development

Perhaps unsurprisingly, since oligodendrocytes myelinate axons, an increase in
the electrical activation of axons promotes oligodendrocyte proliferation and survival
(Barres et al., 1993; Barres & Raff, 1993). In addition, oligodendrocytes migrate along
axons (Small et al.,, 1987; Baulac et al.,, 1987; Kiernan & ffrench-Constant, 1993;
Kakita et al., 2003) to reach their targets. If axonal electrical activity is inhibited with
TTX, it disrupts glial development and myelination without affecting axons (Friedman
& Shatz, 1990; Demerens et al., 1996), but see however Colello et al. (1995) who
claimed that myelination was unaffected by electrical activity in axons, and suggested
that the precursors already present at the age (PO) when they blocked electrical activity
were sufficient to myelinate the axons present. In addition, an increase in axonal firing
has been shown to promote differentiation of oligodendrocytes and increase myelination
(Demerens et al., 1996; Stevens et al., 2002: Fig. 1.3).

A possible mechanism underlying these effects is that axons release substances
when activated that influence oligodendrocyte development. Although PDGF may be
one of these factors (Barres & Raff, 1993), there is increasing evidence for a role of
smaller transmitter molecules, particularly glutamate and adenosine. Both frog sciatic
nerve (Wheeler et al., 1966) and frog optic nerve axons (Weinreich & Hammerschlag,
1975) release preloaded radioactive glutamate in response to repetitive electrical

stimulation, and so do spinal cord nerves (Dan et al.,, 1994). Moreover, axonal
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stimulation, or application of the drug veratridine which generates action potentials,
causes the calcium concentration to rise in optic nerve glial cells, and this is blocked by
kynurenic acid (a non-specific glutamate receptor antagonist) but also by blocking
glutamate transporters with dihydrokainate (Kriegler & Chiu, 1993; Chiu & Kriegler,
1994). The effect of the transporter blocker can be explained by the fact that axonal
action potentials will increase the intracellular sodium concentration and the
extracellular potassium concentration. This could make axonal glutamate transporters
release glutamate by reversed operation of glutamate transporters, since uptake by
glutamate transporters depends on there being a low intracellular sodium concentration
and a low extracellular potassium concentration: when these concentrations rise, the
transporters tend to release glutamate (Szatkowski et al., 1990). Interestingly, in
neonatal optic nerve, axon stimulation increases the extracellular potassium level (from
5 to 20mM for 20Hz stimulation) more than in mature optic nerve (from 5SmM to 11mM
for 400Hz stimulation), and the increase in potassium concentration produced by a
single stimulus was seven times higher in neonatal than in mature optic nerve (Connors
et al., 1982). The change from the neonatal level of potassium accumulation to the
mature level occurred within the first postnatal week, before myelination has begun
(Foster et al., 1982), suggesting that the axonal physiology (and perhaps lack of K"
buffering by astrocytes) facilitates more glutamate release from active axons at the time

in development when oligodendrocytes start to become mature.

1.3.3.2 Effects of glutamate on proliferation and differentiation

If glutamate is released via reversed uptake, it could modulate oligodendrocyte
development by activating glutamate receptors on oligodendrocytes or their precursors
(Stemnhauser et al., 1994; Patneau et al., 1994; Borges et al., 1994; Borges et al., 1995;
Chvatal et al., 1995; Fig. 1.3 and Fig. 1.4). The properties of glutamate receptors are
reviewed in section 1.4.2 below. As described in detail below (section 1.4.4.2), although
it 1s generally believed at present that oligodendrocytes express AMPA/kainate
receptors and not NMDA receptors, the data that I will present in this thesis show that

this dogma 1s wrong (see Chapter 4). Several studies support a role for glutamate
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receptors in controlling oligodendrocyte development. Firstly, activation of NMDA
receptors on cultured oligodendrocyte precursor cells increased their migration rate and
inhibiting their NMDA receptors decreased migration by 90%, while inhibiting AMPA
receptors only reduced migration by 40% (Wang et al., 1996; Fig. 1.4). Secondly,
glutamate acting through AMPA or kainate receptors on oligodendrocyte precursors
decreases proliferation, as well as inhibiting the proliferative effects of PDGF and bFGF
(Gallo et al., 1996; Yuan et al., 1998). In these studies, even though glutamate blocked
proliferation, it did not seem to promote migration (contradicting the work of Wang et
al., 1996) or differentiation (Gallo et al., 1996; Yuan et al., 1998). Interestingly, bFGF
(but not PDGF) increases the expression of the GluR7, KAl and KA2 subunits of
kainate receptors and expression of the GluR4 subunit of AMPA receptors (Gallo et al.,
1994; Chew et al., 1997), while PDGF increased GluR1 subunit expression, and both
growth factors together increased even further the expression of GluR1 and augmented
the AMPA-evoked current in oligodendrocyte precursors (Chew et al., 1997).

Glutamate-evoked inhibition of proliferation in oligodendrocyte precursors may
serve to decrease the numbers of oligodendrocytes produced once oligodendrocytes
arrive near axons releasing glutamate (Fig. 1.4). It is perhaps surprising that the growth
factors that promote proliferation also increase the glutamate evoked current. However,
to understand the possible roles of PDGF and glutamate released from axons it is
necessary to know how far these messengers spread - conceivably PDGF signals spread
further than glutamate (which is efficiently taken up) and act on oligodendrocytes some
distance from active axons, increasing glutamate receptor expression so that
proliferation is only turned off when the cells arrive near the axons and can sense the
glutamate they are releasing.

Glutamate apparently blocks oligodendrocyte proliferation, both in culture and
in brain slices, by raising the intracellular sodium concentration, and thus inhibiting
potassium channels which are expressed in oligodendrocyte precursors but not in
mature cells (Berger et al., 1991; Borges et al.,, 1994; Borges & Kettenmann, 1995,
Gallo et al., 1996; Knutson et al., 1997; Yuan et al., 1998). The resulting inhibition of

outward K* flux leads to a depolarization of the cells. Consistent with a role for K"
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channels in regulating proliferation, increased expression of the voltage-gated channel
subunits Kv1.3 and Kvl.4 increases oligodendrocyte proliferation (Vautier et al., 2004),
and PDGF (which also increases proliferation as described above) increases expression
of outward rectifying potassium channels (Chittajallu et al., 2005). Moreover, the
glutamate-evoked inhibition of proliferation is mimicked by tetracthylammonium ions,
which block potassium channels, and is unaffected by calcium removal (Gallo et al.,
1996; Knutson et al., 1997; Yuan et al., 1998), which rules out the possibility that the
inhibition of proliferation is produced by oligodendrocyte depolarization leading to
activation of voltage-gated Ca™* channels and a Ca’" influx. The dependence of
glutamate’s actions on Na” entry is demonstrated by the fact that when applying
glutamate (or kainate) with N-methyl-D-glucamine replacing extracellular Na”, the
glutamate-evoked inhibition of potassium outward current does not occur (Knutson et
al.,, 1997). In addition, if the intracellular Na" concentration is increased with
veratridine, a similar inhibition of the outward potassium current and of
oligodendrocyte proliferation is produced, even in the presence of PDGF and bFGF
(Knutson et al., 1997; Yuan et al., 1998).

Apart from effects of glutamate mediated by K* channel closure, when
glutamate activates its receptors it will also increase the intracellular calcium
concentration which may activate various enzymes. Activation of non-NMDA receptors
on oligodendrocyte precursor cells leads to an increase in intracellular calcium
concentration (Pende et al., 1994; Holtzclaw et al., 1995), that induces an increase in
gene expression since it increases mRNA levels for nuclear messengers like immediate
early genes (Pende et al., 1994). High intracellular calcium levels could also lead to an
activation of protein kinase C, which inhibits proliferation and promotes differentiation

and myelin basic protein expression (Baron et al., 1998).

1.3.3.3 Effects of other neurotransmitters on oligodendrocyte development

Glutamate 1s not the only neurotransmitter that could influence the development
of oligodendrocytes. Adenosine has also been shown to be released by electrical

stimulation of dorsal root ganglion axons and to activate adenosine receptors on
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oligodendrocyte precursor cells. This decreases proliferation of the cells, and stimulates
migration, differentiation and myelin formation (Stevens et al., 2002; Othman et al.,
2003). Moreover, GABA,4 receptor activation in oligodendrocyte precursors has also
been reported to block outward rectifying potassium channels (Pastor et al., 1995),
which could lead to a reduction of proliferation as has been shown for glutamate (see
above). The acetylcholine receptor M3 receptor is expressed in oligodendrocyte
precursors and when activated it increases proliferation by activating the MAP kinase
signalling pathway (Ragheb et al.,, 2001). Furthermore, histamine, norepinephrine,
serotonin, angiotensin II, bradykinin, ATP and substance P have all been shown to
increase the intracellular calcium concentration in oligodendrocyte precursors
(Bernstein et al.,, 1996), which could also influence the development of the
oligodendrocytes. Finally, activation of dopaminergic D3 receptors, which are
expressed in precursor and immature oligodendrocytes (but not in mature cells),
promotes differentiation of the precursor cells to become mature cells, but inhibits

myelin formation by immature cells (Bongarzone et al., 1998; Fig. 1.4).

1.3.3.4 The role of oligodendrocyte potassium channels in myelination

Part of the inhibitory effect on myelination of blocking action potentials
(Demerens et al., 1996) might involve a suppression of K release by action potentials.
The effect of an action potential evoked rise of [K'], on oligodendrocytes will depend
on their membrane permeability to K*. As described below, mature oligodendrocytes
express inward rectifying potassium channels (Sontheimer et al., 1989; Borges et al.,
1994) and blocking these channels with TEA reduces myelination without affecting
axonal maturation and function (Shrager & Novakovic, 1995). Moreover, animals with
the weakly inward rectifying K channel subunit Kir4.1 knocked out show severe motor
defects that can be related to a lack of myelin in these animal (Neusch et al., 2001).
When the oligodendrocytes from these knock-out animals were cultured they showed no
inward rectifying potassium channels, were highly depolarized, were morphologically
immature, and did not produce myelin, unlike those from wild type animals (Neusch et
al.,, 2001). If depolarization (produced by TEA or channel knock-out) suppresses
myelination, one might expect K release from axons to also suppress myelination, if

the released K™ depolarizes oligodendrocytes. In this case blocking action potentials
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would reduce K" release and promote myelination, not inhibit it as is observed
(Demerens et al., 1996). However, because of the [K+]0-dependence of the conductance
of inward rectifier channels, a rise of [K'], can actually lead to more outward current
and hence a hyperpolarization (Ishihara & Hiraoka, 1994), which would promote
myelination. Blocking action potentials would then block K' release, cause

depolarization and inhibit myelination.

1.4 Ion channel expression in oligodendrocytes

As oligodendrocytes express a large repertoire of potassium channels and
neurotransmitter receptor channels (reviewed by Verkhratsky & Steinhauser, 2000),
which can influence the cells’ development and function as described above, 1 will
review the general function and structure of potassium channels, glutamate and GABA
receptors, and then review what 1s currently known about how the expression of each
channel or receptor changes with oligodendrocyte development. This provides
background information relevant to my description, in Chapters 3-5, of how I find
oligodendrocyte membrane currents change with the development of the cells (Chapter

3), and how the cells respond to glutamate (Chapter 4) and GABA (Chapter 5).

1.4.1 Potassium channels

In general terms, potassium channels maintain a negative membrane potential.
In neurons potassium channels help to terminate periods of intense activity and to lower
the effectiveness of excitatory inputs to a cell, while in glial cells they help to transport
excess extracellular potassium ions away from active neurons (Hille, 2001). There is a
great diversity in potassium channels: the subunits making up these channels can be
divided into three groups based on structural properties (Coetzee et al., 1999), as
follows.

The first group comprises potassium channel subunits that have six
transmembrane domains with a conserved so-called P (pore or H5) domain. These
include the voltage-gated potassium channels activated by depolarization, like the Kv

family which consists of eight subfamilies, as well as members of the KQT and eag
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families, and the calcium-activated K* channels, which are made of the SK and slo
subunit families (Coetzee et al., 1999). Among these groups, the voltage-gated K"
channels can be further divided according to their electrophysiological properties, into
fast delayed rectifiers (Ix), which are mainly made from the Kv class of subunit and
make it possible for neurons to fire short and frequent axon potentials, slow delayed
rectifier channels mainly made from the KQT and the eag subunit families, and transient
outward current or A-type potassium channels (I4). Four subunits assemble to form a
functional channel.

The second group of subunits has two transmembrane domains with one pore
domain, which are the components of the inward rectifying channels (Kir). Inward
rectification means that these channels pass inward current (below the reversal
potential) better than outward current (above the reversal potential) and in addition, as
mentioned above, the conductance of the channel depends on the extracellular
potassium concentration. This family consists of seven subfamilies, Kirl-Kir7, showing
different degrees of inward rectification. Four subunits assemble to form a functional
channel.

The third group is made of subunits with four transmembrane domains and two
pore domains (P1 and P2): these channels have been called “leak™ potassium channels
and could be important in setting the resting potential, regulating cellular excitability
and allowing uptake of potassium. These channels can be closed by second-messenger
systems (reviewed by Coetzee et al., 1999; Hille, 2001). Because these subunits have

two pore domains, only 2 subunits are needed to form a channel (Coetzee et al., 1999).

1.4.2 Glutamate receptors

A major part of the work described in this thesis involves the characterization of
glutamate receptors present on oligodendrocytes (see Chapter 4). Glutamate receptors
fall into two categories: ionotropic receptors (divided into AMPA, kainate and NMDA
subtypes) and G protein coupled metabotropic receptors (mGIluRs). lonotropic

glutamate receptors activate channels that are selective for cations, and are

32



approximately equally permeable to Na* and K*. NMDA receptors also conduct Ca’*
ions, as do AMPA receptors that do not contain the GluR2 subunit (described below).
NMDA receptors have a much lower ECs for glutamate than AMPA receptors, around
1uM for prolonged exposure to glutamate (as occurs in ischaemia), versus tens of uM
for AMPA receptors (Patneau & Mayer, 1990). Metabotropic glutamate receptors, like
other G protein coupled receptors, activate various downstream enzyme systems
including adenylate cyclase and phospholipase C, and will not be dealt with in depth
here as they are not a major focus of this thesis.

AMPA receptors are composed of subunits named with the prefix GIluR, of
which four have been cloned, termed GluR1-GluR4. Similarly, five kainate receptor
subunits called GluRS, GluR6, GluR7, KAl and KA2 have been cloned. NMDA
receptors need both glutamate and glycine present to be activated, and are composed of
4 subunits from a family named with the prefix NR. Of these, NR1 provides the glycine
binding site, NR2A-D provide glutamate binding sites, and NR3A and B apparently do
not bind glutamate. NMDA receptors subunits are often assembled from two glutamate
binding subunits (i.e. NR2A-D) and two glycine binding NR1 subunits. Although it is
thought that to assemble a functional receptor it is necessary to have two NR1 subunits,
the NR2 subunits can either be identical or different. NMDA receptors made of only
NR1 and NR3A/B subunits are unaffected by glutamate (because they lack an NR2
subunit to bind glutamate) but are activated by glycine (Chatterton et al., 2002). In
addition, so-called 61 and 62 subunits have been cloned; these are orphan subunits that
are structurally related to glutamate receptors, but do not appear to form functional
channels. The channels are thought to be tetramers, with each subunit possessing three
transmembrane domains and having an extracellular N-terminus and intracellular C-
terminus (reviewed by: Dingledine et al., 1999; Cull-Candy & Leszkiewicz, 2004).

For most NMDA receptors (an exception will be described in Chapter 4) the
pore of the NMDA receptor is almost completely blocked by Mg™ at the resting
potential of the cell, and the cell must be depolarised in order for the Mg** block to be
removed to enable the channel to conduct ions (reviewed by Dingledine et al., 1999).

However, the Mg -sensitivity of the NMDA receptor depends on which NR2 or NR3
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subunits are present in the receptors. Receptors made by co-expression of NR1 and a
single NR2 subunit show a magnesium sensitivity sequence NR2A > NR2B > NR2C >
NR2D (reviewed by Cull-Candy & Leszkiewicz, 2004), while NMDA receptors made
of only NRI and NR3A/B subunits have a relatively low magnesium sensitivity
(Chatterton et al., 2002). The different subunits do not only differ in magnesium
sensitivity but also in their kinetics of operation. For example receptors composed of
NR1 and NR2A have a 50 fold faster decay of activation when glutamate is removed
than do NR1/NR2D receptors. It has been shown that NMDA receptors with the subunit
combinations NRI/NR2A/NR2B, NR1/NR2A/NR2C and NRI/NR2B/NR2C exist in
CNS neurons and have properties different from those of receptors containing two
identical NR2 subunits (reviewed by Cull-Candy & Leszkiewicz, 2004), but it remains
to be seen whether other NR2 subunit combinations occur and, if so, how they would
function. Furthermore, incorporating NR3 subunits into an NMDA receptor with 2 NR1
subunits and 1 NR2 subunit can decrease the magnesium sensitivity and calcium
permeability of the receptor, and slightly increase the mean open time of the receptor
(Sasaki et al., 2002); in addition NR3 expression decreases the surface expression of the

NMDA receptors (Cull-Candy & Leszkiewicz, 2004).

1.4.3 GABA receptors

In Chapter 5 of this thesis I characterise how oligodendrocytes respond to the
inhibitory amino acid GABA. Two different classes of receptor are activated by GABA.
They are the ionotropic receptors, known as GABA, or GABA(, and the G protein
coupled receptors, known as GABAg. I will focus mainly on the ionotropic receptors
here, as they are most relevant to the experiments described in this thesis.

GABA 4 ¢ receptors are directly coupled to chloride channels. Binding of GABA
opens the chloride channel allowing chloride to either to enter cells (if E¢i < Vmembrane)s
causing hyperpolarization, or to leave the cell (if Eci > Viembrane) causing depolarization
(reviewed by Mehta & Ticku, 1999). The chloride reversal potential, E¢;, depends on

the internal chloride concentration, which is controlled mainly by the cation-chloride
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co-transporters expressed by the cell and the chloride-bicarbonate exchanger. The Na'-
K*-2CI' co-transporter, NKCC1, which is expressed in oligodendrocytes, astrocytes and
young neurons, transports CI” into the cell, making the chloride reversal potential more
positive than the resting potential (Mehta & Ticku, 1999; Verkhratsky & Steinhauser,
2000). By contrast, the K'-CI" co-transporter KCC2, which is expressed in mature
neurons and in oligodendrocytes (Delpire, 2000; Malek et al., 2003) exports CI" from
the cell, so the CI reversal potential becomes more negative than the resting potential.

The inhibition/excitation induced by activation of GABA ¢ receptors is rapid in
onset and short lasting (on a tens of milliseconds timescale), whilst GABAg receptor
inhibition has a delayed onset and is more prolonged (on the order of seconds). In
addition to interacting with enzymes, GABAg receptors interact with K* and Ca®* ion
channels. For example postsynaptic neuronal GABAg receptors are coupled to K'
channels, and their activation leads to the opening of K" channels and K" efflux, causing
hyperpolarization of the postsynaptic cell, while presynaptic GABAg receptors inhibit
presynaptic calcium channels causing a decrease in neurotransmitter release (reviewed
by Mehta & Ticku, 1999)

In Chapter 5 [ describe immunocytochemistry experiments examining the
GABA 4 receptor subunits present in oligodendrocytes. GABA 5 ¢ receptors are made up
of five subunits, with each subunit being composed of four transmembrane (TM)
domains, a large extracellular N-terminus and a large intracellular loop between TM
domains 3 and 4. There are a number of classes of GABA /¢ receptor subunits, with
each class containing multiple members: 6 a. 4 3.3y, 13, 1 €, 1 wand 3 p subunits have
currently been cloned (reviewed by: Mehta & Ticku, 1999; Sieghart et al., 1999). The p
subunits only combine with each other and in doing so form GABA( receptors. GABA¢
receptors are predominantly expressed in the retina, although p subunits have been
found both in the hippocampus and cerebellum (Boue-Grabot et al., 1998). The
properties of GABAA receptors are determined by their subunit composition.
Theoretically 151,887 GABA, receptors can be formed using all available subunit
combinations, but studies using recombinant receptors have shown that those with

properties similar to the ones expressed in vivo are mainly composed of a, B and y
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subunits (Sieghart et al., 1999). Indeed, antibody labelling of GABA, receptor clusters
in neuronal membranes showed that the majority of receptors were composed of a, B
and y subunits (Sieghart et al., 1999), and the ratio of subunits within a receptor is

thought to be 2a:2f:1y (although the y subunit can be replaced by an ¢ or 7).

1.4.4 Changes in ion channel expression with oligodendrocyte development

1.4.4.1 Potassium and sodium channel expression

Oligodendrocytes express different membrane ion channels at different
maturational stages. In culture, oligodendrocyte precursor cells express both TTX-
sensitive voltage gated sodium channels, outward rectifying potassium channels and
rapidly inactivating A type potassium channels (Sontheimer et al., 1989; Barres et al.,
1990c; Berger et al., 1992a; Knutson et al., 1997; Schools et al., 2003). In addition,
some of the outward rectifying potassium channels were calcium-activated (Sontheimer
et al., 1989; Barres et al., 1990c). Oligodendrocyte precursors in situ have been reported
to show an almost identical pattern of ion channel expression (Berger et al., 1991;
Steinhauser et al.. 1992; Chvatal et al., 1995; Ziak et al., 1998; Chittajallu et al., 2005),
although I will show in chapter 3 that the situation is more complicated, and that not all
“oligodendrocyte precursors” express the same channel types.

The channel expression has been reported to change with maturation: immature
cells show less A type current and outward rectifying currents and an absence of voltage
gated sodium current (Sontheimer et al., 1989; Berger et al., 1991; Steinhauser et al.,
1992; Borges et al., 1994; Chvatal et al., 1995; Knutson et al., 1997; Bernard et al.,
2001; Chittajallu et al., 2005). However, there is a larger component of inward
rectifying K” current in the immature cells (which is also present in some precursor cells
but to a lesser extent). Mature oligodendrocytes are also reported to have strong inward
rectifying currents at very negative potentials, but also a time- and voltage-independent
potassium conductance which was blocked by barium in the external solution (Chvatal
et al., 1995; Gipson & Bordey, 2002). Hence, the mature oligodendrocytes show a more

time-independent ohmic current-voltage relationship, but they do exhibit some slowly
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decaying outward current at positive potentials (Soliven et al., 1988; Sontheimer et al.,
1989; Berger et al,, 1991; Steinhauser et al., 1992; Berger et al., 1992a; Borges et al.,
1994; Chvatal et al., 1995). This slowly decaying current distinguishes oligodendrocytes
from astrocytes, which show a very ohmic and time-independent current-voltage
relationship (Steinhauser et al, 1992). This potassium channel expression in
oligodendrocytes is seen across a large range of species, as the currents seen in cultured
cells were from frogs, lambs, rats and mice.

The change in the K* channel expression of oligodendrocytes with maturation
correlates with a decrease of membrane resistance with maturation (Soliven et al., 1988;
Sontheimer et al., 1989), although the increased membrane area of the cells may also
account for the lower resistance. Some report a hyperpolarization of the resting
membrane potential with age (Knutson et al., 1997), but this may reflect less shunting
by the seal between the electrode and the cell in the lower resistance older cells, and
other studies show no change in resting membrane potential (Soliven et al., 1988;

Sontheimer et al., 1989).

1.4.4.2  Glutamate receptor expression

Oligodendrocytes have been shown to respond to glutamate with the activation
of a cation current, and in addition the ionotropic receptor agonists glutamate, AMPA
and kainate, but not the mGluR agonist trans-APCD, have been reported to increase the
intracellular calcium concentration in oligodendrocytes (Holtzclaw et al., 1995;
Belachew et al., 1998a). Reports differ profoundly over how the glutamate response
changes with oligodendrocyte maturation. On the one hand, it has been claimed that, in
culture, the glutamate response is larger in precursor or immature cells than in mature
oligodendrocytes (Borges et al., 1994). Alternatively, the glutamate-evoked current has
been suggested not to differ significantly between precursor oligodendrocytes and
mature oligodendrocytes (Berger et al., 1992c; Ziak et al., 1998). Finally, it has been
reported that, in culture, the glutamate response in mature cells is larger than that in
precursors (Patneau et al., 1994). This issue is important because glutamate-mediated

damage to oligodendrocytes in periventricular leukomalacia is largely damage inflicted
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on precursor or immature cells (see section 1.8 below), so this damage might be
explained if glutamate receptor expression is particularly high at that developmental
stage. In this thesis I will report experiments examining how the glutamate-evoked
current (and the current evoked by glutamate release in simulated ischaemia) depends
on the developmental stage of the oligodendrocyte.

Much of this thesis is devoted to defining which receptor types mediate
glutamate’s effects on oligodendrocytes, because knowing this is essential if damaging
actions of glutamate on oligodendrocytes in neurological conditions are to be prevented.
The glutamate-evoked currents in oligodendrocytes have previously been reported to be
generated entirely by AMPA or kainate receptors, both in culture (Barres et al., 1990c;
Patneau et al., 1994; Borges et al., 1994; Borges & Kettenmann, 1995; Gallo et al.,
1996; Yuan et al., 1998) and in brain slices (Berger et al., 1992c). The metabotropic
glutamate receptor agonist ACPD evoked neither a current nor a rise in intracellular
calcium level (Berger et al., 1992c; Borges et al., 1994; Pende et al.,, 1994). Most
importantly, NMDA is reported to generate no current in oligodendrocytes, either in
culture (Barres et al., 1990c; Berger et al., 1992¢c; Patneau et al., 1994; Pende et al.,
1994) or in brain slices (Barres et al., 1990b). However, there are some indications that
NMDA receptors might be present. Wang et al. (1996) showed that O-2A cells, in
culture, exhibit NMDA-evoked currents that are magnesium-dependent and are reduced
with an NMDA antagonist. This finding is both supported and contradicted at the same
time by a demonstration that spinal cord grey matter oligodendrocytes show NMDA-
evoked currents, but only in mature oligodendrocytes and not in the precursor
oligodendrocytes which one would expect to behave like the O-2A cells studied in
culture (Ziak et al., 1998): essentially no NMDA responses were detected in white
matter oligodendrocytes in that study.

Oligodendrocytes have been reported to express mRNA for the AMPA receptor
subunits GluR2, 3 & 4, but not for GluR1 (Jensen & Chiu, 1993; Patneau et al., 1994;
Yoshioka et al., 1996; Matute et al., 1997; Garcia-Barcina & Matute, 1998; Itoh ct al.,
2002), and for the kainate receptor subunits GluR6 & 7 and KA-1 & 2, but not for

GluR5 (Jensen & Chiu, 1993; Patneau et al., 1994; Yoshioka et al., 1996; Garcia-
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Barcina & Matute, 1996; Matute et al., 1997). Some of these mRNA studies found a
slight change in subunit expression with maturation. Furthermore, when detecting
AMPA/kainate subunits at the protein level with immunohistochemistry, no GluR2
subunit was found in the oligodendrocytes, but GluR3 and GluR4 were expressed (Li &
Stys, 2000), and immunoprecipitation experiments demonstrated that GluR2 does not
assemble with the other subunits (Puchalski et al., 1994). These data suggest that the
AMPA receptors present may lack GluR2 and therefore be Ca’**-permeable. There is a
controversy as to whether message for NMDA receptor subunits is expressed in
oligodendrocytes: Yoshioka et al., (1996) show that an oligodendrocytes precursor cell
line expressed mRNA for NR1 and NR2D, but Matute and colleagues (1997) did not
detect any message for NMDA receptor subunits in the optic nerve.

In summary, although there is good evidence for the presence of AMPA
receptors in oligodendrocytes, the weight of evidence suggests an absence of NMDA
receptors. This would imply that, unlike neurons which often die in neurological
disorders as a result of an excessive Ca®* influx through NMDA receptor channels,
oligodendrocytes lack this death mechanism and may be damaged predominantly by a
Ca®" influx through GluR2-lacking AMPA receptors. The results I present in this thesis

will challenge this idea.

1.4.4.3 GABA and other neurotransmitter receptor expression

GABA evokes a bicuculline-blocked current response in oligodendrocytes
throughout their development (Pastor et al., 1995; Matute et al., 1997; Williamson et al.,
1998). In addition, GABA has been shown to raise intracellular calcium concentration
at all stages of the oligodendrocyte lineage (Kirchhoff & Kettenmann, 1992; Bernstein
ct al., 1996; Belachew et al., 1998a; Schmidt et al., 2000), suggesting that in unclamped
cells the chloride reversal potential is above the resting potential so that GABA
generates a depolarization. In fact, in perforated patch experiments (which avoid
alteration of E¢; by the patch pipette) GABA application causes depolarization in
precursors (Lin & Bergles, 2004). Examining message for GABA A receptor subunits in

precursor oligodendrocytes showed that they express mRNA for a2, a3, a4, oS, y2, y3
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and to a lesser extent yl, subunits, while 6 subunits were not detected and B subunits
were not tested for (Williamson et al., 1998).

Glycine also evokes a strychnine-sensitive CI° current in precursor
oligodendrocytes; this response seems to be lost in immature cells but reappears in
mature oligodendrocytes (Pastor et al., 1998). Glycine also increases the intracellular
calcium level, as do histamine, norepinephrine, serotonin, angiotensin II, bradykinin,
substance P and ATP, in oligodendrocyte precursor cells (Bernstein et al., 1996;
Belachew et al., 1998a). In addition, adenosine increases intracellular calcium
concentration, oligodendrocytes express mRNA for the Al, A2a, A2b and A3 subunits
of adenosine receptors (Stevens et al.,, 2002), and the Al receptor subunit has been
detected at the protein level (Othman et al, 2003). Moreover, dopamine increases
intracellular calcium concentration and oligodendrocytes at all maturational stages
express mRNA for D3 dopamine receptors (Bongarzone et al., 1998). Oligodendrocytes
also respond to acetylcholine and express mRNA for the muscarinic receptor subunits

M3 and M4, and to a lower extent the M1, M2 and M5 subunits (Ragheb et al., 2001).

1.5 The heterogeneity of the NG2" cells
In this thesis I will provide evidence that NG2" cells in the white matter may fall
into different classes. Since these cells have, until recently, all been thought to be
oligodendrocyte precursors, here I will review what is known about this cell type. In the
following I will deal only with the NG2" cells that are present in the parenchyma of the
brain, ignoring the NG2" cells present on the vasculature (Hughes & Chan-Ling, 2004).
As described above in sections 1.3.1 and 1.3.2, the NG2" cells are conventionally
thought to be oligodendrocyte precursor cells as they co-express PGDFaR (Nishiyama
et al.,, 1996a; Nishiyama et al., 1996b), a marker for oligodendrocyte precursor cells
(Pringle et al., 1992) and have similar membrane currents to oligodendrocyte precursors
(reviewed by Stallcup, 2002). Around birth, NG2" cells are evenly distributed through
the brain and spinal cord, and they proliferate and migrate to occupy both the grey and

white matter (Dawson et al., 2000; Dawson et al., 2003). Eventually many of them
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either mature into myelinating oligodendrocytes or undergo apoptosis (Barres & Raff,
1994; Trapp et al., 1997; Dawson et al., 2000). Although the number of these so-called
oligodendrocyte progenitors declines as they mature, cells expressing NG2 are found in
adult animals and are 5-9% of the total cell population in the adult brain. Such cells are
found both in white and grey matter (Butt et al., 1999; Dawson et al., 2000; Mallon et
al., 2002; Dawson et al., 2003), but with a 50% higher density in the white matter
(Dawson et al., 2000; Dawson et al., 2003). Interestingly, the NG2" cells form the major
population of dividing cells in the adult brain: up to 75% of BrdU labeled cells in the
adult animal are NG2" (Dawson et al., 2000; Dawson et al., 2003).

The NG2" cells remaining in the adult are often defined to be adult
oligodendrocyte precursors, which are postulated to be reserve cells that can replace
damaged myelinating oligodendrocytes: indeed, in demyelinating diseases NG2" cells
can proliferate and differentiate slowly into myelinating oligodendrocytes, which are
thought to remyelinate axons (Cenci Di Bello et al., 1999; reviewed by Reynolds et al.,
2002). Similarly, NG2" cells can proliferate in response to various CNS injuries like
stab wounds, viral infections, kainate-induced lesion and stroke injuries (reviewed by
Levine et al., 2001). The NG2" cells can also (like astrocytes) produce a protective glial
scar as a response to injury and, in addition, the NG2 protein has been shown to be
highly inhibitory for axonal growth and can prevent axons from growing over the glial
scar (Chen et al., 2002).

However, despite the general acceptance of the notion that adult NG2" cells are
oligodendrocyte precursors, it is notable that some NG2" cells are found in adult grey
matter areas where there is little or no myelination (Levine & Card, 1987; Ong &
Levine, 1999; Butt et al., 2005), raising the question of what their functional role is.
Furthermore, some NG2" cells found in chronic MS lesions do not differentiate to
myelinate demyelinated axons (Reynolds et al., 2002). The fact that it has yet to be
shown directly that NG2" cells can remyelinate axons, the presence of NG2" cells in
chronic MS lesions (reviewed by Levine et al., 2001; Butt et al.,, 2004), and the
occurrence of glial scar formation in response to injury (which might be seen as a more

astrocyte “behavior”), all raise the question of whether all of the NG2" cells are
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oligodendrocyte precursors which transform into mature oligodendrocytes in
pathological conditions.

In recent years, as more work has been done to characterize NG2" cells, more
evidence has been provided that questions the homogeneous nature of the NG2" cells,
and it seems that these cells are more complex and intriguing than previously thought.
There seem to be some NG2" cells that become oligodendrocytes and others that do not.
Some evidence indicating this heterogeneity is as follows. Firstly, oligodendrocytes
need axons for survival (Barres et al., 1993) but, when the rat optic nerve is enucleated
(to remove the retinal ganglion cell axons), although no oligodendrocytes develop the
nerve still has NG2' cells (Greenwood & Butt, 2003). Moreover, in an Oligl/2
knockout mouse no oligodendrocytes develop, but some NG2" cells are present (Liu &
Rao, 2004). Secondly, when EGFP is expressed under the control of the promoter for
PLP (which is a myelin protein and only expressed in oligodendrocytes), there seem to
be two populations of NG2" cells, one that expresses EGFP and one that does not
(Mallon et al., 2002). This result indicates that there is a subset of NG2" cells that are
not in the oligodendrocyte lineage. Interestingly, Terada and colleagues (2002) claim
that precursor oligodendrocytes committed to the oligodendrocyte lineage express the
tetraspanin protein CD9, and those that do not express it remain as adult NG2" cells,
since (in NG2" cells) CD9 expression peaks in P10 animals (in the mid cortical region)
at 41% of cells, but becomes less than 1% of cells by P90 (Berry et al., 2002; Terada et
al., 2002). Moreover, in young animals almost all NG2" cells co-express PDGFaR, but
in the adult only half of the NG2" cells do (Diers-Fenger et al.,, 2001). To further
complicate the identity of the NG2" cells, it has been suggested that a subset of these
cells could be astrocytic, as some cells expressing EGFP controlled by the GFAP
promoter (an astrocyte marker) also express NG2 (Matthias et al., 2003) as well as
GFAP mRNA (Zhou et al., 2000a). However, Schools et al. (2003) have later shown
that although NG2" cells express the mRNA for GFAP they do not express the protein
(i.e. they are not labeled by antibody to GFAP). To sum up: little is known about the
identity of the NG2" cells other than that some of them are oligodendrocyte precursors,

and perhaps a subset of them has another role.
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Further supporting the idea of heterogeneity of the NG2" cells are the findings
that some of these cells can develop into GABAergic neurons (Belachew et al., 2003;
Aguirre et al., 2004; Dayer et al., 2005) and can share a common precursor with
hippocampal (He et al.,, 2001) or neocortical (Dayer et al., 2005) interneurons.
Differentiation into interneurons is seen when EGFP/NG2" cells are transplanted into
the hippocampus (Belachew et al., 2003) and into the sub-ventricular zone (Aguirre et
al., 2004) or by carrying out a cell fate analysis (Dayer et al., 2005). At least some NG2”
cells also express some neuronal “behavior”, as grey matter NG2" cells receive both
glutamatergic and GABAergic synaptic inputs from neurons (Bergles et al., 2000; Lin
& Bergles, 2004; Lin et al., 2005; Jabs et al., 2005). In addition, there is a significant
electrophysiological difference between grey and white matter NG2" cells: white matter
NG2" cells have a more positive membrane potential and lower cell capacitance, but a
higher membrane resistance, and express less voltage-gated potassium and sodium
channels (Chittajallu et al., 2004). As a result, some grey matter NG2 cells can generate
depolarization-induced spikes that are like immature action potentials (Chittajallu et al.,
2004).

NG2" cells in the grey matter wrap around synapses (Ong & Levine, 1999),
presumably to sense neuronal activity. However, in the white matter, NG2" cells also
contact neurons as they wrap around the nodes of Ranvier (Butt et al., 1999; Butt et al.,
2005). From these results showing contact of NG2 cells with neurons, the name
“synantocyte” has been suggested for some of the adult NG2" cells, these being the
subset of NG2” cells that will not generate oligodendrocytes and are likely to be a newly
defined set of glia (Butt et al., 2002; Butt et al., 2005). To further support this notion,
recently it was shown that NG2" cells are needed at the node of Ranvier to prevent
axons from sprouting at this point (Huang et al., 2005). This result may show one

function of the non-oligodendrocyte NG2" cells.
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1.6 Ion channel expression in astrocytes

Astrocytes are highly abundant glial cells, identified by their expression of the
intermediate filament glial fibrillary acidic protein (GFAP), which have a variety of
important functions in the CNS (reviewed by; Porter & McCarthy, 1997; Nedergaard et
al., 2003; Ransom et al., 2003). They send processes to the blood vessels, where they
induce capillary endothelial cells to make tight junctions and form the blood brain
barrier, and they control arteriolar diameter to regulate blood flow (Peppiatt & Attwell,
2004). In the grey matter they control the extracellular potassium concentration to
prevent hyperexcitability, and they surround neuronal synapses, where they respond to,
and take up (Fig. 1.5), released neurotransmitter (Nedergaard et al., 2003; Ransom et al.,
2003). They also control the supply of neurotransmitter to neurons, e.g. via the
glutamate-glutamine cycle in which glutamate is taken up and converted to glutamine,
before being passed to neurons for conversion back into transmitter glutamate
(Marcaggi & Attwell, 2004). In the white matter they wrap around the nodes of Ranvier
(Butt et al., 1994). In addition, astrocytes may “‘feed” neurons with energy substrates
(glucose may be converted to lactate in astrocytes, which is passed to neurons for
conversion to pyruvate and use in oxidative phosphorylation (Sibson et al., 2001; Chih
et al., 2001b), and they have been implicated in water homeostasis and regulation of
extracellular pH (Ransom et al., 2003; Simard & Nedergaard, 2004). Moreover they
have been found to modulate neuronal synaptic transmission by releasing glutamate
exocytotically (Bezzi et al., 2004), and to regulate neurogenesis in the adult brain, as
well as giving birth to neurons in the developing brain (Nedergaard et al., 2003).
Astrocytes are highly coupled via gap junctions, and can communicate with each other
through Ca”" signals, where waves of [Ca®’] elevation pass through the gap junctions
(Nedergaard et al., 2003).

Mature astrocytes, and the majority of immature astrocytes, in situ, show a
passive membrane current-voltage relationship generated by a voltage- and time-
independent potassium conductance (Miiller et al., 1994; Chvatal et al., 1995; Cotrina et
al., 1998; Zhou et al., 2006): they do not express voltage-activated potassium or sodium

channels. However, in the young animal, a subset of astrocytes expresses outward
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rectifying potassium channels as well as K5 channels, and a few show expression of
voltage-activated sodium channels, which however completely disappear as the cells
mature (Chvatal et al., 1995; Zhou et al., 2006). This subset of immature astrocytes has
been given the name complex cells, and they are labelled by antibodies not only to
GFAP but also to NG2, but in the adult animal GFAP is never found with NG2 (Zhou et
al., 2000a; Zhou et al., 2006). It is uncertain whether these cells should really be called
astrocytes: perhaps they are only a transient stage of the NG2" cells when NG2" cells
also produce GFAP protein. [ will use the word astrocyte when referring to astrocytes
with a “passive” I-V relation, as 1 would characterize the complex cells as being NG2"
gha.

Astrocytes express both T and L type voltage-gated calcium channels (Barres et
al., 1990a; Verkhratsky & Steinhauser, 2000) and chloride channels (Verkhratsky &
Steinhauser, 2000). Moreover, they express quite a large repertoire of neurotransmitter
receptors. Astrocytes express AMPA/kainate receptors both in the grey and white
matter (Ziak et al, 1998; reviewed by Verkhratsky & Steinhauser, 2000), and
metabotropic glutamate receptors (mGIluR) (Kimelberg, 1995; Porter & McCarthy,
1997) and NMDA receptors in the grey matter (Miiller et al., 1993; Ziak et al., 1998;
Schipke et al., 2001). As in oligodendrocytes, the AMPA receptors in astrocytes lack
the GluR2 subunit, so they are calcium permeable. However, even if the astrocyte
AMPA receptors allow calcium through, and the astrocytes express NMDA receptors,
these receptors do not make the astrocytes vulnerable to glutamate excitotoxicity as
occurs in neurons and oligodendrocytes. This may be because the density of receptors is
less than in neurons and oligodendrocytes. Astrocytes also express GABA and GABAg
receptors, both in grey and white matter, and (as in oligodendrocytes) activation of
GABA, receptors causes depolarization produced by CI' efflux through GABA,
receptor channels, because astrocytes express the Na'/K"/2Cl" co-transporter and the CI°
/HCO3" exchanger that maintain a high intracellular concentration of chloride (reviewed
by: Kimelberg, 1995; Porter & McCarthy, 1997; Verkhratsky & Steinhauser, 2000).
Similarly they also express glycine receptors in the grey matter, which also generates a

depolarization upon activation (Pastor et al., 1995; Verkhratsky & Steinhauser, 2000).
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In addition, astrocytes also express, both in vitro and in situ, purinergic receptors (P1,
P2, P2X, P2Y) (Kimelberg, 1995; Verkhratsky & Steinhauser, 2000), adrenaline,
serotonin (5-HT;) and histamine (H, and Hj3) receptors, and acetylcholine receptors
(M) (reviewed by Porter & McCarthy, 1997). Moreover, astrocytes in vitro express
also substance P, angiotensin II, somatostatin, bradykinin, neuropeptide Y and opioid
(kappa and delta) receptors (Kimelberg, 1995; Porter & McCarthy, 1997). The function

of all these neurotransmitter receptors on astrocytes is still uncertain.

1.7 Grey matter ischaemia

Part of this thesis addresses the effects of the rise of neurotransmitter
concentration which occurs in brain ischaemia. As background to these experiments I
will now review briefly what is known about brain ischaemia, starting with grey matter
ischaemia as it has been the focus of more studies. White matter ischaemia is reviewed

in the following section.

1.7.1 Overview of the effects of ischaemia on the brain

Ischaemia refers to a situation in which the blood supply (and hence the energy
supply) to an organ are interrupted. Brain ischaemia, more commonly known as stroke,
is one of the leading causes of death and disability in Europe and North America. Brain
ischaemia can be divided into two categories of disorder. Firstly, global ischaemia
occurs when the blood supply to the whole brain is cut-off, as occurs during cardiac
arrest when the heart ceases to pump blood. Secondly, focal ischaemia occurs when the
blood supply to a localised brain region is interrupted, as a result of a blood clot or
vasospasm in the vessel supplying that region, or rupturing of the blood vessel due to
high blood pressure.

Removing the blood supply to the brain deprives it of oxygen and glucose, the
substrates for energy production. If the energy deprivation is severe enough then it leads

to infarction, where all of the cells in the affected area die. With less severe energy
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deprivation there is variability amongst cell types and regions of the brain as to how
vulnerable they are to energy deprivation: neurons are the most vulnerable cell type,
followed by oligodendrocytes, then astrocytes and finally endothelial cells (reviewed by
Pulsinelli, 1985).

The severity of energy deprivation varies depending on the proximity of the
cells to the occluded/burst blood vessel. In focal ischaemia the core of the ischaemic
region is composed of cells surrounding the blood vessel, and is where the most severe
energy deprivation and death occur. The penumbra of the ischaemic region is the area
surrounding the core, where energy deprivation and subsequent cell death are not as
severe, due to some oxygen and glucose reaching these cells from other nearby blood

vessels (Lipton, 1999).

1.7.2 lon gradient rundown caused by ischaemia

Ischaemia will block the production of ATP in the affected region, leading to
inhibition of the Na'-K'-ATPase (and other ATP-dependent reactions). As a result a
slow run down of transmembrane ion gradients occurs (Fig. 1.6), with [K'], rising
slowly at first (Hansen, 1985). This induces an initial depolarisation, which can be
followed by a longer lasting hyperpolarization produced by activation of Caz+-gated and
ATP-gated K" channels (Jiang & Haddad, 1994; Nowicky & Duchen, 1998). After a
few minutes, action potential evoked excitatory and inhibitory synaptic transmission are
greatly reduced (Fujiwara et al., 1987; Leblond & Kmjevic, 1989), due to the actions of
adenosine released from cells, as intracellular ATP (adenosine triphosphate) is broken
down (Fowler, 1990; Katchman & Hershkowitz, 1993a). Adenosine acts on presynaptic
Al receptors and reduces action potential evoked glutamate release by inhibiting Ca®'
channel opening (Centonze et al., 2001). At this stage miniature excitatory and
inhibitory postsynaptic currents are still present, and in fact increase in frequency
(Katchman & Hershkowitz, 1993b; Fleidervish et al., 2001; Allen & Attwell, 2004)
Finally, after a few minutes ischaemia, there is a sudden regenerative rundown of ion

gradients, with [K'], rising by 50-60mM and [Na'], falling by the same amount
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(Hansen, 1985). This depolarises neurons to around -20mV (Fig. 1.6); an event termed
the anoxic depolarisation, which causes a loss of neuronal excitability (reviewed by
Tanaka et al., 1997). The rise of [K'], and associated depolarisation also lead to CI
entry, and then water entry, which makes cells swell. On restoration of blood flow, as
can occur If an occluding clot is digested, neurons recover to their pre-ischaemic resting
membrane potential within half an hour of reperfusion (Xu & Pulsinelli, 1994; Xu &

Pulsinelli, 1996).

1.7.3 Glutamate release in grey matter ischaemia

The majority of studies into neuronal dysfunction and death caused by ischaemia
show the excitatory neurotransmitter glutamate to be the initial damage causing agent.
This phenomenon is known as glutamate excitotoxicity and was first discovered in the
retina (Olney, 1978). Early work by Choi and colleagues demonstrated that exposing
cultured neurons to glutamate for 5 minutes caused them to die, with the amount of
death increasing as the glutamate concentration was increased, and 100uM glutamate
causing 60% of neurons to die (Chot et al., 1987; Fig. 1.7A). But does the concentration
of extracellular glutamate reach 100uM during ischaemia? A number of in vivo studies
recording the increase of extracellular neurotransmitter concentrations that occurs
during ischaemia have demonstrated that [glutamate], does increase to these levels.
Figure 1.7B is an extract from a paper by (Satoh et al., 1999), where hippocampal
extracellular glutamate levels were monitored by microdialysis during global anoxia
(oxygen deprivation) in guinea pig. A few minutes after the onset of anoxia,
extracellular glutamate levels rose sharply to 200uM. This sudden rise in glutamate
concentration corresponds to the time of the anoxic depolarisation, as shown in Figure
1.6. The third piece of evidence linking glutamate to ischaemia-induced neuronal death
comes from studies where the actions of glutamate have been blocked during ischaemia.
Figure 1.7C i1s taken from a paper by O’Neill et al (2000), where the majority of
ischaemia-induced cell death in the hippocampus was shown to be prevented in the

presence of glutamate receptor antagonists.
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1.7.4 Mechanisms of glutamate-evoked neuronal death

Experiments in vitro have shown that glutamate can cause neuronal death in two
ways (reviewed by Zipfel et al.,, 2000). When glutamate activates its ionotropic
receptors, the resulting cation influx and consequent depolarisation lead to a Cl" influx
into neurons, and thus (for osmotic reasons) a water influx. The resulting cell swelling
can lead to a rapid glutamate- and Cl'-dependent necrotic death (Koh et al., 1990). More
commonly, however, glutamate kills neurons more slowly by activating NMDA (N-
methyl-D-aspartate) receptors, which allow calcium into the cell, increasing the
intracellular calcium concentration to neurotoxic levels (Choi, 1988, Arundine et al.,
2001). The [Ca™"]; rise (Fig. 1.6) causes a lethal activation of Ca’"-dependent proteases,
lipases and endonucleases which digest the cells proteins, membranes and genetic
material. In addition it can overload mitochondria with Ca®’, depolarising them,
reducing their energy production, and releasing cytochrome C, which activates the chain
of proteolytic caspase enzymes to kill the cell by apoptosis (reviewed by Lipton, 1999).
In animal models, block of NMDA receptors can be neuroprotective even after the
initial ischaemic insult, indicating that excessive activation of these receptors is still
occurring at a time when a therapeutic intervention could be made (Gill et al., 1988).

Thus, glutamate is released in large amounts during ischaemia and this
glutamate is capable of inducing neuronal death. But how is the glutamate being
released?” Why do the glutamate transporters in Figure 1.5 not keep the glutamate
concentration at a low level? Electrophysiological studies have shown that before the
anoxic depolarisation a low level of glutamate release occurs from synaptic vesicles
(Katchman & Hershkowitz, 1993b; Fleidervish et al., 2001), whilst after the anoxic
depolarisation the change of ion gradients shown in Figure 1.6 leads to a large release of
glutamate via reversal of glutamate transporters (Rossi et al., 2000), because the
direction of operation of the transporters is determined by the prevailing transmembrane
ion concentration and voltage gradients. Indeed, blocking release by glutamate

transporters, or blocking glutamate receptors, both prevent the anoxic depolarisation
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from occurring (Rossi et al., 2000), suggesting that the anoxic depolarisation is mainly

caused by the accumulation of glutamate (rather than K*) in the extracellular space.

1.7.5 Brain energy stores delaying glutamate release in ischaemia

Whether an anoxic depolarization (AD) occurs during transient ischaemia, and
its time of occurrence, will be determined by how much stored energy the brain has to
maintain ion gradients in the face of a temporary interruption of its energy supply. Brain
ATP 1s largely derived from glucose: glycolysis is followed by oxidative
phosphorylation in mitochondria (see chapter 8, Fig. 8.1). It has been suggested (but
disputed: Chih et al., 2001b) that neuronal activity-evoked glycolysis (Pellerin et al.,
1998; Magistretti & Pellerin, 1999) or almost all glycolysis (Sibson et al., 1998) is in
glia, which export lactate to neurons as a substrate for their mitochondria. Since neurons
consume most brain energy (Attwell & Laughlin, 2001), this lactate export might
explain how the brain’s main energy store (assumed to be glial glycogen: (Gruetter,
2003b; Brown, 2004) could sustain the activity of the neurons during energy
deprivation, but no information is available on which CNS energy stores delay the
occurrence of the AD. In Chapter 8 [ examine which energy stores delay the rundown of

ion gradients that leads to massive glutamate release in the grey matter of the brain.

1.8 White matter ischaemia

1.8.1 Glutamate also damages white matter cells in pathological conditions

The death of neurons in pathological conditions, which is mainly caused by a
rise of extracellular glutamate concentration activating NMDA receptors, does not only
occur in anoxia or ischaemia, but also in more chronic conditions such as Huntington’s
or Alzheimer’s disease (Hynd et al., 2004). Glutamate can also damage white matter
oligodendrocytes, in both acute and chronic diseases, including brain injury after pre- or
perinatal infection or asphyxia or premature birth (periventricular leukomalacia, leading

to cerebral palsy and cognitive deficits (Volpe, 2001)), spinal cord injury (Stys, 2004),
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multiple sclerosis (Matute et al., 2001) and stroke (Dewar et al., 2003). In perinatal
asphyxia and spinal cord injury glutamate is released in the white matter by the reversal
of glutamate transporters in axons and oligodendrocytes as a result of ATP depletion (Li
et al.,, 1999; Fern & Moller, 2000; Fig. 1.8A, B), i.e. a mechanism similar to that
occurring in grey matter ischaemia (Rossi et al., 2000). In multiple sclerosis, the
extracellular glutamate concentration may rise as a result of release by cystine-
glutamate exchange in microglia/macrophages (Piani & Fontana, 1994), or because of
increased glutamate production by glutaminase and reduced degradation by glutamate

dehydrogenase and glutamine synthetase (Werner et al., 2001).

1.8.2 Glutamate-mediated damage to white matter is thought not to involve

NMDA receptors

A major difference between the excitotoxic actions of glutamate on
oligodendrocytes and on neurons is that, as noted above, oligodendrocytes are reported
to lack NMDA receptors (Berger et al., 1992a; Patneau et al., 1994), and are thought to
be damaged by glutamate acting either on calcium-permeable AMPA/kainate receptors
(Volpe, 2001; Matute et al., 2001; Fig. 1.8A; Dewar et al., 2003; Stys, 2004) or by
reversing cystine-glutamate exchange and depriving the cells of antioxidant protection
(Oka et al., 1993). Consistent with a role for AMPA receptors in glutamate-mediated
oligodendrocyte damage, blocking these receptors attenuates white matter injury in
animal models of hypoxia/ischaemia (McDonald et al., 1998; Follett et al., 2000; Fern
& Moller, 2000; Tekkok & Goldberg, 2001; Deng et al., 2003), spinal cord injury
(Agrawal & Fehlings, 1997; Wrathall et al., 1997) and multiple sclerosis (Pitt et al.,
2000; Smith et al., 2000). In addition, white matter damage in periventricular
leukomalacia occurs at a time in development when a large proportion of
oligodendrocytes are precursor and immature cells (Back et al., 2002) which, in culture,
have been reported to show a higher expression than mature cells of AMPA/kainate

receptors and downstream [Ca’] signalling (Itoh et al.,, 2002; Deng et al., 2003;
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Rosenberg et al., 2003), although there are reports disputing this as described above in
Section 1.4.4.2.

Despite the consensus view that glutamate damages white matter
oligodendrocytes and their precursors by acting on AMPA/kainate receptors, there is
some evidence that NMDA receptors may also play a role. NMDA receptor blockers
slow the loss of white matter action potentials (Tekkok & Goldberg, 2001) and reduce
white matter damage in ischaemia (Schibitz et al., 2000) and in an animal model of
multiple sclerosis (Wallstrom et al., 1996). In this thesis [ have, therefore, re-examined
the possible involvement of NMDA receptors in the pathology of oligodendrocytes (see

Chapter 6).

1.9 The anatomy of the brain areas studied

In this section I review the basic properties, relevant to my thesis work, of the

brain areas that were studied.

1.9.1 The structure of the cerebellum

In chapters 3-7 [ report experiments carried out on white matter
oligodendrocytes and astrocytes in the cerebellar white matter. The cerebellum is an
additional “small brain”, located at the rear of the brain. It is divided into a central
vermis and two hemispheres each side of the vermis, but I recorded from cells located in
the white matter of the vermis. The cerebellar vermis is composed of a number of folia,
with each folium having the same general structure. Within each folium cells are
arranged in three neuronal layers and a layer of white matter. First, the middle neuronal
layer 1s the Purkinje cell layer: it is in the middle of the three neuronal layers and
contains the somata of Purkinje cells and Bergman glial cells. Secondly, outside of the
Purkinje cell layer (towards the pia) is the molecular layer, which contains Purkinje cell
dendrites, inhibitory interneurons (basket and stellate cells), the axons of granule cells,
NG2" cells, and the processes of the Bergman glia cells (in developing animals, till

about P18, there is also a layer of developing granule cells just below the surface of the
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folium). Thirdly, below the Purkinje cells is the granular layer, which is composed of
excitatory granule cells and inhibitory Golgi cells, as well as NG2" cells and astrocytes.
Finally, beneath the granular layer lies the white matter containing efferent and afferent
axons, oligodendrocytes, astrocytes and microglia. In addition, there are also the deep
cerebellar nuclei which lie deep in the central white matter (Fig. 1.9).

The cerebellum receives sensory input, and inputs from the cortex and other
parts of the motor system, to coordinate ongoing movements and participate in motor
planning. There are two main systems of afferent fibres to the cerebellum: (1) inputs
from the inferior olive which are excitatory (using glutamate as a transmitter) and
synapse onto cells in the deep cerebellar nuclei and Purkinje cells via climbing fibres;
(2) from various spinal and cranial nerves the mossy fibres send synapses both to the
deep cerebellar nuclei and to granule cells. The efferents are only from the Purkinje
cells: they are all inhibitory (using GABA as a transmitter) and synapse onto cells in the
deep cerebellar nuclei, which then send the main output of the cerebellum as excitatory
inputs to various parts of the motor system (reviewed by Blumenfeld, 2002). The
cerebellar oligodendrocytes that I record from in the experiments of this thesis may
therefore myelinate excitatory axons (mossy fibres), inhibitory axons (Purkinje cell
axons) or perhaps both (Fig. 1.9).

Cerebellar oligodendrocytes develop in the fourth ventricle and migrate via the
superior medullary velum to the cerebellum (Reynolds & Wilkin, 1988). The
oligodendrocytes develop temporally from the base of the cerebellum to the top of the
folia (Reynolds & Wilkin, 1988). However, Levine and Card show that NG2" cells
appear scattered around the cerebellum around E16, reaching their peak density around
p7 (the day that I tended to use for studying precursor cells in the cerebellum) and then
develop equally throughout the cerebellum (Levine & Card, 1987; Levine et al., 1993).
The cerebellum myelinates somewhat later than other brain structures, which makes it
optimal for studying different developmental stages of oligodendrocytes in the same

animal (Hamano et al., 1998).
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1.9.2 The structure of the corpus callosum

In chapters 3 and 4 I report experiments on white matter oligodendrocytes
studied in the corpus callosum. The corpus callosum is a thick band of fibres located
between the cerebral hemispheres, connecting the left and right hemispheres (Fig. 1.10).
The main components of the corpus callosum are oligodendrocytes and axons, then
astrocytes, microglia and NG2" cells (Peters et al., 1991). The main neuronal fibres
crossing the corpus callosum are axons of the pyramidal cells located in cortical layers
[I/1I1 and V, all of which are excitatory (Kumar & Huguenard, 2001). Although most of
the fibres in the corpus callosum are excitatory, there are a few inhibitory fibres as well,
but in young animals the contribution of inhibitory fibres is higher than in the adult
(Gonchar et al., 1995; Kimura & Baughman, 1997).

The corpus callosum was studied in addition to the cerebellum for two reasons.
First, I wanted to be sure that the results obtained in cerebellum were likely to hold for
other brain regions. Secondly, the corpus callosum is an area which is thinned in severe
periventricular leukomalacia (Fedrizzi et al., 1996; Coley & Hogan, 1997), so I wanted
to be sure that potentially damaging neurotransmitter receptors demonstrated to exist in
cerebellar oligodendrocytes are also present in this more clinically relevant area. The
corpus callosum is fully myelinated a week before the cerebellum (Hamano et al.,
1998), which makes it good for studying more mature oligodendrocytes than in the

cerebellum.

1.9.3 The structure of the hippocampus

In chapter 8, I recorded from pyramidal cells in layer CAl of the hippocampus,
because these cells have previously been most intensively studied in experiments
mimicking ischaemia. The pyramidal cells are well studied in this regard because they
are particularly vulnerable to ischaemic injury as a result of the large number of NMDA
receptors that they express.

The hippocampus is involved in the formation of memories; studies on patients

who have had their hippocampi removed show them to be incapable of forming new
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long term memories (anterograde amnesia). The hippocampus has a curved structure
and lies beneath the cerebral cortex, and its structure and connections are shown in
Figure 1.11. The main excitatory cell types in the hippocampus are pyramidal neurons,
which make up the pyramidal cell layer, and granule cells, which form the bulk of the
dentate gyrus. The pyramidal cell layer is 3-6 cells deep and extends around the outside
of the hippocampus in a C-shape. The cells closest to the dentate gyrus have large cell
bodies and are called CA3 (Cornu Ammonis region 3) cells, and the cells more distal to
the dentate gyrus with smaller cell bodies are called CA1 cells. Pyramidal neurons have
extensively branched dendritic trees, with a small basal dendrite (which projects into the
stratum oriens) and a larger apical dendrite (which projects through the stratum
radiatum into the stratum lacunosum-moleculare). There are three main classes of
inhibitory interneurons which have their cell bodies within or near the pyramidal cell
layer and project to CAl cells. These are axo-axonic cells, which synapse onto the
initial segment of pyramidal neurons, basket cells, which synapse onto the pyramidal
neuron somata, and bistratified cells, which synapse onto the apical and basal dendrites
of pyramidal neurons. CAl pyramidal neurons receive excitatory inputs from CA3
pyramidal neurons via the Schaffer collaterals in the stratum radiatum and stratum
oriens, and from projection neurons from cortical and sub-cortical regions(reviewed by

Johnston & Amaral, 2004).

1.10 Summary of the aims of this thesis

The main part of this thesis describes experiments investigating the
electrophysiological properties and neurotransmitter receptor expression of white matter
oligodendrocytes, and the response of these cells to anoxic/ischaemic conditions. In
addition, I describe experiments investigating the energy stores present in grey matter
which delay neurotransmitter release during ischaemia. The organisation of the
description of the experiments is as follows.

* The experiments in Chapter 3 investigate the morphology, protein expression,
and electrophysiology of oligodendrocytes at all developmental stages, and also

of astrocytes. The aim was to be able to define the developmental stage of cells
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by their electrophysiological and morphological properties, as well as to identify
whether the NG2" cells are homogenous or heterogeneous.

*» The experiments in Chapters 4 & 5 investigate neurotransmitter receptor
expression 1n white matter oligodendrocytes using electrophysiology and
immunohistochemistry. Chapter 4 looks at what glutamate receptors are
expressed, and their properties, at different developmental stages of the
oligodendrocytes. Chapter 5 looks at what GABA receptors are expressed in
oligodendrocytes at different developmental stages, as well as investigating the
response to various other neurotransmitters which have been reported to affect
oligodendrocytes. At the end of both chapters the properties of different classes
of NG2" cell are further investigated.

* The experiments in Chapter 6 investigate the effect of ischaemia on precursor
and mature oligodendrocytes. They look into the mechanisms that are involved
in the generation of an inward current evoked by ischaemia, which may possibly
lead to the cells’ death. At the end of the chapter the differences in response of
the different classes of NG2" cells are investigated.

* Experiments in Chapter 7 investigate spontaneous synaptic activity in NG2"
cells in cerebellar white matter. The aims were to characterize what
neurotransmitter generates them and to determine whether the spontaneous
events were affected by ischaemia.

s Experiments in Chapter 8 investigate the ability of different types of metabolic
inhibition to induce an anoxic depolarisation in hippocampal tissue, comparing
the effect of chemical inhibition of glycolysis and oxidative phosphorylation
either separately or together, and comparing this with the effect of oxygen and
glucose deprivation alone. The aim was to understand which energy reserves
delay the neurotransmitter release which generates the anoxic depolarisation.

The results of each chapter are assessed in a Discussion section within each
chapter. Chapter 9 provides a more global discussion of the work [ have done, and

suggests further experiments for the future
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Figure 1.1 Schematic diagram of oligodendrocytes and myelin. A A schematic
diagram of the white matter, showing an oligodendrocyte myelinating many axons,
and the nodes of Ranvier. B An electron microscope picture of a cross section of a
myelinated fibre. Within the boxed area many parallel membrane layers comprise the
compact myelin around the axon.
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Figure 1.2 Diagram of the two theories regarding oligodendrocyte generation. A
Neuroepithelial cells in the vental spinal cord (red line) are induced by sonic hedgehog
to become motor neuron/oligodendrocyte precursor (MN/O) cells. Expression of the
transcription factors Olig2 and neurogenin (ngn) in these cells results in motor neuron
specification (MN). During the second wave of cellular genesis when neurogenin
signalling goes down, Nkx2.2 expression goes up and its co-expression with Olig2
results in oligodendrocyte precursor genesis (Oligo). B The second theory, where
neuroepithelial (NE) cells become specified either as neuronal precursors (N) or glial
restricted precursors (GRP). In both theories, oligodendrocytes are preferentially
generated from the ventral regions, influenced by local Shh signalling.
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Figure 1.3 Summary diagram of growth factor regulation of oligodendrocyte
development. Blue lines indicate positive effects whereas red lines indicate inhibition.
Above the dashed line cells are precursors; below the line they are differentiating or
mature. Question marks indicate uncertainty over the signalling involved. Beneath each
cell stage I indicate the markers that are expressed at that stage.
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Figure 1.4 Summary diagram of neurotransmitter regulation of oligodendrocyte
development. Blue lines indicate positive effects whereas red lines indicate inhibition.
Above the dashed line cells are precursors; below the line they are differentiating or
mature. Question marks indicate uncertainty over the signalling involved. Beneath each
cell stage I indicate the markers that are expressed at that stage.
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Figure 1.5 Schematic diagram of an excitatory synapse, showing glutamate release
by the presynaptic neuron in response to action potentials (inset at top left),
postsynaptic receptors that the glutamate acts on, and glutamate uptake by glial
cells and neurons.
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Figure 1.6 Summary of the alterations in ion gradients, membrane potential and
extracellular glutamate level that occur during ischaemia. A few minutes after
ischaemia is induced, there is a redistribution of ions between the intracellular and
extracellular compartments. The K" concentration increases in the extracellular
space, the Na" concentration decreases in the extracellular space and the Ca®*
concentration increases inside cells. At the same time as this redistribution of ions
occurs, neurons depolarise from -70mV to -20mV, and this is coincident with a large
increase in the extracellular glutamate concentration. In addition to these changes
the extra- and intracellular pH go acid by up to 1 unit. From Szatkowski and Attwell
(1994).
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Figure 1.7 Glutamate is a major agent of death during ischaemia. A Application of
glutamate to cultured cortical neurons for 5 minutes induces death in a dose-
dependent manner, with 100uM glutamate killing 60% of cells (cell death was
measured 24 hours later). B Microdialysis experiment showing that glutamate is
released into the extracellular space during in vivo hippocampal anoxia, and the
concentration peaks at 200pM which is high enough to induce the death of most
neurons. C Applying glutamate receptor antagonists during in vivo hippocampal
ischaemia protects neurons from cell death. The three bars for each condition
represent different animals.
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Figure 1.8 Glutamate release in white matter ischaemia. A Schematic diagram of
glutamate release from axons and oligodendrocytes, via reversed uptake, in the
white matter. The glutamate activates glutamate receptors, which are
conventionally thought to be calcium-permeable AMPA receptors (see text) which
allow calcium to enter and reach too high a concentration in both precursor and
mature oligodendrocytes. B Immunohistochemical measurements of glutamate
concentration in spinal cord axons, oligodendrocytes and astrocytes during anoxia.
Glutamate is lost from axons and oligodendrocytes (but not astrocytes) and this loss
is prevented by preloading with the glutamate transport inhibitor PDC, implying
that glutamate is released into the extracellular space via reversed glutamate uptake.
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Figure 1.9 Structure of the cerebellum. A Three dimensional view of a cerebellar
folium, showing the three neuronal layers and the white matter. B A more detailed
view of the cells found in the three neuronal layers, their synapses and input and
output connections. C A general view of the inputs and outputs of the cerebellum.
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Figure 1.10 Structure of the corpus callosum. A MRI image of the corpus callosum
B A schematic diagram of the corpus callosum and the pathway of the main fibres
passing through it (as described in the text),

66



Pyramidal neurons Basal dendrite

Apical
dendrite

Figure 1.11 Diagram of the hippocampus and inputs to area CAl of the
hippocampus. Mossy fibres (mf) project from the dentate gyrus (DG) to CA3
pyramidal neurons. Schaffer collaterals (sc) project from CA3 pyramidal neurons to
CA1 pyramidal neurons. CA1 pyramidal neurons have 2 dendritic trees, smaller basal
dendrites that are located in the stratum oriens, and larger apical dendrites that pass
first through the stratum radiatum (sr) and then into the stratum lacunosum-
moleculare (slm).
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Chapter 2

Methods

This chapter explains the general methods used for experiments throughout the

thesis. Further details of the specific methods used are provided in each results chapter.

2.1 Cell preparation

2.1.1 Preparation of cerebellar slices

Sprague-Dawley rats, aged postnatal day 7-28 (P17-P28), were used for the
preparation of the cerebellar brain slices employed for the experiments in chapters 3-6.
Animals were killed by cervical dislocation followed by decapitation, and the head was
immediately immersed in ice-cold oxygenated slicing medium, composed of (in mM):
NaCl 126, NaHCO; 24, NaH,PO, 1, KC1 2.5, CaCl, 2.5, MgCl; 2, D-glucose 10 (gassed
with 95% 0./5% CO,), pH 7.4, and containing ImM kynurenic acid to block glutamate
receptors during the slicing process. The scalp was removed and the skull was opened
by cutting between the eyes, followed by lateral cuts on either side of the head from the
anterior to the posterior. The excised region of the skull was lifted with forceps, and the
whole brain was quickly removed and placed in ice-cold oxygenated slicing medium.
To obtain parasagittal slices of the cerebellar vermis, cuts were made through the
inferior colliculus and spinal cord (to separate the cerebellum from the rest of the brain)
and the cerebellar hemispheres on either side of the vermis were removed (to isolate the
vermis). The cerebellar block was mounted on one of the cut surfaces on the stage of a
vibrating tissue slicer (Vibratome) using Superglue and mechanically stabilised using an
agar block attached to the Vibratome stage; in the case of young animals (P7) an extra
agar block was glued to the stage as a base for the brain. The cerebellum was immersed
in ice-cold oxygenated slicing medium throughout the cutting process. Sagittal slices of

the cerebellar vermis, 225 um thick, were cut and placed in oxygenated slicing medium
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at room temperature until used for recording, less than 9 hours after the animal was
killed. At the time of the experiment a slice was placed in the recording chamber and
held in place by a “harp”, made of a parallel array of nylon threads (separated from each

other by 0.5-1.0 mm) strung on a platinum frame.

2.1.2 Preparation of hippocampal slices

Sprague-Dawley rats, aged postnatal day 12 or 28 (P12 and P28), were used for
the preparation of the hippocampal brain slices used in chapter 8. An animal was
sacrificed and the brain was removed as described in section 2.1.1. To obtain transverse
sections of the hippocampus, the hemispheres of the brain were separated by cutting
down the longitudinal fissure. Each hemisphere was placed on its cut medial surface,
and a small section of the frontal lobe was removed to provide a flat surface by which to
attach the hemisphere to the slicing stage, and to ensure that hippocampal slices were
prepared in the transverse plane. Each hemisphere was mounted on the stage of a
vibrating tissue slicer (Vibratome) using Superglue and mechanically stabilised using an
agar block attached to the Vibratome stage. The hemispheres were immersed 1n ice-cold
oxygenated slicing medium throughout the cutting process. Slices of the whole
hemisphere, 225 pm thick, including the hippocampus, were made and placed in
oxygenated slicing medium at 34°C for 30 minutes. The slices were then kept at room
temperature until they were used for recording (less than 9 hours after the animal was
killed). At the time of the experiment a slice was placed in the recording chamber and

held in place by a “harp” (see above).

2.1.3 Preparation of corpus callosum slices

Sprague-Dawley rats, aged postnatal day 12 (P12), were used for the preparation
of corpus callosum brain slices studied in chapter 4. An animal was sacrificed and the
brain was removed as described in section 2.1.1. To obtain coronal sections of the
corpus callosum, the cerebellum was removed from the brain to provide a flat surface

by which to attach the hemisphere to the slicing stage, and to ensure that corpus
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callosum slices were prepared in the coronal plane. In addition, a small part of the
frontal lobe was cut off, to speed up the slicing procedure. The forebrain was then
mounted on the stage of a vibrating tissue slicer (Vibratome) using Superglue and
mechanically stabilised using an agar block attached to the Vibratome stage. The brain
was immersed in ice-cold oxygenated slicing medium throughout the cutting process.
Slices of the whole two hemispheres, 225 um thick, including the corpus callosum,
were made and placed in oxygenated slicing medium at room temperature. The slices
were then kept at room temperature until they were used for recording (less than 9 hours
after the animal was killed). At the time of the experiment a slice was placed in the

recording chamber and held in place by a “harp” (see above).

2.2 Standard solutions used and model system for ischaemia

In general 1 used a HEPES-based external solution for drug application
experiments at room temperature, and a bicarbonate-based external solution for
ischaemia experiments and some drug application experiments at 33°C. Internal (i.e.
pipette) solutions were either Cs- or K'-based. The recipes for each experiment are
given in the following chapters.

To mimic brain ischaemia in vitro, I inhibited glycolytic and mitochondrial ATP
production by removing glucose and O,, but I needed to use metabolic blockers as well
(Reiner et al., 1990), because in open recording chambers oxygen from the room air can
rapidly diffuse through the solution to the tissue, preventing true inhibition of oxidative
phosphorylation as would occur in vivo. In chapters 6 and &, energy deprivation was
simulated by replacing 10mM glucose with 7mM sucrose and/or bubbling with 95%
N2/5% COa,, and (except for some experiments in chapter 8) glycolysis was blocked
with 1odoacetate (2mM) and oxidative phosphorylation was blocked with antimycin
(25-100uM) and/or rotenone (100puM) or NaCN (ImM). A detailed analysis of the

efficacy of different metabolic blockers is presented in Chapter 8.
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2.3 Dye filling and cell identification

In whole cell recording experiments in chapters 3-7, a fixable fluorescent
Lucifer yellow dye was added to the pipette filling. The dye diffused into the cell (see
section 2.9) and hence revealed the cell’s morphology and its gap junctional network.
Using the filter set for Lucifer yellow (see Table 2.3) on the microscope, this allows
immediate cell identification by morphology during whole cell recordings. In addition,
each cell was marked onto a map of the cerebellum or corpus callosum, to simplify the
later search for the cell in the confocal microscope and to document any differences in
cell properties between regions. After recording from the slice, the slice was fixed in 4%
paraformaldehyde in phosphate buffered saline (PBS) for an hour at room temperature
with slight agitation. Then the slice was washed three times for 15 minutes each wash in
0.1M PBS. After the wash the slice was kept in the fridge (with 0.05% NaN; added to
the OIM PBS solution) until being mounted on a slide for confocal imaging of the
Lucifer yellow fluorescence to fully record the cell’s morphology, or being used for
immunohistochemistry to identify the type of cell recorded using cell specific markers

(see section 2.11).

2.4 Mechanical and optical set-up

Slice experiments (Fig. 2.1) were carried out on a set-up equipped with an
Olympus BXS51WI upright microscope, with a fixed stage and microscope-moving
table, or on a fixed stage Zeiss Axioscop, upright microscope. Slices were continuously
perfused with oxygenated external solution in the recording chamber, via an inlet
connected to a peristaltic pump (flow rate 6-10ml/min) or gravity fed from 150ml
syringes (flow rate 2-6 ml/min). Slices were viewed using a 40x water immersion
objective with differential interference contrast (DIC) optics. Both microscopes were
cquipped with a halogen lamp and filter sets for viewing Lucifer yellow filled cells

(Lucifer yellow excitation: 428nm, and emission: 540 nm).
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2.5 Pipettes and electrical set-up

Patch pipettes were made from thick-walled filament-containing borosilicate
glass capillaries (outer diameter 1.5 mm, inner diameter 0.86 mm, type GCI150F-10
from World Precision Instruments), and they were produced using a two step vertical
puller (Narishige PC-10). Pipettes were filled with the appropriate intracellular solution
(see individual Results chapters for the internal solution composition).

The recording electrode was inserted into the pipette holder of a patch-clamp
headstage (Axopatch CV202AU, Axon Instruments), which was attached to and moved
by an electric micro-manipulator (SMI, Luigs and Neumann). The electrode had either a
resistance of 4.3-6 MQ (chapters 3-7) or 2.3-4 MQ (chapter 8) when placed in the bath.
An Ag/AgCl pellet (or, in experiments using cyanide (chapter 8) which reacts with
AgCl electrodes (Rajantie & Williams, 2001), a 4M-NaCl filled Agar bridge to prevent
changes of bath electrode potential) was placed in the recording chamber to serve as the
bath electrode. In Chapter 8, inputs to CAl pyramidal neurons were electrically
stimulated, by placing a glass pipette filled with extracellular solution close to the CA3
region of the hippocampus. Membrane currents were recorded with either an Axopatch
200A or 200B amplifier (filtered at 10 kHz), and stored via a digital data recorder
(PCM701ES, Sony) on video tape. Data were also stored directly onto a personal
computer (using pClamp 8 or pClamp9, following digitisation with a Digidata 1200,
Axon Instruments) at a sampling rate appropriate for each experiment, as well as being
stored to a computer using Axoscope sampling at 1 kHz. Additionally, all data were
recorded continuously using a chart recorder. Most data were analysed directly from the
chart record; but some of the data was analysed oft-line using Clampfit 8 or Clampfit 9

(Axon Instruments).

2.6 Patch-clamp recordings

All recordings were performed in the conventional whole cell configuration
(Hamill et al., 1981; Edwards et al., 1989). The general principle of the patch-clamp

technique is to obtain a high resistance seal (usually 1-10 G€) between the cell
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membrane and the tip of the glass patch pipette. A gigohm-seal is obtained by attaching
the pipette onto the cell surface and sucking gently (Fig. 2.2A). The chances of
formation of a gigohm-seal are increased by applying positive pressure to the pipette
before contacting the cell to keep the pipette tip clean, to prevent the attachment of any
debris flowing in the bath solution or of tissue when entering the slice (for a description
of slice patching see Edwards et al., 1989).

After formation of a high resistance seal in the cell-attached mode, and
compensation of the pipette capacitance transient (see below for details of capacity
transients), further suction is applied to the pipette to rupture the membrane patch below
the pipette tip to achieve a low resistance access to the cell’s interior. In this
conventional whole-cell patch-clamp mode, the cell interior is in direct contact with the
pipette interior (Fig. 2.2B). Ions of the cytoplasm will diffuse into the pipette, and vice
versa, resulting in the cell becoming dialysed within minutes after the membrane patch
is broken (see Section 2.7 for estimates of the time needed for this to occur). In this way
the composition of the intracellular solution can be controlled by the pipette solution.

Owing to the different composition of the pipette solution and the bath solution,
a junction potential exists at the end of the electrode before sealing onto the cell, which
is not present when the pipette solution has filled the cell in whole-cell mode (Fig.
2.2B). For the pipette solutions used in the majority of my experiments, with [CI]; =
[CI]o, correcting for this potential adds a voltage of about -3mV to the apparent

potential (Fenwick et al., 1982).

2.7 Series resistance

Pipette series resistance is the resistance between the cell’s interior and the
pipette’s interior when in the whole-cell patch-clamp configuration, and can be
measured as outlined below, in Section 2.8. A low series resistance (in the range of 1-
10MQ) implies a good electrical and diffusion pathway into the cell. A good diffusion
pathway is essential for the efficient exchange of molecules between the pipette and the

cell. A good electrical pathway to the cell interior is important because current flowing
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between the pipette and the cytoplasm will result in a voltage drop across the pipette tip,
the value of which depends on the series resistance and the size of the current. A high
series resistance or large current flow will result in a high voltage drop, and the apparent
membrane potential is the sum of the real membrane potential, in the soma, plus the
voltage drop. Series resistance compensation (typically 50-70%) was employed to
minimise such voltage errors.

For experiments on oligodendrocytes in Chapters 4-7, the pipette series
resistance was typically 4-12 MQ with 60% compensation. For a typical glutamate or
NMDA-evoked current at the resting potential of ~200pA, this will lead a negligible
voltage error of 0.8-2.4 mV. For voltage steps to positive potentials, in some cells
outward currents of ~ InA were evoked, and these will cause a voltage error of 4-12mV
(the cell will be less depolarized than the command potential). This was neglected for
the I-V data in chapter 3, since no quantitative analysis of these currents was performed,
but was corrected for in providing the [-V relations for drug-evoked response.

Series resistance also presents a problem in Chapter 8, where recordings of the
anoxic depolarisation in CAl pyramidal neurons are described. In whole-cell mode the
series resistance (R;) was compensated from an average of SMSQ to 2MQ. The current
flowing at the peak of the anoxic depolarisation averaged 6nA and from the equation,

Veror=IR 2.1
this will give a voltage error of 12mV at the time of the anoxic depolarisation. All cells
were clamped at an apparent holding potential of -33mV, meaning that at the time of the
anoxic depolarisation the actual membrane potential was 12mV more positive, at
-21mV. This leads to the size of the anoxic depolarisation current being underestimated,
as the voltage of the cell is closer to the reversal potential of the anoxic depolarisation
(shown to be +10mV by (Hamann et al., 2002) so the driving force for cation entry into
the cell is reduced.

The effect of these voltage errors can be corrected for with the method employed
by (Hamann et al., 2002). The voltage-dependence of the current flowing at the time of
the anoxic depolarisation was approximated by an ohmic relation (ignoring for

simplicity the slight outward rectification produced by the contribution of Mg*-
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blockable NMDA receptors (Rossi et al., 2000), which will reduce the effect of series
resistance voltage errors, and ignoring the small current flowing before ischaemia):

I=Gx(V-V,) (2.2)
where 1 1s the measured current flowing, G is the conductance generating the anoxic
depolarisation current, V is the true membrane potential and V., is the reversal
potential of the anoxic depolarisation. If Ry is the series resistance,

V=V -IR, (2.3)
where V. is the command potential (i.e. desired holding potential), and from equations

22and 2.3

ex V) (2.4)
(1+GR)

Defining the current which would flow in the absence of R, errors (i.e. with V fixed at
V) as

I =Gx(V.-V,) (2.5)

rey
equation 2.5 becomes:

I= I, (2.6)
1+(I RV -V, )

rev

and thus:

;- !
T I=(R)V.-V.)

rey

(2.7)

In Chapter 8 of this thesis the amplitudes of anoxic depolarisation currents were
compared following various drug treatments during ischaemia. A t-test was performed
to see whether there was a significant difference between the amplitudes (uncorrected
for series resistance errors) after the different treatments, and in cases where the p-value
was on the border of significance (i.e. close to p=0.05) the analysis summarised in
equation 2.7 was applied to correct for series resistance errors. In practice the amplitude
of the anoxic depolarisation current was underestimated by 20% as a result of R, errors,
but recalculating the peak current to compensate for these errors did not alter the

significance of results
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2.8 Capacity transient analysis and voltage non-uniformity

By analysing the current response to a voltage step, it is possible to measure the
pipette series resistance and to assess whether the cell is uniformly voltage clamped. |
will consider two cases: first a spatially compact voltage-uniform cell, and then a cell
with long processes (like the oligodendrocytes studied in chapters 4-7, or the pyramidal
cells studied in chapter 8) where the voltage is non-uniform. The membrane acts as a
capacitor and resistor connected in parallel, and the series resistance is in series with
these (Figs. 2.2, 2.3 & 2.4). The current flow, I, through this circuit in response to a

voltage step, V,, is (Tessier-Lavigne et al., 1988):

Vs Rm- e_l !
my{Rm+m](u- = j (2.8)

where t is the time after the onset of the voltage step, Ry, is the membrane resistance, R,

is the series resistance, and 1, the decay time constant of the current transient, is:

2.9)

At the onset of the voltage step, at t = 0, the capacitor is uncharged and the voltage
across it is zero. Consequently, just as the voltage step is applied, the voltage across the
series resistance is the applied voltage step, and the initial current flowing allows
calculation of the series resistance as:

Vs
T 1(t=0)

(2.10)

S

At steady state, i.e. t = oo, the capacitor is fully charged and no current flows through it.
The membrane resistance can then be calculated from the voltage step and the current at

t = oo:

- R (2.11)

Substituting R, from equation 2.10 gives:

I(t = 0) - I(t = )
I(t = 0)-I(t = )

Rm = VS

(2.12)
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The membrane capacitance can be calculated by rearranging equation 2.9 to give:

Rs+ Rm
Crn=1-— (2.13)
Rs-Rm

Substituting R from equation 2.10 and Ry, from equation 2.12 gives:

I(t=0)

Cm:t'vs~(l(t=0)-l(t:oo))

(2.14)

The time constant, T, was obtained by fitting the current transient with a single
exponential using Clampfit. An example of a fitted capacity transient for an electrically
compact cell 1s shown in Figure 2.3. The current change at t=0 was obtained by
extrapolating this exponential back to the time of the voltage step.

This analysis assumes that the cell 1s isopotential, and predicts a
monoexponential decay of the capacity current. This is the case for electrically compact
cells such as the small oligodendrocyte precursors. For cells with complex morphology,
however, the resistance of the processes or dendrites makes the cell non-uniform in
voltage, and the capacity current decays as the sum of 2 or more exponentials (Fig. 2.4).
Nevertheless, from the argument preceding equation 2.10, just at the moment the
voltage step is applied, the cell capacitance is uncharged, so all the applied voltage step
appears across the pipette series resistance, and this R can be calculated from equation
2.10.

The non-spherical shape of either oligodendrocytes, with thin and long
processes, or CAl pyramidal cells, with a soma and 2 large branching dendritic trees,
may cause a lack of uniformity of the voltage. The degree of non-uniformity in neurons
has been analysed by Major (1993), who has shown that voltage control at most
dendritic sites in CA 1 pyramidal neurons is extremely poor. A similar problem might be
expected to occur in the long processes of mature oligodendrocytes. For situations
where | needed to control the voltage accurately (for example, when determining the
current-voltage relationship of the NMDA-evoked current in chapter 4), I used spatially
compact oligodendrocyte precursor cells. The voltage non-uniformity In

morphologically complex cells can also introduce a problem when measuring synaptic
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currents (as in Chapter 7), where distal synaptic inputs are filtered and smoothed before

they reach the recording site in the cell soma.

2.9 Diffusion of substances from the pipette into the cell

During whole-cell patch-clamping the intracellular ion composition is controlled
by the pipette solution. Knowing the time needed for equilibration of the concentration
in the pipette and cell interior is useful when filling cells with dye, or replacing
intracellular K™ with Cs" to improve voltage uniformity. The time needed for a
substance to diffuse into the cell from the patch-pipette can be estimated as follows. The
diffusive flux, J, of a substance along the x axis (from the pipette into the cell) is given
by:

J=-D-A-£ (2.15)
dx

where D is the diffusion coefficient of the substance, A is the area available for
diffusion, C is the concentration of the substance at point x and dC/dx is the
concentration gradient of C in the x direction. Assuming the end of the pipette to be an
idealised barrier of width w and area A, equation 2.15 becomes:

Cpipcnc - Cccll
w

J=D-A (2.16)

with Cpipene being the concentration of the substance in the pipette and C.. being the
concentration of the substance in the cell. For a cell of volume V., the amount of
substance in the cell is V ..Ceen. The diffusive flux, J, tends to increase the total amount
of substance in the cell, so:

_ d(VchI . Cccll)
dt

J (2.17)

From equations 2.16 and 2.17, the rate of increase of the substance’s concentration in
the cell is given by:

d(Vccll . Cccll) _ D ) A ) Cpipcuc - Cccll

2.18
dt w ( )

The pipette series resistance across the barrier is:
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Re="— 2 (2.19)

where p is the resistivity of the pipette solution. Putting equation (2.19) into equation
(2.18) gives:

dCei D-
Ve = ! Rsp-(cmpcuc-cwu) (2.20)

or, since Cpipeue 1S constant:

d(Cccll - Cplpcllc) D- P

= - : Ccc 'C pette 221
dt Vccll - Rs ( ' " ) ( )
Rearranging and integrating, this gives:
t 1 D-p ¢
e - A Ceett = Cpipente ) = - - | dt 2.22
j‘l) (Cc:ll - Cplpcll::) ( ' o ) Veen - Rs '[0 ( )
which gives:
,Cccll - C ipette |t D-
log. L et | _Dep (t-0) (2.23)
(Cccll - Cpiptncjo Vccll : Rs

and this gives:

D-p ¢
Ccc - C ipette jt - ’
( 1 = Cripere —¢ Ve Rs (2.24)
(Cccll - Cp[pcucjo
If Ceen = 0 at t = 0, rearranging gives:
- D : p . t
(Ceett - Crperee )i = - Cpipene - ¢ Yeetl* R (2.25)

Thus, the concentration of the substance in the cell, C., approaches the concentration

of the substance in the pipette, Cpipete, €Xponentially:

Cee(t) = Coipete .(1 _eY ‘) (2.26)
with a time constant of:
T =Vccll'Rs (227)
D-p

For a typical mature oligodendrocyte of a volume 2887.2 + 807.9 pum® (calculated from
anatomical measurements by Marta et al. (2003) and sizes from my confocal images of

filled mature oligodendrocytes), with the series resistance of 10 MQ, a diffusion
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coefficient of 10° m’s™ (typical for small cations like Na", K* and CI') and a resistivity
of 0.1 Qm, predicts a time constant for equilibration of small ions in the cell of ~ 289s
(or from 208 to 370s using the s.e.m. values for the volume estimate).

This is the time taken for ions to diffuse from the pipette into the cell, assuming
that the cell is well mixed. An estimate of the time it takes for substances to diffuse
throughout the cell is given by equation 2.28,

t=x"/2D (2.28)
where x 1s the distance of diffusion and D the diffusion coefficient, as above. For ions to
diffuse down a 200pum process within the cell, around 20 seconds is required. Thus, the
time taken for diffusion within the cell is much less than the time taken for diffusion

into the cell.

2.10 Field potential recordings

Non-invasive recording of the time of the ischaemia-induced anoxic
depolarisation was carried out, in the experiments of Chapter 8, by recording the
extracellular field potential with an electrode (filled with external solution) placed in the
pyramidal cell apical dendrite layer. The electrode was connected to the patch clamp
and current-clamped to OpA, and the change in voltage recorded. At the time of the
anoxic depolarisation the rise of [K'], leads to a sudden negative shift of the
extracellular potential (Rader and Lanthorn, 1989), due to the entrance of cations into

cells making the extracellular space more negative.

2.11 Immunohistochemistry

Immunohistochemistry was used either to identify recorded cells or to study the

receptor subunits present in brain sections.
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2.11.1 Tissue sections

Sprague-Dawley rats, at postnatal day 12 (P12), were used for the preparation of
cerebellar and corpus callosum brain slices. An animal was sacrificed, and the brain was
removed as described in section 2.1.1. Either part of the cerebellum or a brain volume
including the corpus callosum were prepared as described in sections 2.1.1 and 2.1.3,
and was then immersed in 4% paraformaldehyde in phosphate buffered saline and left
overnight in the fridge. For larger brain regions, slight agitation for an hour prior to the
placing in the fridge gave better fixation of the tissue. The brain sample was then
washed three times (each time for half an hour) at room temperature in phosphate
buffered saline, with slight agitation, and was then prepared for slicing as described in
sections 2.1.1 and 2.1.3, except that sections were made 50-100 pm thick and slicing

was done at room temperature in 0.1M PBS.

2.11.2 Antibody labelling

Sections either from fixed recorded slices (225um thick) or fixed sectioned
slices (50-100pm thick) were first treated with a blocking and permeabilizing solution,
containing 10% goat serum (or donkey serum, when goat primary antibodies were
used), 0.05% Triton X-100, 0.05% NaN; and 0.1M PBS (for O4 sulfatide primary
antibody Triton was omitted from the solution), for 4-6 hrs at room temperature with
slight agitation. This was then followed by an incubation with a primary antibody (see
table 2.1 for information on antibodies and concentrations) in phosphate buffered saline
containing 0.05% NaN; for 12-18 hrs at room temperature with slight agitation. Then,
slices were washed three times for 20 min with 0.1M PBS. To reveal labelling with
primary antibody, a secondary antibody was used which was appropriate for the species
that the primary antibody was raised in. Secondary antibodies were conjugated to a
fluorophore molecule (see table 2.2). The slices were incubated in secondary antibody
(for type and concentration see table 2.2), diluted in 0.1M PBS containing 0.05% NaN3,
for 8 hrs at room temperature with slight agitation, then the slices were washed 3 times

for 20 min. Slices were then either mounted on a microscope slide or stained again for
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the second primary antibody (when doing double labelling experiments), by using the
protocol described above except that the blocking and permeabilizing step was omitted.
In some cases the slices were also incubated for 10 min at room temperature with
300nM DAPI (Molecular Probes) diluted in 0.1M PBS, to reveal cell nuclei.

Three types of control experiment were done for the antibody labelling. First, |
always tested the effect of omitting the primary antibody. Second, when available, a
blocking peptide was incubated with the primary antibody (at 10 times the antibody
concentration, for 8 hours at room temperature with light agitation) prior to the normal
protocol for incubation of the antibody with the tissue. Third, a normal rabbit or mouse
IgG (not raised against anything, from Vector) was used to further check for unspecific
staining (it was used at the same concentration as the primary antibody and the normal
labelling protocol was followed). When dual labelling was carried out, an extra control
was added to the protocol: not only did I test the effect of omitting both antibodies and
just adding the two secondary antibodies, but [ also incubated slices with just one of the
two primary antibodies, but with both secondaries (this was done for each primary
used). In this way, I could make sure that there were no interactions between the second
secondary antibody and the first primary antibody or vice versa.

All slices were finally mounted on a microscope slide (BDH) with Citifluor
(glycerol/PBS, Citifluor), covered with a 0.17mm thick glass cover slip, and sealed with

nail varnish (Boots, UK).

2.11.3 Confocal imaging and set up

All fixed slices were imaged in a confocal laser scanning microscope (LSM) .
The confocal microscope was either a Zeiss LSM 510 inverted microscope or a Zeiss
LSM Pascal upright microscope. For high resolution images a 63x oil DIC objective
was used; for low magnification images a 10x DIC objective was used.

All imaging with multiple wavelengths was done with sequential scans at the
different wavelengths, even if there was a good separation between the excitation and

emission wavelengths on the fluorescence signals, in order to minimise “bleed through”
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from one signal to the other. The argon laser line 488nm was used to excite FITC and
Alexa 488 fluorophore containing antibodies (see table 2.3 for excitation and emission
wavelengths, and filters used) and the 458nm laser line of the argon laser was used for
Lucifer yellow detection (see table 2.3). The HeNe laser 543nm line was used for
rhodamine, Alexa 555 and Cy3 fluorophore containing antibodies, and the 633nm line
(only available on the LSM 510 microscope) was used for Cy5 and Alexa 568
containing secondary antibodies. The ultraviolet laser 364nm line of the LSM 510, or
the 405nm diode line 405 of the LSM Pascal was used for detection of DAPI.

Scanning was done in x-y and z directions, and averaged 2-4 times depending on
the signal. The size of the z stack depended largely on the depth of the cell of interest,
ranging from 15-90um, taken in 0.2um sections. Gain and offset were initially set for
each image depending on the signal being detected, and those settings were then held
constant for the control slices. Projections of images were done in LSM Examiner
software, and control slices were treated in the same way with respect to brightness and

contrast adjustments.

2.12 Western blotting

Sprague-Dawley rats, at postnatal day 12 (P12), were used for the preparation of
optic nerve and corpus callosum. The optic nerve and corpus callosum were dissected
and immediately put into Eppendorf bottles containing 2% SDS (sodium dodecyl
sulphate), in distilled water. The brain specimens were then sonicated until fully
dissolved. They were then added to a sample buffer (comprising 80mM Tris-HCI at pH
6.8, 100mM dithiotreitol, 10% glycerol, 2% SDS and 0.1% bromophenol blue) in two
dilutions (3x and 10x) and loaded on to an SDS-PAGE gel with running buffer (25mM
Tris, 250mM glycine (pH 8.3, 0.1% SDS) and left to run overnight, at room
temperature. Then the SDS-PAGE gel was placed against pre-wetted nitrocellulose
membrane with three pieces of Whatman 3MM filter paper on each side, forming a
“sandwich” which was placed in a BioRad western blot cassette. This procedure was

carried out with all components wet with transfer buffer (SOmM Tris, 380mM glycine,
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0.1% SDS and 20% methanol). Transfer was carried out in a BioRad Western blotting
apparatus with transfer buffer, at 300mA for 3 hours. After transfer, the nitrocellulose
membrane was stained with 0.1% Ponceu S in 5% acetic acid, and the positions of
protein lanes and molecular weight markers were marked with a pencil. The membrane
was blocked with: 4% Marvel milk in 0.01% Tween-20 and 0.1M PBS solution for 4
hrs at room temperature with slight agitation. Primary antibodies (mouse anti-MBP
(1:650, Chemicon), rabbit anti-NG2 (1:500, Chemicon), mouse anti-NR1 (1:500,
Chemicon), rabbit anti-NR1 (1:1000, Chemicon) were then added and left to incubate
overnight at 4°C with slight agitation. The excess antibodies were washed off three
times for 10 min in the milk solution, followed by a wash in solution containing only
0.1M PBS. Secondary antibodies coupled to horse radish peroxidase (HRP) were added:
these were donkey anti—rabbit (1:5000, Chemicon) and goat anti-mouse (1:5000,
Chemicon). They were left to react with the primary antibodies for an hour at room
temperature. The membrane was then again washed four times in milk solution for 10
min each time. The secondary antibodies were detected by application of SuperSignal
West Pico chemiluminescent substrate for HRP. In a dark room, an exposure film was
then placed down on top of the membrane for a minute and then the film was removed

and developed.

2.13 Data analysis and statistics

Data are presented as mean + s.e.m. and the significance of changes was
normally assessed with 2-tailed Student’s t-tests. T-tests were either paired, as when
analysing whether events within the same group of cells had altered over time or with a
drug treatment, or unpaired, as when comparing whether the mean responses of
different groups of cells were significantly different. Prior to applying an unpaired t-
test, an F-test was applied to address whether the two sets of data had significantly
different variance or not (i.e. heteroscedastic or homoscedastic). When the data did not
follow a Gaussian distribution, I used the non-parametric Mann-Whitney test. When

comparing three groups, instead of two, a one-way ANOVA was used followed by a
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Tukey post hoc test. In addition, a Chi-squared test was used when comparing the ratio
of occurrence of events between groups of cells, and Yates’ correction for continuity

was applied due to the small size of the sample groups.
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Primary Immunogen
Labels Dilution Supplier
Antibody
Myelin Basic | Mouse IgG Mature \
1:100
Protein (MBP) Rat IgG oligodendrocytes
Immature » Chemicon
O4 Sulfatide Mouse IgM 1:40
oligodendrocytes
NG2 Rabbit, poly Ig Oligodendrocyte 1:200 )
NG2 Guinca pig poly Ig precursors*® 1:100 Dr.Stallcup
GFAP Rabbit Poly Ig Astrocytes 1:500 DAKO
Ohg 2 Rabbit poly Ig All oligodendrocytes 1:20000 Dr. Rowitch
Ankyrin Mouse 1gG Nodes of Ranvier 1:100 Chemicon
Mouse IgG NRI1 subunits 1:100 N
Rabbit poly Ig NR2A subunits 1:50 .
NMDA receptor ? Chemicon
Rabbit poly Ig NR2B subunits 1:50
subunits
Mouse IgG NR3A/3B subunits 1:50
Goat IgG NR2D subunits 1:100
Goat IgG NR2C subunits 1:100 Santa Cruz
Rabbit poly Ig {3, subunits 1:100
Novus
Rabbit poly Ig a5 subunits 1:250 ) )
biological
Rabbit poly Ig B, subunits 1:100
Alpha
GABA receptor | Rabbit poly Ig Y- subunits 1:250
diagnostic
subunits
Rabbit poly Ig a; subunits 1:100 Upstate
Goat IgG f3; subunits 1:50
Santa Cruz
Goat IgG f3; subunits 1:50
Mouse IgG 3,3 subunits 1:100 Chemicon

Table 2.1 List of primary antibodics uscd for the experiments presented in this thesis, their
dilution and supplicr.
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Excitation Emission
Secondary
Anti Fluorophore Wavelength | Wavelength | Dilution Supplier
Antibody
(nm) (nm)
/ Rhodamine 540 580
mouse IgG 1:300
FITC 490 525
mousc IgM Rhodamine 540 580
Chemicon
Fab 1:150
FITC 490 525
fragment
Rabbit Rhodamine 540 580 1:1500
Goat < Molecular
Rabbit Alexa 555 553 569 1:200
probes
Rat 1gG Cy3 553 575 1:400
Mouse IgG | FITC 490 525 1:100 Jackson
Guinea Pig FITC 490 525 1:100 laboratories
\_ | GuincaPig | Cy5 651 674 1:100
Molecular
Donkey Goat IgG FITC 490 525 1:200
probes

Table 2.2 List of secondary antibodies for the experiments presented in this thesis, their dilution

and supplicr,
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Excitation Emission
Excitation Emission
Fluorophore Wavelength | Wavelength | Laser
Line (nm) Filter (nm)
(nm) (nm)
Rhodamine 540 580 LP 560
Alexa 555 553 569 HeNe 543
Cy3 553 575 Lascr
Cys 651 674 633 LP650
FITC 490 525 488 BP505-530
Argon
Lucifer
428 540 Laser 458 BP505-600
Yellow
360 460 Diode 405 LP 420
DAPI LP 385
360 460 uv 364
BP 385-470

Table 2.3 List of various fluorophores used, along with their peak excitation and emission
wavelengths. In addition, the table gives information on what laser, and laser line were used for
confocal imaging as well as the filters used.
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- Grey matter
Granular cell layer

l)il'(‘&'ﬁﬂ“ of axons

Figure 2.1 Whole-cell clamped oligodendrocyte in the white matter of a cerebellar
slice, visualized with DIC optics. Many parallel axons (two of which are indicated with
arrowheads) run in the direction indicated by the long arrow. The electrode is attached to
an oligodendrocyte soma (small arrow). These somata tended to be oval, and to lack
visible processes (although processes are in fact present, as seen for the dye-filled cells
presented later in this thesis). Scale bar 20 pm.
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Figure 2.2 Diagrammatic representations of patch clamp configurations and the
electrical circuit diagram of the pipette and cell. A Seal formation, where the patch
pipette is attached to the outside of the cell membrane. Very little current flows through
the cell, as the membrane attached to the pipette forms a high resistance. However a
small current will flow through the seal with the membrane and across the high
resistance patch. B Whole-cell configuration, where the patch of membrane under the
pipette is ruptured, producing a current pathway between the pipette and the cell that is
freely permeable to all molecules present within the pipette, leading inevitably to
dialysis of the cell with the contents of the pipette. Here current can flow through the
cell and the membrane voltage or current can now be clamped and controlled by an
amplifier. Vs is a step of voltage applied to the pipette, Cm is the capacitance of the cell
membrane. Rs is the series resistance of the pipette and Rm is the resistance of the
membrane.



Fitis

307pA exp(-(t-0.71msec)/1.06msec) + 5.5pA
R,,=889MQ
R=16MQ
C,,=67pF

, U is time constant of decay

100 pA

K

-

e § R

Figure 2.3 Measurement of capacitance of a spatially compact cell. A The top trace
shows the current response to a SmV pulse in a whole-cell patch-clamped spatially
compact precursor oligodendrocyte. The bottom trace shows the applied voltage step,
Vg. B Cell membrane circuit of a cell that is spatially compact, so that its capacity
transient can be fitted with a single decaying exponential. C A schematic diagram of a
spatially compact precursor oligodendrocyte, with short processes. Measuring the
capacitance: the current just after the onset of the voltage step, I, is found by
extrapolating from fitting the decay with a single exponential. The fit gives a I, of
307.5 pA, a steady state current I, of 5.4 pA and a decay time constant, T of 1.06 ms.
This implies a series resistance of 16 MQ (from equation 2.10), while equation 2.12
gives a membrane resistance of 889 MQ and from equation 2.13 the membrane
capacitance was found to be 67pF.
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4 Fit (in red) is
: 107pA exp(<(t-0.71msec)/0.67msec) (green. fast component)
1 +52pA*exp(-(t-0.71msec)/7.5msec (blue, slow component)
: +13.5 pA
: Extrapolated current at start of pulse is 272.5pA
leo ! R =352MQ
1
: T R ¢&=18.3MQ
. 100 pA
|
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Figure 2.4 Capacity transient of a cell that is not voltage uniform. A The top trace
shows the current response to a SmV pulse in a whole-cell patch-clamped immature
oligodendrocyte: the current response is not a single exponential, and has been fitted
with the sum of two exponentials (one with a fast time constant, t fast, and one with a
slow time constant, T slow) with the parameters shown. The bottom trace shows the
voltage pulse. B Effective circuit diagram of a cell with long processes, represented as
electrical RC compartments in addition to the soma, which result in the membrane
potential being non-uniform. Ri is the intracellular resistance along the cell processes.
This circuit would generate a multi-exponential capacity transient. C A schematic
diagram of an immature or mature oligodendrocyte, showing the processes that generate
the distant electrical compartments in B. To measure the series resistance the current at
the time of the pulse (0.71 msec in the example above, but denoted I._;) is found by
extrapolation after fitting the decay with the sum of two exponentials. The fit gives an
I, of 172.5 pA, Icof 13.5 pA and two exponentials with amplitudes and time constants
as shown in A. The value of I_, gives a series resistance of 18.3 MQ (from equation
2.10), and equation 2.12 gives a membrane resistance of 352 MQ. It is not possible to
calculate the capacitances of the different compartments nor the values of the resistances
along the processes.

92



Chapter 3

The cells of the white matter:

their morphology and electrophysiology

3.1 Introduction

In this chapter I will provide a basic characterization of the anatomy and
electrophysiology of the cells that are found in white matter of rat cerebellum and
corpus callosum, concentrating mainly on oligodendrocytes which are the main focus of
this thesis. These two areas were chosen for study because the cerebellum myelinates
relatively late (Hamano et al., 1998), facilitating the study of oligodendrocytes at
different stages of their development, and the corpus callosum is an area which becomes
thinned in periventricular leukomalacia (Fedrizzi et al., 1996; Coley & Hogan, 1997).
This characterization includes details of how the different cell types were identified, and
provides a basis for the experiments described in the following chapters which analyse

the cells’ properties in more detail.

3.2 Methods

Brain slices Cerebellar or forebrain slices (225um thick) were prepared from P7-P14
rats as described in Section 2.1. Slices were superfused at 24+1°C with HEPES-buffered
solution, containing (mM): 144 NaCl, 2.5 KCI, 2 MgCl,, 10 HEPES, 1 NaH,;PO,, 2.5
CaCl;, 10 glucose, pH adjusted to 7.4 with NaOH.

Recording & cell identification White matter cells (avoiding the cerebellar nuclei
when working on cercbellar slices, since these contain neurons) were whole-cell
clamped with pipettes containing a K'-based solution comprising (mM): 130 KCl, 4
NaCl, 0.5 CaCl,, 10 HEPES, 10 EGTA, 2 MgATP, 0.5 Na,GTP, K-Lucifer yellow 2,
pH set to 7.2 with KOH; or a Cs"-based solution, comprising (mM): 130 CsCl, 4 NaCl,
0.5 CaCl,, 10 HEPES, 10 BAPTA, 2 MgATP, 0.5 Na,GTP, K-Lucifer yellow 2, pH set

to 7.2 with CsOH. The series resistance was 8-20MQ, before 60% compensation. Cells
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were identified from dye-fill morphology and antibody labelling, using the methods of
Sections 2.3 & 2.11 as described in detail below. Electrode junction potentials were
compensated for, and I-V relations were from responses to 200 msec voltage steps.
Antibody labelling is described in detail in chapter 2, section 2.11.

Statistics These are described in chapter 2, section 2.13.

3.3 Results

3.3.1 The white matter

To determine the prevalence of the major classes of cell present in the white
matter of cerebellum and corpus callosum, I labelled the white matter with antibodies
against Olig2 (a transcription factor present in all stages of the oligodendrocyte lineage),
myelin basic protein (MBP, expressed in mature myelinating oligodendrocytes), the
lipid sulphatide O4 (expressed in immature oligodendrocytes), the proteoglycan NG2
(present in precursor oligodendrocytes, but also in vascular cells which were excluded
from the following analysis), and glial fibrillary acidic protein (GFAP, an intermediate
filament specific to astrocytes). At the same time, DAPI was used to mark the nuclei of
all cells, so that the percentage of all cells labelled with each marker could be
determined, and antibody to ankrin G (which helps to cluster voltage-gated Na*
channels at the nodes of Ranvier) was used to define the position of Ranvier nodes.
Throughout the following text, positive labelling for a marker will be indicated by the
superscript suffix “+” after the label, and an absence of labelling will be denoted by the
suffix “-”.

Labelling for Olig2 and GFAP showed that the cerebellar white matter at
postnatal day pl2 in rodents is mainly populated by Olig2" oligodendrocyte lineage
cells, which were 50.7£2.1% of 1220 cells counted, and GFAP" astrocytes (28.7+4.1%
of 249 cells, Fig. 3.1). The remaining 20.6 % of cells are likely to be mainly microglia
and astrocytes that do not express GFAP (Walz, 2000; Kimelberg, 2004). In addition,
some of the unaccounted for 20.6% of cells are NG2" but Olig2” cells found in the white

matter, as described below in section 3.3.3 1n this chapter.
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The marker GFAP, which labels the majority of astrocytes, labels the cerebellum
quite uniformly (Fig. 3.2A, B) but the astrocytes are more aligned in the white matter
compared to the scattered staining in the grey matter (except for the very distinct pattern
reflecting labelling of the aligned processes of Bergmann glia in the molecular layer:
Fig. 3.2A, B). The oligodendrocyte lineage marker Olig2 stains the white matter heavily
in the cerebellum and marks out beautifully the boundaries of the white matter tracts.
However there i1s some staining in the grey matter, indicating that there are
oligodendrocyte lineage cell bodies in the grey matter as well (Fig. 3.2C, D).

By using markers for oligodendrocytes at different developmental stages, [
investigated the different distribution and morphology of precursor, immature and
mature oligodendrocytes. The precursor marker NG2 interestingly labels not only the
white matter but also the grey matter (Fig. 3.2E, F). Although some of these NG2" cells
are associated with the vasculature and are not related to oligodendrocytes, the majority
are scattered throughout the neuropil and are distant from the blood vessels. These grey
matter NG2" cells could have the role of being a reserve cell to replace mature
oligodendrocytes if they become damaged, as has previously been thought (Cenci D1
Bello et al., 1999; reviewed by Reynolds et al., 2002), but is now disputed (Butt et al.,
2005). The staining seen with the O4 antibody, which marks immature
oligodendrocytes, is more confined within the white matter tracts (Fig. 3.2G, H), and
almost no labelling is detectable in the grey matter. The myelin marker MBP, which
labels mature oligodendrocytes, is even more confined to the white matter (Fig. 3.21, J).
However MBP" processes stretch from the white matter tract far into the grey matter,
presumably reflecting the fact that axons are myelinated as they pass into the grey
matter (Fig. 3.21, J). At least some of the myelinating processes seen with MBP
labelling at this developmental stage are mature, as labelling with ankyrin G shows
quite distinct labelling of the nodes (Fig. 3.2K).

The corpus callosum shows somewhat different labelling with Olig2 and MBP
compared to the cerebellum (Fig. 3.3). First, the Olig2 labelling is not well spatially
defined, and is fairly uniform throughout both grey and white matter. However, in the

white matter the Olig2" cell bodies tend to be aligned in a row (similar to a string of
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pearls), whereas in the grey matter the Olig2" cell bodies are more scattered (Fig. 3.3 A,
B). Secondly, the MBP" processes are not all aligned in a single direction, as in the
cerebellum, but in addition to the general orientation of processes across the corpus
callosum, there are also MBP" processes perpendicular to this direction, presumably
reflecting the direction of the axon tracts that they are myelinating. As in the cerebellum
there are processes that stretch out into the grey matter, consistent with axons being
myelinated some distance into the grey matter. Most notable, however, is the presence
of apparently flat patches of MBP" processes scattered around in the grey matter (Fig.

3.3C, D).

3.3.2 The morphology and electrophysiology of oligodendrocytes

To characterise in detail the morphology of individual oligodendrocytes, these
cells were whole-cell voltage clamped at different developmental stages. By including
Lucifer yellow in the pipette, which diffuses into the cell and all its processes, the
morphology of the cell could be studied and the cell type could be identified. In
addition, the presence of Lucifer yellow in the cell allowed me to find the cell again
when (after fixation) investigating the cell’s protein expression using the antibodies
described above and in Section 2.3).

Oligodendrocyte morphology and electrophysiology varies with developmental
stage (Figs. 3.4 to 3.6, all the cells of which are from cerebellar white matter). Precursor
oligodendrocytes were identified by their simple morphology, i.e. short processes not
aligned to axons in the white matter, and their NG2 protein expression (Figs. 3.4A, B, &
3.6A, C). All 15 cells with this morphology, that NG2 antibody was applied to, showed
expression of NG2. Immature cells had one or more processes aligned with the axons in
the white matter and more than one process that was not aligned with the axons (Figs.
3.4C & 3.6E, G). These non-aligned processes are presumably still growing, and
secking out axons to myelinate (or retracting after unsuccessful myelination). Immature
cells were also identified by their O4 expression (Fig. 3.4C). All 6 cells with immature

morphology that were tested showed labelling for O4. Mature oligodendrocytes had all
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their processes aligned with the axons in the white matter tract (Fig. 3.4D, Fig. 3.61, K),
and expressed MBP (Fig. 3.4D). All 17 cells tested with mature morphology showed
expression of MBP.

In addition to the developmental changes of oligodendrocyte morphology and
protein expression, there was also a developmental change in the expression of voltage-
gated ion channels, although these changes were more complicated than has been
portrayed in the earlier literature (see Section 1.4.4.1 for a review). As Figure 3.6
shows, the response of the cells to positive and negative voltage steps could either be
ohmic or could show time-dependence produced by voltage-gated channels (described
in more detail below). There was a general tendency for the membrane resistance near
the resting potential to decrease (p<0.001) with maturation (Fig. 3.5A, for which
maturation state was defined from the morphology revealed by Lucifer filling), which is
similar to what has been reported before (Soliven et al., 1988; Sontheimer et al., 1989).
The resting potential was approximately -60mV (-57.5+2.9mV in 37 mature cells,
although without shunting by the electrode seal it would be slightly more negative),
which is similar to the membrane potential that Soliven et al. (1988) and Chvatal et al.
(1995) reported, but more positive than what Gipson and Bordey (2002) found.

To test more objectively how the electrophysiological characteristics of the cell
changed with morphology and hence maturation, I invented a morphology index. The
index takes into account several aspects of the organization of the processes of the cells,
bearing in mind that as cells become more mature they align their processes more with
the axons they are myelinating, and extend their processes along the axon till they reach
the node of Ranvier where the next oligodendrocyte will start. Thus maturity can be
considered as being related to the length (measured in the direction of the axons), L, of
the field of processes put out by the cell, and inversely related to the width, W, of the
field of processes (Fig. 3.5C), as more mature cells tend to have long processes with
few processes extending perpendicular to the axons, while the precursors have a more
“round” field of processes (i.e. with the same length and width). More mature cells also
tend to have more processes aligned with axons, and fewer processes that are unaligned

and seeking axons to myelinate. Therefore I counted the number of processes parallel to
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the axons in the white matter (denoted P) and number of the processes that were not
parallel to the axons (denoted S for “seeking”). These parameters were then combined
to produce an index that would be large for mature cells and small for precursors, by
defining

Morphology Index = (L/W)(P+1)/(S+1)

(the extra value of 1 being added to P and S to ensure that neither ever became zero). 1
then plotted the membrane resistance at -63mV against this index, which showed a
negative correlation (Fig. 3.5B) similar to that seen in Figure 3.5A when stage of
maturity was judged simply by looking at the Lucifer fill morphology. Given that it is
extremely laborious to label every recorded cell with antibodies to define its
developmental stage, this index can be used as a substitute to detect developmental
changes in oligodendrocytes.

An interesting aspect of Figure 3.6 is that at each developmental stage not all the
cells have the same electrical properties. Comparing the two mature cells shown, while
the current-voltage (I-V) relation of Figure 3.6L is ohmic, which resembles what is
expected for the time- and voltage-independent potassium conductance reported for
mature oligodendrocytes (Chvatal et al., 1995; Gipson & Bordey, 2002), that of Figure
3.6) shows a sag in the current at positive potentials probably produced by a transient
potassium conductance (or activation of an inward current). A similar range of
behaviour is seen for immature cells. Looking at the I-V relation of Figure 3.6F, it looks
remarkably like that of Figure 3.6J except that it has less current flowing at each
potential because the input resistance is higher, while the I-V relation of Figure 3.6H is
similar to that of Figure 3.6L, as it is ohmic but with a higher input resistance (see Fig.
3.5A for the change of input resistance with maturation). However, the most dramatic
difference in current-voltage relations is between the two precursor cells shown. The I-
V relation of Figure 3.6D is similar to the ohmic relation seen in the immature and
mature cells of Figure 3.6H, L, except with a much higher input resistance. By contrast,
the [-V relation of Figure 3.6B is remarkable as at depolarized potentials it shows both a
transient inward current and an outward rectifying current, like the ones that have been

reported before both in situ (Berger et al., 1991; Steinhauser et al., 1992; Chvatal et al.,
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1995; Ziak et al., 1998; Chittajallu et al., 2005) and in culture (Sontheimer et al., 1989;
Barres et al., 1990c; Berger et al., 1992a; Knutson et al., 1997; Schools et al., 2003) for

precursor oligodendrocytes.

3.3.3 Two different NG2 expressing cells in cerebellar white matter

Analysing this difference in current-voltage relation in the precursors in more
detail (Fig. 3.7) it became clear that the NG2" cells are not a homogenous group of
cells, and they fall into two distinct classes expressing one of two sets of ion channels.
One type of NG2" cell generates a large transient inward current when the membrane
potential is stepped to depolarizing potentials (Fig. 3.7A), which is similar to the
voltage-gated sodium channel current seen in neurons, and this transient inward current
is followed by an outward rectifying current. The other type of NG2" cell shows neither
the transient inward current nor the outward rectifying current (Fig. 3.7B). The transient
inward current was abolished in the presence of 1uM tetrodotoxin (TTX, which blocks
voltage-gated sodium channels, Fig. 3.8A, B), indicating that it is indeed mediated by
Na' channels.

The 15 NG2" cells recorded from fell into two classes, those which expressed
sodium currents and those which didn’t. When the mean I-V relations of the two types
of cell were plotted, they showed that, although the two types did not differ in input
resistance near the resting potential (p=0.19, Fig. 3.10A), the cells expressing voltage-
gated Na' channels generated a much larger change (p=0.001) in the outward current
with increasing voltage at positive potentials than those which lack the voltage-gated
Na" channels. The mean [-V relations with Cs” in the pipette are shown in Figure 3.9A.
Seven cells without sodium currents (not tested for NG2 expression, but with precursor
morphology) were labelled with antibody for Olig2 and all were found to be Olig2
positive: the I-V relation of these selected cells was similar to that for cells without
sodium current that were NG2" (Fig. 3.9A). The larger increase in outward current at
positive potentials seen in the sodium channel expressing precursors, compared to those

which did not express voltage-gated sodium channels, was even bigger if K was
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present in the intracellular pipette instead of Cs™ (Fig. 3.9B), as is expected if this
current is carried by K* channels that do not pass Cs" so well as K. The slope
resistance at positive potentials, with intracellular K”, is quantified in Figure 3.10B.

The two classes of precursors did not differ in membrane resistance near the
resting potential (Fig. 3.10A; p=0.19), length of the field encompassed by their
processes (p=0.18), width of the process field (p=0.36), or size of the cell body (p=0.11,
Fig. 3.10C), however they did differ significantly in their value of morphology index
(Fig. 3.10D, p=0.03). The difference in morphology index reflected mainly the fact that
cells lacking Na" current displayed a slight increase in number (P) of processes arranged
parallel to the axons relative to the number (S) of “seeking” processes arranged not
parallel to the axons, and the cells lacking Na” current had a higher number of “seeking”
processes compared to the cells lacking Na™ current. Another difference between the
two cell classes was that the sodium current expressing cells also showed spontaneous
synaptic activity: these observations will be discussed in detail in Chapter 7.

Since there are two classes of NG2 cell as defined electrophysiologically, 1
looked at whether all NG2" cells express Olig2, to check whether all NG2™ cells are in
the oligodendrocyte lineage. Interestingly, not all NG2" cells were Olig2" in the white
matter of the cerebellum: 82% were Olig2” and so are presumably oligodendrocyte
precursors, while 18% did not express Olig2 and might therefore be suspected of not
being (or no longer being) in the oligodendrocyte lineage (Fig. 3.11A, B, E). Looking at
the granular layer of the cerebellum, a larger fraction (40%) of the NG2" cells were
Olig2™ than in the white matter (Fig. 3.11C, E), while on the other hand all NG2" cells in
the molecular layer were Olig2” (Fig. 3.11D, E). These results suggest that there may be
more than one role of NG2 cells and further work is needed to determine the exact role
of these cells in the white matter and grey matter.

It has been reported that NG2" cells wrap their processes around nodes of
Ranvier (Butt et al., 1999), perhaps suggesting that they respond to passing action
potentials (Bergles et al., 2000) or assist the propagation of the action potential. Figure

3.12 shows a NG2" cell wrapping around a process of an immature oligodendrocyte
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filled with Lucifer yellow, raising the possibility that NG2 cells might somehow also

assist maturation of oligodendrocytes or myelination.

3.3.4 The morphology and electrophysiology of white matter astrocytes

From the cell counts shown in Figure 3.1, astrocytes (defined as GFAP" cells,
1.e. ignoring any GFAP" astrocytes) are the second most numerous cell type in the
cerebellar white matter, comprising 28.7+4.1% of all cells. Astrocytes tended to have a
quite different morphology to oligodendrocytes, with numerous branching processes not
necessarily aligned to the axons of the white matter (Fig. 3.13A, B). Another typical
feature of astrocytes was that often they were dye coupled to each other (GFAP™ cells)
and to other GFAP" cells (Fig. 3.13B). By contrast such dye coupling was almost never
observed for oligodendrocytes. Astrocytes, whether coupled or not coupled, had ohmic
[-V relations (Fig. 3.13C, D). Their mean input resistance was 156+76MQ (n=8) when

studied with Cs in the pipette.

3.4 Discussion

The data presented here show that there is little ambiguity in identifying the
different types of cell present in the white matter. Astrocytes are quite distinguishable
from oligodendrocytes, both from their morphology and electrophysiology, as well as
from their expression of specific markers. Cells at different stages of the
oligodendrocyte lineage also differ in morphology and electrophysiology, allowing
them to be confidently identified and the properties of each developmental stage to be
analysed.

Previously NG2" glia were thought to be oligodendrocyte precursor cells, and
their presence in the adult animal was thought to indicate that they could function as a
reserve cell which could proliferate and replace mature oligodendrocytes if the latter
became damaged in conditions like stroke, spinal cord injury or multiple sclerosis

(Cenci Di Bello et al., 1999; Levine et al., 2001; Reynolds et al., 2002). However, it is
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now becoming clear that they are probably two distinct cell types which both happen to
express NG2. As I have shown in this chapter, there are two types of NG2" cell with
different electrophysiological properties and somewhat different morphology. In
addition, 18% of NG2" cells in the white matter are not labelled by the oligodendrocyte
marker Olig2 and 40% were Olig2" in the granular layer. This result supports the
findings of Mallon et al. (2002) who demonstrated two populations of NG2" cells in the
grey matter of the cortex, one population in the oligodendrocyte lineage (slightly less
than half of the NG2" cells) which expressed the PLP gene and another population
apparently not of the oligodendrocyte lineage as it did not express the PLP gene.

My data show that all the cells that I tested which lacked voltage-gated sodium
current were Olig2”, but this does not imply that cells with Na' current are Olig2’
because (by chance) I did not successfully label any Na" current-expressing cells for
Olig2. My results showing two types of NG2 cell in white matter, one of which
expresses neuronal-like voltage-gated Na™ channels, differ somewhat from previous
findings. Chittajallu et al. (2004) previously found NG2" cells expressing voltage-gated
Na" current, with NG2" cells in the grey matter expressing more voltage-gated Na*
current than those in white matter. In addition, Aguirre et al. (2004) showed that some
EGFP'/NG2" cells transplanted into the hippocampus generated GABAergic
interneurons (rather than oligodendrocytes) with voltage-gated Na® current, and
similarly Dayer et al. (2005) found that some GABAergic interneurons in the grey
matter may be derived from NG2" cells, both of which reports might suggest that, in
grey matter at least, NG2" cells with voltage-gated Na" current are destined to become
neurons. However, cells expressing voltage-gated Na" channels have previously been
defined to be oligodendrocyte precursors in situ in the grey (Berger et al., 1991;
Steinhauser et al., 1992; Chvatal et al., 1995; Ziak et al., 1998; Chittajallu et al., 2005)
and white matter (Chittajallu et al., 2004) and oligodendrocyte precursors in culture also
show voltage-gated Na" currents (Sontheimer et al., 1989; Barres et al., 1990c; Berger
et al., 1992a; Knutson et al., 1997; Schools et al., 2003). In contrast, the NG2" cells 1
find that are both Olig2” and NG2" showed no voltage-dependent potassium or sodium

current, and such a cell has not been described before in the literature: even though
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Chittajallu et al. (2004), showed that white matter NG2* cells had less outward
rectifying current and less sodium current then grey matter ones, they still expressed
some voltage-gated currents, but the ohmic NG2" cells that I recorded from did not.

From Figure 3.6 it is noticeable that there is an overall gain in inward current at
negative potentials as the oligodendrocytes mature, which has been reported previously
(Sontheimer et al., 1989; Berger et al., 1991; Steinhauser et al., 1992; Borges et al.,,
1994; Chvatal et al., 1995; Knutson et al., 1997; Bernard et al., 2001; Gipson & Bordey,
2002; Chittajallu et al., 2005), as well as a gain in the slowly decaying potassium
current seen at positive potentials in immature and mature cells (Chvatal et al., 1995;
Gipson & Bordey, 2002). On the other hand, the heterogeneity in the current-voltage
relationship at each developmental stage has not been previously reported. From Figure
3.6 is clear that there are almost two sets of “oligodendrocytes” for each maturation
stage. Further study is needed to characterize this difference in more detail and try to
characterize better the current-voltage relationship in these cells.

Having characterized the basic morphological and electrophysiological
properties of the cells in the white matter, in the following chapters I will document

their responses to neurotransmitters and simulated ischaemia.
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Figure 3.1 Numbers of oligodendrocytes and astrocytes in the cerebellar white matter.
A Cerebellar slice stained with Olig2 (red, to mark oligodendrocytes) and DAPI (blue,
stains cell nuclei); overlap of labelling is purple when both wavelengths are emitted at a
similar intensity. B Cerebellar slice, stained with GFAP (red, stains astrocytes) and
DAPI (blue, stains cell nuclei). Here there is no overlap of labelling as GFAP stains the
cytoplasm and processes but not the cell nuclei. An astrocyte is defined when the GFAP
staining wraps around a DAPI stained nucleus. Arrowheads show an example of such
co-localization. C Mean ratios of number of oligodendrocytes to total number of DAPI
labelled nuclei, and of number of astrocytes to total number of DAPI labelled nuclei. N
is the number of 145um square areas counted; n is the number of DAPI labelled cells
counted. WM white matter, GL granular layer. Scale bar is 20pum.
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Figure 3.2 Cells in the white matter of the cerebellum at P12. A Low magnification
view of GFAP staining. B High power view of A, where the GFAP staining is seen in
the white matter. C Low magnification view of Olig2 staining. D A higher
magnification view of C, where individual cells in the white matter are more visible. E
Low magnification view of NG2 staining. F A higher power view of E, where the NG2
staining is seen in the white matter. G Low magnification view of O4 staining. H
Higher magnification of G, where the O4 staining is seen in the white matter. I Low
magnification view of MBP staining. J Higher magnification view of I, where the
MBP staining is seen in the white matter. K High magnification view of ankyrin stained
white matter, showing two nodes of Ranvier (arrowheads). A,C,E,G,I: scale bars
100um; B,D,F,H,IK: scale bars 20um.
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Figure 3.3 Oligodendrocyte-specific markers in the corpus callosum. A Olig2 staining:
oligodendrocyte cell bodies are not just found in the white matter, but are scattered
around the grey matter as well. B High magnification view of the white matter in A;
notice how the Olig2 positive cell bodies line up in a row (arrows). C A low
magnification view of corpus callosum stained for MBP; notice the patches of MBP
positive staining in the grey matter (arrows) and how the myelinating processes reach
far into the grey matter (arrow heads). D A higher magnification of C, showing MBP
positive cell processes in the white matter. A & C scale bars 100um, B & D scale bars
20um. GM, grey matter, WM, white matter.
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Figure 3.4 Identification of Lucifer yellow filled cells (green) with specific antibodies
against proteins expressed at different oligodendrocyte developmental stages (red). A &
B Cells with precursor morphology (green) stained positive for NG2 (see overlay). C
Cell with immature oligodendrocyte morphology (green) stained positive for O4, notice
that some processes are parallel (to axons) and others are not. D Cell with mature
oligodendrocyte morphology (green) stained positive for MBP. Notice that all its
processes are parallel to the axons in the white matter. Scale bar is 20um.
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Figure 3.5 Correlation of electrophysiological changes with morphological
development. A Input resistance decreases significantly with development (p<0.001
comparing mature with precursor or immature cells). B Membrane resistance decreases
with increasing morphology index (defined in text); red line shows linear regression. C
Example of how the cell length and width were measured. The cell shown is an
immature cell as it has some processes "seeking" axons to myelinate (S), as well as
parallel processes (P). Length is measured between the furthest distant points of the
cell, along the longest axis of the field of processes (white box), as indicated by the red
line. The width is measured between the furthest points in the perpendicular direction
(blue line).
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Figure 3.6 Oligodendrocytes change during development both morphologically and
electrophysiologically. Left panels show Lucifer yellow fills of cells; right panels show current
response of cells to 20mV voltage steps (from a holding potential of -63mV) ranging between
-103 and +37mV. A & C Lucifer yellow filled cells showing precursor morphology but with
different voltage gated channel expression. B Precursor from A has both voltage-gated sodium
and potassium channels, generating a transient inward and a sustained outward current
respectively. D The precursor shown in B shows a fairly time-independent response to voltage
steps (after the capacity transient) but with some sag of outward current at positive potentials. E
& G Cells showing immature morphology, but with different input resistance. F The cell in E
shows lower input resistance and some sag of outward current evoked by positive potentials. H
The cell in G has a higher input resistance and no time-dependent current. I & K Cells with
mature morphology, but expressing somewhat different channels. J The cell in I shows a sag of
outward current at positive potentials. L The cell in K is ohmic at all potentials, similar to H but
with a lower input resistance. Scale bar is 20pum.
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Figure 3.7 The two types of precursor oligodendrocyte current-voltage relationship. A
A precursor showing voltage-gated sodium current and outward rectifying potassium
current. B A precursor showing no outward rectifying current and no sodium current,
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Figure 3.8 In the subtype of oligodendrocyte precursor that expresses voltage-gated
sodium channels, TTX blocks the channels. A Response of a precursor oligodendrocyte
to voltage steps in 20mV increments from a holding potential of -63mV, showing large
voltage-gated inward currents at depolarizing potentials. B Same cell as in A, but in the
presence of 1uM TTX: the large inward current is abolished.
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Figure 3.9 Electrophysiological differences between subtypes of precursor cell. A Data
for cells labelled after recording with antibody against NG2 proteoglycan or Olig2
transcription factor. Mean steady-state current-voltage relationship (with Cs* in the
pipette) for NG2 positive precursors that showed a voltage-gated Na™ current (5 cells),
NG2 positive cells that showed no Nat current (9 cells), and Olig2 positive cells (5
cells, none of which showed any Na™ current). B Data for cells studied with K* in the
pipette, which were not labelled with antibodies, but were defined by whether they
expressed (7 cells) or did not express (11 cells) a voltage-gated Na™ current. Whether
with K* or Cs* in the pipette, the cells expressing Na™ current showed more outward
rectification at positive potentials.
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Figure 3.10 Electrophysiological and morphological differences between the two types
of precursor. A Mean membrane resistance at -63mV in the two types of precursor is
not significantly different (p=0.19). B Precursors with voltage-gated sodium channels
have a lower slope resistance between -3mV and +17mV than cells lacking sodium
channels (p=0.01). Both A and B were for cells using the K*-based internal solution. C
The two precursors did not differ significantly in the length of the area encompassed by
their processes (L in the formula for morphology index: see text), the width (W) of the
area encompassed by their processes, or the diameter of their cell body. D However,
there is significant morphological difference (p=0.03) between the two precursors,
according to the morphology index (see text for a definition of this index). This mainly
arose from a higher ratio of parallel (P) to "seeking" (S) processes for the cells without a
sodium current. C and D include cells studied with Cs™ or K¥ in the pipette.
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Figure 3.11 Not all NG2* cells are Olig2 positive. A, B NG2 (green) and Olig2 (red)
staining of the white matter (WM) in the cerebellum, with DAPI (blue) to identify cell
nuclei. Arrowheads indicate where NG2 and Olig2 are colocalized; arrows show cells
that are NG2 positive but are Olig2 negative. C Labelling in the granular layer (GL). D
Labelling in the molecular layer (ML). E The percentage of NG2 positive cells that are
Olig2 positive in the cerebellum at p12. For each area, n is the number of cells counted
and N is the number of 145 um square areas in which counting was done. Scale bar
20pm,
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Figure 3.12 Possible anatomical substrate for interaction between immature and
precursor oligodendrocytes: an NG2 positive cell wrapping around a process of an
immature oligodendrocyte. Picture shows NG2 staining (red) in the white matter of the
cerebellum, and a Lucifer yellow filled immature cell (green). Arrowhead points at a
cell stained for NG2 and arrow points at the point where the NG2 cell wraps around the
process of the immature oligodendrocyte. Scale bar 20um.

115



2nA|

5ms

Figure 3.13 Astrocyte morphology and electrophysiology. A, B Lucifer yellow (green)
filled astrocytes with either no detectable dye coupling (A) or extensive dye coupling
(B). Pictures also show labelling for GFAP (red), so that where GFAP and Lucifer
overlap it appears yellow in the overlay. In B the arrows show cell bodies clearly
labelled for GFAP (arrows). C The membrane current-voltage relationship of the cell in
A, showing the response to 20mV steps from -63mV (ranging from -103mV to
+37mV). D The membrane current-voltage relationship of the cell in B. Scale bar 20um.
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Chapter 4

Glutamate signalling to oligodendrocytes

4.1 Introduction

As described in Chapter 1, excitotoxicity in neurons is mainly generated by
glutamate acting on NMDA receptors, allowing Ca* to enter the cell and raise [Ca®');
excessively (Choi, 1988). Furthermore, synaptic strength changes contributing to
developmental “wiring” of the neuronal network are also generated in part by NMDA
receptors (Collingridge & Bliss, 1995; Herlenius & Lagercrantz, 2004).
Oligodendrocytes, on the other hand, are thought not to express NMDA receptors,
indeed a dogma has arisen that they express only AMPA and kainate receptors so that
glutamate’s influence on oligodendrocyte development and death in pathological
conditions is believed to be mediated solely by AMPA and kainate receptors (Berger et
al., 1992a; Patneau et al., 1994; Stys, 1998; Follett et al., 2000; Pitt et al., 2000; Tekkok
& Goldberg, 2001; Matute et al., 2002; Dewar et al.,, 2003; Groom et al., 2003;
Goldberg & Ransom, 2003). Some AMPA receptors in precursor and immature
oligodendrocytes have been shown (Itoh et al., 2002) to lack the GluR2 subunit (which
is the subunit that makes AMPA receptors calcium impermeable). Thus, when
glutamate levels are high, calcium entry through these receptors can lead to calcium
overload in oligodendrocytes (Matute et al., 1997).

In spite of the generally held view that calcium-permeable AMPA/KA receptors
mediate glutamate’s destructive effects on oligodendrocytes, there is some evidence for
NMDA receptors in cultured oligodendrocyte precursor cells (Wang et al., 1996) and in
spinal grey (but not white) matter (Ziak et al., 1998) oligodendrocytes. Furthermore,
NMDA receptor blockers slow the loss of white matter action potentials and reduce

white matter damage in ischaemia (Schabitz et al., 2000; Tekkok & Goldberg, 2001)

117



and in a model of multiple sclerosis (Wallstrom et al., 1996). I have, therefore, re-

examined which receptors mediate glutamate’s actions on oligodendrocytes.

4.2 Methods

Brain slices As described in detail in Chapter 2, cerebellar or forebrain slices were
prepared from P7-P14 rats. Slices were superfused at 24+1°C with HEPES-buffered
solution, containing (mM): 144 NaCl, 2.5 KCI, 2 MgCl,, 10 HEPES, 1 NaH,PO,, 2.5
CaCl,, 10 glucose, 0.1 glycine (to activate the NMDA receptor glycine site), strychnine
0.005 (to block glycine receptors), pH adjusted to 7.4 with NaOH. Omitting glycine or
adding D-serine did not affect the NMDA receptor mediated current (see text below).
Sometimes Mg”* was omitted (as described below).

Recording & cell identification White matter cells (avoiding the cerebellar nuclei)
were whole-cell clamped with pipettes containing a K'-based solution (for glutamate
application) comprising (mM) 130 KCI, 4 NaCl, 0.5 CaCl,, 10 HEPES, 10 EGTA, 2
MgATP, 0.5 Na,GTP, K-Lucifer yellow 2, pH set to 7.2 with KOH, or a Cs’-based
solution (for NMDA application), comprising (mM) 130 CsCl, 4 NaCl, 0.5 CaCl,, 10
HEPES, 10 BAPTA, 2 MgATP, 0.5 Na,GTP, K-Lucifer yellow 2, pH set to 7.2 with
CsOH. Series resistance was 8-20 MQ, before 60% compensation. Cells were identified
from dye-fill morphology and antibody labelling (see Sections 2.3 & 2.11).

Antibody labelling This 1s described in detail in chapter 2, section 2.11.

Western blotting This is described 1n chapter 2, section 2.12.

Post-embedding electron microscopic immunocytochemistry This work was done by
my collaborator Linda H. Bergersen. Cerebellar tissue from adult rats (250-300g) was
prepared as previously described (Landsend et al., 1997). Antibodies to GFAP (Sigma,
0.5pg/ml) and NMDA NRI1 subunits (a gift from R. Wenthold, 0.1ug/ml) were detected
with goat anti-rabbit immunoglobulin coupled to 10nm gold particles (GAR10; British
BioCell International, Cardiff). Gold particle density was quantified by point counting
using an overlay screen (Landsend et al., 1997): to include the majority of particles

representing membrane-situated antigenic sites, immunogold particle centres and screen
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points within 20nm of membranes were recorded. Particle density over mitochondria in
mossy fibre terminals and axon cytoplasm was negligible (see Fig. 4.8E), showing
insignificant non-specific background.

Statistics These are described in chapter 2, section 2.13.

4.3 Results

4.3.1 NMDA and AMPA/KA receptors mediate glutamate-evoked currents in

oligodendrocytes

At all developmental stages, cerebellar white matter oligodendrocytes responded
to glutamate (100uM) with an inward current at -63mV (Fig. 4.1A). The glutamate-
evoked current tended to be larger in mature oligodendrocytes (Fig. 4.1A, B). The size
of the glutamate response did not differ significantly between cerebellar lobules (at least
2 cells recorded from for each lobule, p=0.4; data not shown). The glutamate-evoked
current was not affected by 1uM TTX (p=0.4, Fig. 4.1C, D), showing that axonal action
potentials generated by glutamate acting on neurons did not contribute to the current
recorded in the oligodendrocytes (e.g. by releasing K*). (This concentration of TTX is
sufficient to block axonal action potentials since it blocked synaptic input from axons to
oligodendrocyte precursor cells, as described in Chapter 7). The current was potentiated
when the local glutamate concentration was raised by blocking glutamate transporters
with TBOA (p=0.016; Fig. 4.1C, D). D-APS, MK-801 and NBQX all reduced the
glutamate-evoked current (Fig. 4.1E, F), suggesting the presence of both NMDA and
AMPA/kainate receptors in oligodendrocytes. Blockers of metabotropic glutamate

receptors had no effect on the glutamate-evoked current (Fig. 4.1F).

4.3.2 The response of oligodendrocytes to glutamate analogues
NMDA (60uM) evoked an inward current in precursor, immature and mature
cerebellar oligodendrocytes (Fig. 4.2A, B). The NMDA-evoked current was largest in

mature cells (Fig. 4.2B, p=0.042 compared with precursors), although the increased
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membrane area of mature cells may result in the current density being lower. In both
corpus callosum (Fig. 4.2C, D) and cerebellum (Fig. 4.2E, F) oligodendrocytes the
current evoked by 60mM NMDA was comparable in size (at -63mV in 0OmM Mg”") to
the current produced by AMPA (20uM) or kainate (30uM: these agonist concentrations
were chosen to be approximately twice the ECsy measured for NMDA, AMPA and
kainate receptors in neurons). The response to NMDA was much larger than that
produced by the metabotropic glutamate receptor agonist (1S, 3R)-ACPD (100uM).

The NMDA-evoked current ran down with time (Fig. 4.3), decreasing by about
35% over 20 mins. Because this rundown was approximately linear with time (Fig. 4.3),
for pharmacological studies (Fig. 4.4) the current in drugs was quantified relative to the
average of equally spaced preceding and following control responses. The current was
blocked by D-APS (Fig. 4.4A, C), as expected for NMDA receptors (p values for the
effects of TTX and the agents described below are given in the legend to Fig. 4.4). It
was unaffected by TTX, like the response to glutamate, ruling out the possibility that
NMDA generated a current by evoking action potentials in neurons (Fig. 4.4B, C). The
current was also unaffected by NBQX, strychnine or bicuculline (Fig. 4.4C), ruling out
an indirect action via AMPA/kainate, glycine or GABA receptors. Finally, the current
was not significantly affected (p=0.072) when glycine (100uM, with strychnine 5uM)
was present, implying that the NMDA receptors’ glycine-binding sites are well

activated by endogenous glycine or D-serine.

4.3.3 NMDA receptor mediated currents in oligodendrocytes are only weakly

blocked by Mg2+

Changing from Mg**-free superfusion solution to solution containing 2mM
Mg® decreased the NMDA-evoked current at -63mV approximately 3 to 4-fold,
independent of developmental age (Fig. 4.5A, B). This decrease is much less than is
found for most neurons (Kirson et al., 1999), or for most cloned NMDA receptors
(Kuner & Schoepfer, 1996), which show a 60-fold reduction for receptors comprising

NR1 and NR2A or 2B subunits and a 20-fold reduction for receptors comprising NR1
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and NR2C or 2D subunits. However, the decrease seen in oligodendrocytes is
comparable to that seen for cloned receptors comprising NR1, NR2A and NR3A
subunits (Sasaki et al., 2002; see arrow in Fig. 4.5B)

In precursor oligodendrocytes the NMDA-evoked current reversed around OmV
(Fig. 4.5C), and in 2mM Mg”" the I-V relation showed a region of negative slope which
was similar to, but less marked than, that produced by Mg2+-block of neuronal NMDA
receptor channels. In mature oligodendrocytes, however, the I-V relation often failed to
reverse at positive potentials (data not shown). This may reflect the NMDA receptors
being electrotonically distant from the soma in the cell processes (see below).
Alternatively, the Na” entry produced by NMDA receptor activation may lead to block

of a K" current in the cell (Borges & Kettenmann, 1995).

4.3.4 Effects of drugs reported to have subunit-selective effects on NMDA

receptors

Ifenprodil (10uM), which blocks NMDA receptors containing NR2B subunits
(Williams, 2001), had no effect on the NMDA-evoked current (Fig. 4.4C). Neither
pregnenolone sulphate (100uM), which potentiates NR1/NR2A and NRI/NR2B
receptors by 60-82% but inhibits NR1/NR2C and NRI/NR2D receptors by 32%
(Malayev et al., 2002), nor D-cycloserine (ImM) which potentiates NRI1/NR2C
receptors but inhibits NR1/2A and NR12B receptors (Sheinin et al., 2001), nor D-serine
(100uM, in the absence of glycine), which potentiates receptors lacking NR3 subunits
but inhibits NR3-containing receptors (Chatterton et al., 2002), had a significant effect
on the current (Fig. 4.4C). This suggests the presence of a subunit (perhaps NR3) which
suppresses the modulatory actions of drugs which act selectively on particular NR2
subunits, or the presence of a combination of subunits (e.g. NRI/NR2A/NR2C or
NRI/NR2/NR3, or a mix of receptors containing different subunit combinations) that

these agents modulate in opposite directions.
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4.3.5 NMDA receptors are present in myelinating processes

To investigate the localization, and possible subunit composition of the NMDA
receptors mediating the currents presented above, I investigated the labelling of
cerebellar white matter by antibodies to different NMDA receptor subunits. Labelling of
the myelinating processes, and of some cell bodies, of oligodendrocytes was seen using
antibodies to NR2C (Fig. 4.6A, B) and, more weakly, NR2D (Fig. 4.6C, D), and this
labelling was abolished by omitting the primary antibody, or by preabsorption of the
antibody with the peptide to which it was raised. Strong labelling was also seen for NR1
subunits (Fig. 4.6E) and NR3 subunits (Fig. 4.6G), and weaker labelling was seen for
NR2B (Fig. 4.6F) and NR2A (Fig. 4.6H), and all this labelling was abolished by
omitting the primary antibody. NR1 labelling co-localized with labelling for myelin
basic protein in mature cells (Fig. 4.7A). In a Lucifer yellow filled, recorded cell, for
which the slice was fixed after recording, NR1 antibody labelled the recorded cell (Fig.
4.7B, done in 3 cells). Double labelling showed partial co-localization of NR1 and
NR2C subunits, and of NR3 and NR2C subunits in oligodendrocyte processes (Fig. 4.7
C and D). These data, the lack of ifenprodil block, and the weak Mg*"-block of the
NMDA-evoked current, suggest that oligodendrocyte NMDA receptors contain at least
NR1, NR2C and NR3 subunits.

Post-embedding electron microscopic immunochemistry (carried out by my
collaborator Linda H. Bergersen in Oslo) showed that NR1 subunits were present in the
myelinating processes of mature cerebellar oligodendrocytes (Fig. 4.8 A-C), in the
outer- and innermost membranes and also within the myelin (perhaps remaining there
from earlier in development). Disproving the possibility that antibody associates non-
specifically with myelin, GFAP antibody was found to label astrocyte fibrils as
expected but not to label myelinating processes (data not shown). By quantifying the
immunogold particles in the myelin and in the postsynaptic densities of mossy fibre-
granule cell (Fig. 4.8D) and parallel fibre-Purkinje cell synapses, it was found that the
density of NMDA receptors throughout the myelin is as high as at the mossy fibre to
granule cell synapse (Fig. 4.8E). The density of particles in the outer membrane of the

myelin (where the receptors may sense glutamate released from surrounding cells)
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tended (p=0.064) to be larger than that in the innermost membrane (where the receptors
may sense glutamate released from the axon), but both were similar to the average
density measured over all of the myelin (36.4+8.3, 17.7+4.3 and 33.6+4.5 particles/pm2
respectively).

Western blotting of tissue solubilized from the optic nerve and corpus callosum
showed also that NRI subunits are present in both white matter areas (Fig. 4.9).
Although these experiments do not demonstrate that NMDA receptors are present in
oligodendrocytes, as opposed to being in astrocytes or being transported down axons,

they are support the notion that NMDA receptors are present in white matter regions.

4.3.6 The two classes of NG2" cells differ in their glutamate-evoked responses

As described in chapter 3, the precursor oligodendrocytes (or NG2" cells) seem
to fall into different classes with differing electrophysiology, morphology and Olig2
expression. The most easily detected difference between NG2 cell types is that some
express voltage-gated Na" channels and some do not. To further explore differences
between these cell types, I analysed their glutamate responses with respect to voltage-
gated Na' channel expression.

Glutamate (100pM) evoked an inward current in both types of NG2" cell, but
the size of the current differed significantly (p=0.014) according to whether the cells
expressed voltage-gated Na® channels or not. In the NG2° cells expressing
voltage-gated Na” channels, 100pM glutamate evoked a 4.4-fold larger inward current
at -63mV (Fig. 4.10A). Furthermore, the NMDA-evoked responses also differed (Fig.
4.10B, C). In 2mM Mg”* solution (Fig. 4.10B) 60uM NMDA evoked a 9-fold larger
current in the NG2' cells expressing voltage-gated Na' channels (although this was not
significantly larger because of the small number of cells studied), while in 0OmM Mg®*
(Fig. 4.10C) NMDA evoked a 3-fold larger inward current in the cells that expressed

voltage-gated sodium channels (significantly larger, p=0.001).
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4.3.7 Astrocytes also express AMPA and NMDA receptors

To further explore the properties of white matter astrocytes, I looked at their
current responses to agonists for NMDA and AMPA receptors. The GFAP" cells in the
cerebellar white matter responded both to 60uM NMDA and to 20uM AMPA. In 0OmM
Mg“, the NMDA-evoked responses were always larger than the AMPA ones (5 times
larger on average: Fig. 4.11). In five cells the effect of 1uM TTX on the NMDA
response was investigated: it had no significant effect on the current evoked by NMDA
(p=0.33), although the mean current was reduced by 28% (data not shown). This
indicates that, like white matter oligodendrocytes, astrocytes express both NMDA and
AMPA receptors that can be activated by glutamate. However, more experiments are

needed to characterize these responses further.

4.4 Discussion

In this chapter I have shown that oligodendrocytes at all developmental stages
respond to glutamate and this response is mediated by both AMPA/kainate and NMDA
receptors. Here 1 will discuss the immediate implications of the data reported in this
chapter. A more broad discussion in Chapter 9 will relate these results to data in the

other chapters, and suggest experiments to advance the work started here.

4.4.1 Oligodendrocytes express functional NMDA receptors

[ have shown that, contrary to most previous reports, oligodendrocytes express
functional NMDA receptors. The NMDA-evoked currents that I observe cannot be
produced by an agent released secondarily as a result of NMDA evoking action
potentials in neuronal axons because they are unaffected by TTX (at a concentration,
1uM, which blocks synaptic transmission from axons to oligodendrocyte precursors, as
described in chapter 7). In addition, to rule out indirect effects of NMDA, mediated by
other transmitters, I showed that the NMDA-evoked current is unaffected by block of
non-NMDA, GABA 4, or glycine receptors (Fig. 4.4), and oligodendrocytes do not show

a significant current in response to application of the mGIluR agonist ACPD (Fig. 4.2),
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noradrenaline, dopamine, histamine, 5-HT, ATP, adenosine or ACh (see chapter 5).
Antibody labelling (Fig. 4.6 & Fig. 4.7) and the voltage-dependence of the current (Fig
4.5C) show that oligodendrocytes themselves express NMDA receptors. Previous work
which failed to detect NMDA receptor currents in oligodendrocytes was partly on
cultured cells (Patneau et al.,, 1994), and may be explained by a down-regulation of
NMDA receptor expression in culture. My data (Fig. 4.2C, D) contradict the absence of
NMDA-evoked currents reported in oligodendrocytes in corpus callosum slices (Berger
et al., 1992a).

Oligodendrocyte NMDA receptor currents occur both in cerebellum and corpus
callosum (Fig. 4.2), and NMDA receptor subunits are detected in oligodendrocytes by
immunocytochemistry in cerebellum and corpus callosum, and they are detected with
Western blot in optic nerve and corpus callosum (Fig. 4.9). These data suggest that
NMDA receptor expression may be a general property of white matter
oligodendrocytes. Although my electrophysiological recordings are from precursor,
immature and mature oligodendrocytes in P7-P14 rats, and need to be extended to adult
animals, electron microscopy also shows NMDA receptor subunits in oligodendrocytes

of adult rats (Fig. 4.8).

4.4.2 Oligodendrocyte NMDA receptors show weak Mg2+ block

The weak block by Mg that I find for the oligodendrocyte NMDA receptors
(Fig. 4.5), together with the immunocytochemistry presented in Figures 4.6 and 4.7,
suggests that they may contain NR1, NR2C and NR3 subunits. Although the subunit
composition of the receptors currently remains uncertain, it allows these receptors
(unlike those in neurons) to generate a significant current even at the resting potential in

physiological [Mg¥].

4.4.3 Quantification of the effect of blockers on glutamate responses

The incomplete block of the glutamate-evoked current by D-APS and NBQX in
Figure 4.1E, F reflects the high glutamate concentration used relative to the ECsy of
NMDA receptors, and the fact that AP5 1s a competitive blocker. For the data with

2mM Mg in Figure 4.1F, 50uM APS is estimated to block (neuronal) NMDA receptors
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by only 39% (for 100uM glutamate, from equations 1 and 2 of Benveniste & Mayer
(1991), using Ki=1.93uM from Benveniste & Mayer (1991) and K4 = Ky = 1.1pM
from Patneau & Mayer (1990)), while 25uM NBQX is estimated to block (neuronal)
AMPA receptors by >99% (from the K; of 0.1uM derived in Diamond & Jahr (1997),
and the 2-site kinetic scheme and steady state Ky for glutamate of 9uM from Benveniste
& Mayer (1991)). By contrast, when 50uM APS is used to block the response to 60uM
NMDA in Figure 4.4A, C, it essentially abolishes the response: this reflects the fact that
the NMDA concentration used is only twice the ECsy for NMDA, whereas 100uM
glutamate is 40-fold higher than the ECs, for glutamate. If the 19% percentage block by
APS5 seen in 2mM Mg in Figure 4.1F is scaled up by the factor of 2.56 (100%/39%)
expected from the analysis above, to obtain the block that would occur if NMDA
receptors were fully blocked, then the fractional contribution of NMDA receptors to the
total glutamate-evoked current becomes 48% in 2mM Mg, which, when added to the
35% blocked by NBQX in Figure 4.1F, accounts for 83% of the glutamate-evoked
current (experimental variability and minor differences in parameters between the
neuronal NMDA receptors of Benveniste & Mayer (1991) and the oligodendrocyte
receptors studied here could easily account for the remaining 17% of the current).
Figure 4.1 E, F also show data employing 200uM, rather than SOuM APS5. Analysis as
above indicates that this should block NMDA receptor currents by 78% (for 100uM
glutamate). In zero Mg2+ solution I found that this blocked the 100uM glutamate-
evoked current by 54% (Fig. 4.1F), while 25uM NBQX blocked the current by 26%
(the fraction blocked by NBQX is lower than in 2mM Mg because the NMDA receptor-
mediated current is 4-fold larger). As above, if I multiply the observed block of 54% by
100%/78%, to obtain the block that would occur if NMDA receptors were fully
blocked, I get 69% which, when added to the 26% block by NBQX, gives 95% of the
current. Again I can conclude that no other current contributes significantly to the
glutamate-evoked current. Consistent with this, mGluR blockers did not reduce the

glutamate-evoked current (Fig. 4.1F).
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4.4.4 Glutamate responses differ between the two classes of NG2* cells

Glutamate and NMDA responses differed significantly between the classes of
NG2" cell which did or did not express voltage-gated sodium channels, further
suggesting that these cells are different and may have a different role in the white
matter. One type of NG2' cell may serve as a reserve cell to provide more
oligodendrocytes for myelination (i.e. it may be an oligodendrocyte precursor cell),
while the other may be a separate cell type with unknown function (see Butt et al.,

2002; Butt et al., 2005, for review).

4.4.5 Astrocytes also express receptors for AMPA and NMDA

Like oligodendrocytes in the white matter, astrocytes responded both to AMPA
and NMDA. AMPA receptors have been well characterized previously in grey and
white matter astrocytes (as reviewed by Porter & McCarthy, 1997). Although less well-
known, NMDA responses in astrocytes and related radial glia have previously been
shown in cerebellar Bergmann glia (Miiller et al., 1993), retinal Miiller cells (Puro et al.,
1996), spinal cord grey matter (Ziak et al., 1998), and neocortex (Schipke et al., 2001).
Further work is needed to determine whether astrocyte NMDA receptors have a weak

Mg**-block like oligodendrocytes.
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Figure 4.1 Glutamate-evoked current in oligodendrocytes. A Glutamate (100uM) evoked
an inward current (at -63mV, 24°C) at developmental stages from precursor cells through
to mature cells: left trace, precursor cell; right trace, mature cell. B Mean data from all
maturation stages: mature cells (n=33) tended to show a larger glutamate-evoked current
than precursor (p=0.11, n=22) and immature (p=0.14, n=22) cells, although the differences
were not significant. C Effect of TTX and TBOA on the glutamate-evoked current in a
mature cell. D Mean effect of TTX (n=5) and TBOA (n=4). E Effect of 200uM D-APS5
and 25uM NBQX in OmM Mg2+ (in a mature cell). F Current remaining in 2mM Mngr
(n=7) in 50uM APS (p=0.02), 25uM NBQX (p=0.0003), and APS+NBQX (p=0.0008); and
also in OmM Mg2+ (n=4-6) in 200uM APS (p=0.01), 25pM NBQX (p=0.16), APS+NBQX
(0.0003), 10uM MK-801 (p=0.002 and ImM MCPG plus 200uM CPCCOEt (mGluR
blockers: p=0.25). 128
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Figure 4.2 The components of the glutamate-evoked current in oligodendrocytes. A
NMDA (60uM, in 0OmM Mg *) evoked an inward current at all developmental stages of
cerebellar oligodendrocytes (left trace: precursor cell; right trace: mature cell). B Mean
data from all maturation stages: mature cells (n=79) had a significantly larger (p=0.010)
NMDA-evoked current than precursor (p=0.042, n=26) and immature (p=0.059, n=19)
cells. C Response of mature corpus callosum oligodendrocyte to 60uM NMDA, 20uM
AMPA, 30uM kainate (KA) and 100uM trans-ACPD (all in 0OmM Mg ) D Mean peak
current in C for NMDA (n=22 cells), AMPA (n=12), KA (n=10) and ACPD (n=5). E
Responses of mature cerebellar oligodendrocyte in 0mM Mg *. F Mean current in E
for NMDA (n=26 cells), AMPA (n=23), KA (n=5) and ACPD (n=16). Holding
potential was -63mV, 24°C.
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Figure 4.3 The rundown of the NMDA-evoked current in cerebellar oligodendrocytes.
NMDA (60uM) responses run down linearly with time (dashed line) during repeated
(1/10 mins) applications. Top, specimen cell; bottom bar chart, normalized data from 10
cells. Holding potential was -63mV, 24°C.
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Figure 4.4 Characteristics of the NMDA-evoked current in oligodendrocytes. A Effect
of D-APS5 (50 uM). B Effect of TTX (1 uM). C The mean effect of 50 uM D-APS (16
cells, p=10"1%), 1 uM TTX (5 cells, p=0.64), 25 uM NBQX (4 cells, p=0.96), 5 uM
strychnine plus 20 uM bicuculline (16 cells, p=0.14), ifenprodil (10 pM, 3 cells,
p=0.18), pregnenolone sulphate (100 uM, 4 cells, p=0.085), D-cycloserine (1mM, 3
cells, p=0.6) and D-serine (100 uM, 5 cells, p=0.34) on NMDA-evoked current at
-63mV, in the presence of 100 uM glycine and 5 puM strychnine (except for D-
cycloserine, D-serine in C); 60 pM NMDA; 24°C.
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Figure 4.5 Oligodendrocyte NMDA receptors are only weakly Mg2+-blocked. A
NMDA response in a mature oligodendrocyte in 0OmM, 2mM and OmM Mg2+ again. B
Fraction of NMDA-evoked current remaining in 2mM Mg2+ in 4 precursor, 6 immature
and 9 mature cells (insignificantly different, p=0.51). Arrows: values for NR1 with
NR2A or 2B, with 2C or 2D, or with 2A and 3A (Kuner & Schoepfer, 1996; Sasaki et
al.,, 2002). C Mean normalized I-V relation for NMDA-evoked current in precursor
cells, two cells in 0OmM and three different cells in 2mM Mg2+. Experiments were done
on cerebellar oligodendrocytes with 100uM glycine and SuM strychnine, 60uM
NMDA,; at 24°C, and -63mV (except for data in C).
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NR2ZD

Figure 4.6 Antibody labeling of oligodendrocyte NMDA receptors. A Cerebellar
cortex labelled with NR2C antibody. B High power view of box in A, together with
panels showing abolition of labelling after peptide preabsorption of the antibody or
omitting the primary antibody. WM, white matter, GL granular layer, ML molecular
layer. Arrows: oligodendrocyte process; arrow heads: oligodendrocyte soma. C
Cerebellar cortex labelled with NR2D antibody. D High power view of box in C,
together with panels showing abolition of labelling after peptide preabsorption of the
antibody or omitting the primary antibody. E Oligodendrocyte processes labelling
with NR1 antibody, and control panel showing that labelling is abolished by omitting
the primary antibody. F Oligodendrocyte processes labelling weakly with NR2B
antibody, together with control panel showing that the labelling is abolished by
omitting the primary antibody. G & H Like E and F but for NR3 and NR2A antibody
labelling. Scale bars: 100 um in A & C, 20 um in B, D-H.
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Figure 4.7 Co-localization of NMDA receptors. A Co-localization (yellow) of NR1
labelling (green) with MBP labelling (red) in the cerebellar white matter. Small images
on the right show controls: the NR1 antibody or the MBP antibody alone with both
secondaries, and both secondaries without any primary antibody. Scale bar 20um. WM,
white matter, GL granular layer, arrows show colocalization in processes. B Images of
Lucifer fill of a recorded oligodendrocyte, NR1 labelling of the slice, and an overlay of
both. Arrow heads show where processes of the cell label for NR1. Scale bar 20um. C
Colocalization (yellow) of NR3 (red) and NR2C subunits (green) in the myelinating
processes of mature cerebellar oligodendrocytes. Arrow heads indicate points of high
colocalization on one particular process. Dark areas indicated with arrows are cell
nuclei. Scale bar 10um. D Colocalization (yellow) of NR1 (red) and NR2C subunits
(green) in myelinating processes and around the soma (arrow shows nucleus) of
cerebellar oligodendrocytes. Arrow heads indicate points of high colocalization on two
particular processes. Scale bar Spm.

134



Figure 4.8 NR1 subunit of the NMDA receptor is found in the myelin. A Immunogold
(black dots, arrowheads, Wenthold NR1 antibody) labelling cerebellar myelin. B
Enlarged view of myelin in A: each black dot is a gold particle attached to NRI
antibody. C No labelling was seen with primary antibody omitted. D Mossy fibre
terminal postsynaptic density (PSD) labelling. E Gold particle density in cerebellum
over myelin (17 sheaths), mossy fibre synapse (MF psd, n=20), parallel fibre-Purkinje
synapse (PF psd, n=26, this synapse express no NMDA receptors), mitochondria in
mossy fibre terminal (Mito, n=30), and axon cytoplasm (Axon, n=17). Scale bars 0.25
pm. Shown with permission from Linda Bergersen.
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Figure 4.9 NRI1 is present with MBP in both optic nerve and corpus callosum.
Western blot of the NR1 subunit and myelin basic protein (MBP) in tissue solubilized
from both white matter areas.
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Figure 4.10 The two types of NG2* cell differ in their glutamate and NMDA
responses. A Mean glutamate (100pM) evoked current at -63mV in precursors that
either do not express voltage-gated sodium channels (n=14) or that do express sodium
channels (n=5); significantly different, p=0.014. B Mean NMDA (60uM) evoked
current at -63mV in the presence of 2mM Mg2+ in precursors that do not express
voltage-gated sodium channels (n=3) or that do express sodium channels (n=7), not
significantly different, p=0.34. C Mean NMDA (60uM) evoked current in the absence
of Mg2+ in precursors that do not express voltage-gated sodium channels (n=17) or
that do express sodium channels (n=7), significantly different, p=0.001.
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Figure 4.11 White matter astrocytes express NMDA and AMPA receptors A NMDA
and AMPA responses at -63mV in the same astrocyte (0mM Mg?*) B Mean response to
NMDA (7 cells) and AMPA (4 cells) in cerebellar white matter astrocytes. All in
cerebellar white matter, -63mV, 24°C.
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Chapter 5

Signalling to oligodendrocytes by

GABA and other neurotransmitters

The previous chapter characterized in detail the responses of oligodendrocytes to
glutamate. Now [ will look at the actions on oligodendrocytes of the major inhibitory
neurotransmitter GABA, and of various other transmitters that are found in the brain, all

of which have been suggested to act on oligodendrocytes (see Chapter 1).

5.1 Introduction

Neurotransmitters play a role in controlling the development of neurons, for
example by regulating cell growth, proliferation and migration, as well as gene
expression and synapse formation (Pearce et al., 1987; Rabacchi et al., 1992; Komuro &
Rakic, 1993; LoTurco et al., 1995; Gu & Spitzer, 1995; Dolmetsch et al., 1998; Li et al.,
1998). The development of oligodendrocytes is no different: effects of glutamate on
oligodendrocyte development have been characterized as described in section 1.3.3.
Moreover oligodendrocytes also express receptors for GABA (Barres et al., 1990c;
Kettenmann et al.,, 1991; Butt & Tutton, 1992), glycine (Belachew et al., 1998b),
acetylcholine (Rogers et al., 2001), adenosine (Vartanian et al., 1986; Stevens et al.,
2002), ATP (Takeda et al., 1995), serotonin (Karschin et al., 1994), histamine (Takeda
et al., 1995), dopamine (Bongarzone et al., 1998; Rosin et al., 2005) and melatonin
(Husson et al., 2002). Little is known about the functional role of these receptors in
oligodendrocytes, however it 1s likely that they play some role in the cells’
development, perhaps controlling proliferation, maturation and myelination, as well as
mediating the response of the cells to neurotransmitter released from axons or from
other surrounding cells. Furthermore, just as glutamate receptors play a role in
damaging oligodendrocytes in pathological conditions (see Chapters 1 and 6), it is
possible that other neurotransmitter receptors on these cells may exacerbate or reduce
damage to oligodendrocytes in white matter diseases. For example dopamine receptors
have been suggested to reduce oligodendrocyte damage caused by glutamate or energy
deprivation (Rosin et al., 2005), GABA may similarly reduce glutamatergic effects on

oligodendrocyte precursors (Lin & Bergles, 2004, and see chapter 6), and melatonin
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reduces oxidative damage to white matter after activation of glutamate receptors or
ischaemia (Husson et al., 2002; Lee et al.,, 2005). It is important, therefore, to

understand how oligodendrocytes respond to a range of neurotransmitters.

5.2 Methods

Brain slices Cerebellar slices (225pum thick) were prepared from P7-P14 rats as
described in Section 2.1. Slices were superfused at 24+1°C with HEPES-buffered
solution, containing (mM): 144 NaCl, 2.5 KCl, 2 MgCl,, 10 HEPES, 1 NaH,PO,, 2.5
CaCl,, 10 glucose, pH adjusted to 7.4 with NaOH, or at 33+1°C with bicarbonate-
buffered Ringer’s solution, composed of (in mM): NaCl 126, NaHCO; 24, NaH,PO; 1,
KCl 2.5, CaCl, 2.5, MgCl, 2, D-glucose 10 (gassed with 95% 0O,/5% CO,), pH 7.4.
Recording & cell identification White matter cells were whole-cell clamped, as in
chapter 3, with pipettes containing a CsCl-based solution, comprising (mM): 130 CsCl,
4 NaCl, 0.5 CaCl,, 10 HEPES, 10 BAPTA, 2 MgATP, 0.5 Na,GTP, K-Lucifer yellow
2, pH set to 7.3 with CsOH (E¢; = OmV), or a Cs-gluconate-based solution, comprising
(mM): 130 Cs-gluconate, 4 NaCl, 0.5 CaCl,, 10 HEPES, 10 BAPTA, 4 MgATP, 0.5
Na,GTP, 2 K-Lucifer yellow, pH set to 7.3 (E¢ = -86mV).

Antibody labelling is described in detail in chapter 2, section 2.11.

5.3 Results

5.3.1 GABA evokes a current in cerebellar white matter oligodendrocytes

Precursor oligodendrocytes have been reported to respond to GABA with either
a CI" influx through GABA, receptor channels (Berger et al., 1992b; Williamson et al.,
1998; Belachew et al., 1998a) or with an elevation of intracellular calcium concentration
(Bernstein et al., 1996; Belachew et al., 1998a). These GABA-evoked responses have
been reported to disappear with oligodendrocyte maturation (Kirchhoff & Kettenmann,
1992). However, in the optic nerve, mature oligodendrocytes have been shown respond
to GABA (Butt & Tutton, 1992). To further investigate GABA responses throughout
oligodendrocyte development, I used whole-cell voltage clamping (as in chapter 4) to
record GABA-evoked responses in cerebellar white matter oligodendrocytes. In
addition, by including Lucifer yellow in the pipette I could identify the cell I recorded

from and its maturational stage, as described in detail in section 2.3 and 2.11.

140



Oligodendrocytes at all developmental stages responded to GABA (100uM),
with an inward current at -63mV, when the chloride reversal potential was OmV (Fig.
5.1). The GABA-evoked current increased significantly (p=0.0008) with maturation
(Fig. 5.1A, B), contradicting the suggestion of Kirchhoff & Kettenmann (1992) that
GABA responses are larger in precursors. To test whether the GABA responses are
generated by conventional anion channels, I studied precursor oligodendrocytes, since
these are more spatially compact and likely to be better voltage-clamped and to have
their intracellular ion concentrations better controlled by dialysis from the whole-cell
pipette. When the chloride reversal potential was set to -87mV, in three precursor cells
the GABA-evoked current reversed at -61£2.7mV (Fig. 5.1C, these data are corrected
for the -14mV junction potential of the Cs-gluconate internal solution) and GABA
evoked a large outward current at -44mV (Fig. 5.1A).

Since GABA receptors are not just permeable to chloride but also to bicarbonate
(Fatima-Shad & Barry, 1993), the GABA reversal potential is set by the receptor’s
relative permeability to these two ions and the ions’ concentrations in the extracellular

and intracellular solutions, as described by equation 5.1.

P
[CT); +— = [HCO,),
EGABA rev 61mV ' loge = (51)

HCO,

[C1], +——[HCO,],

cl

where 61mYV is the value of RT/F (with R the gas constant, T the absolute temperature,
and F the Faraday) at the temperature of 33°C used here. The investigation of the
GABA reversal potential was done in bicarbonate Ringer’s, with 24mM extracellular
bicarbonate concentration at pH 7.4, and an internal solution with pH set to 7.3. Now
bicarbonate reacts with H' to form CO,, so that

[H]o[HCOs]o = K[CO:]o
where K is the equilibrium constant for the overall reaction. A similar equation can be
written for the intracellular concentrations:

[H]i[HCOs]; = K[COy]i.
Assuming that CO; is freely permeable across the cell membrane, so that [CO,], =
[COz]i, then

[H]i[HCOs];i = [H]o[HCO;s], or [HCO;]i = [H]o [HCO;]o/[H]i
Thus, the intracellular bicarbonate concentration should be 19mM, given that the

external pH is 7.4 and the internal pH is 7.3 (and ignoring diffusion of CO; and HCO;
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out of the cell into the patch pipette where there was no HCOj’). Assuming the
permeability ratio of Cl and HCOs; for the GABA receptors to be 0.44 (Fatima-Shad &
Barry, 1993) one can calculate the predicted reversal potential for GABA using
equation 5.1. Putting all the values into equation 5.1 gives a predicted GABA reversal
potential of -64mV which is close to the observed reversal potential of -61mV in the

precursors.

5.3.2 GABA, receptors mediate the GABA-evoked current in oligodendrocytes

To determine which GABA receptor mediates the GABA-evoked current in
oligodendrocytes, I used selective pharmacological agents to either mimic or block the
current recorded in response to GABA application, and immunohistochemistry to
identify the specific subunits expressed in the white matter.

The GABA-evoked current in oligodendrocytes was significantly (p=7.8'10")
reduced (by 74+2.3%) by the GABA, receptor antagonist bicuculline (20uM) (Fig.
5.2A, D), whereas the GABAp receptor antagonist CPG 35348 (50pM) did not reduce
the GABA-evoked current at all (Fig. 5.2B, D), and the GABAg agonist baclofen
(40uM) generated no current in the oligodendrocytes (n=8, data not shown). These data
suggest that GABA 4 receptors mediate the GABA-evoked current.

The lack of complete abolition of the GABA-evoked current by the GABA,
receptor antagonist bicuculline probably reflects the fact that bicuculline is a
competitive antagonist at the GABA4 receptor and that 20uM bicuculline is simply not
a high enough concentration to completely block the current evoked by 100uM GABA,
rather than the presence of bicuculline-insensitive GABA( receptors (which I did not
test for, but which have been reported to be absent in cultured oligodendrocytes:
Williamson et al., 1998). This can be seen as follows. I can calculate the percentage
block expected to be produced theoretically by 20uM bicuculline in the presence of
100uM GABA, using the equations for competitive inhibition and assuming that GABA
and bicuculline act with similar values of K, at the receptors on oligodendrocytes as on
neuronal receptors. The Hill coefficient for GABA acting on neuronal receptors has
been found to be 0.99 (Jonas et al., 1998), suggesting a dose response curve with the
form:

I [GABA]
1. (GABA+K,) (>2)

max
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where the ECsy for GABA is K4 = 7uM (Fujimoto et al., 1995). However, with the
competitive inhibitor bicuculline present, equation 5.2 becomes:

I _ [GABA] 5.3)

[GABA]+K {1+[_IMJ
d

i (bicuculline)

where the K; for bicuculline blocking GABA 4 receptors is ~1uM for neuronal receptors
(Takahashi et al., 1994). Putting in all the values gives /I, = 0.935 in the absence of
bicuculline or 0.405 when [bicuculline] = 20uM. The predicted inhibition by
bicuculline is therefore 1-(0.405/0.935) or 57%, thus one can not expect 100%
inhibition using 20uM bicuculline in the presence of 100uM GABA. I found 74%
inhibition (Fig. 5.2), which is slightly higher than expected from the calculation, but this
difference could easily be explained by a small difference in the K4 values for GABA
and bicuculline binding to neuronal and oligodendrocyte receptors. A greater inhibition
than is calculated from the concentration applied to the surface of the slice would also
occur if some of the GABA applied is taken up by GABA transporters in the slice,
leading to a lower [GABA] near the cells and hence a greater block by bicuculline.

The glutamate antagonists NBQX (25uM) and APS (50uM) did not have any
effect on the GABA-evoked current (Fig. 5.2C, D). This rules out the possibility that the
GABA-evoked current seen in oligodendrocytes is a secondary effect of GABA
mediated via glutamate receptors, which might occur, for example, if GABA acts on
another cell that in turn releases glutamate which then evokes an inward current in the
recorded oligodendrocyte.

To investigate what GABA4 receptor subunits are expressed in the white matter,
I used specific antibodies against different subunits. In the cerebellum both the a; and a,
subunits are present in the white matter, where o, labels both the processes and the
membranes of the cell bodies (Fig. 5.3A), but the a; subunits seem to label more the
processes than the cell bodies (Fig. 5.3B). Omitting the primary antibody abolished the
labelling (data not shown). When looking at the 3 subunit expression, only the antibody
to B, gave strong staining and, like the a; antibody, it preferably labelled the processes
relative to the cell bodies (Fig. 5.3C). Further, the ; subunit labelled some of the
processes in the white matter but not as strongly as B; (Fig. 5.3D). However, the 3,
subunit did not label the white matter at all, although it did label the granule cell layer.
Similar labelling to that seen with the B, antibody was seen when using an antibody

recognizing both B, and B3 subunits (Fig. 5.3F), which must imply that this antibody
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binds only weakly to 3 subunits. Finally, antibody to the v, subunit labelled the white
matter and labelled primarily the cell processes (Fig. 5.3E).

From the immunohistochemistry data above it is likely that the
oligodendrocytes’ GABA, receptors include a; and/or oy, B; and y, subunits in their
composition. However, I cannot exclude the possibility that GABA( receptors formed

of p subunits make a minor contribution to the current evoked by GABA.

5.3.3 Testing for endogenous GABA release

To test the potential for physiological or pathological activation of
oligodendrocyte GABA receptors, I applied nipecotic acid (100pM): a protocol
previously used by Solis & Nicoll (1992) to probe the effects of endogenous GABA
release in hippocampal grey matter. This agent can raise the extracellular GABA
concentration in two separate ways. First, it is a blocker (Borden, 1996) of the GAT-1,
GAT-2 and GAT-3 GABA transporters which are present in white matter (at least in
optic nerve: Howd et al., 1997). If GABA is being released exocytotically in the white
matter (Lin & Bergles, 2004), inhibition of GABA uptake should promote its action on
oligodendrocyte GABA, receptors. Secondly, because nipecotic acid can be (slowly)
transported by GABA transporters, it evokes release of GABA by heteroexchange on
the transporter (Solis & Nicoll, 1992). This is a process by which the transporter
mediates exchange of extracellular nipecotic acid for intracellular GABA, without the
transporter going through a whole transport cycle. Release of GABA in this way would
mimic the release of GABA expected to occur by reversed uptake (Allen et al., 2004a)
when 1on gradients run down in conditions of energy deprivation (see Section 1.7.2).

Nipecotic acid (100pM) induced a small GABA, receptor mediated inward
current (5.5+1.8pA, p=0.04, in eight out of 13 cells), which was 17 times smaller than
the peak current evoked by an application of 100uM GABA to the same cells (Fig.
5.4A). This small current induced by nipecotic acid was blocked by 79+10% in four
cells out of the eight by 10uM GABAzine, a GABA, receptor antagonist (Fig. 5.4B,
including all eight cells in the mean gives 45£14% block). The low success rate for
GABAzine blocking the current may reflect the very small amplitude of the current,
making it difficult to detect above baseline fluctuations, so that in some cells an inward

current drift may have been erroneously attributed to an effect of nipecotic acid.
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5.3.4 GABA evokes an indistinguishable current in the two classes of NG2" cell

To further investigate the difference between the two classes of NG2* cell which
were characterized in the preceding chapters (see Section 3.3.3), i.e. those that express
sodium channels and those which do not, I investigated whether their GABA-evoked
responses differed. The GABA responses of eight NG2* cells were recorded, six of
which did and two of which did not express sodium channels. Although the low number
of cells studied makes a firm conclusion uncertain,, it appears likely that the GABA-
evoked current does not differ between the two classes of NG2" cell (Fig. 5.4A),
because the mean current in the two types is similar, yet the two cells that did not

express sodium channels had both the lowest and the highest recorded current.

5.3.5 Glycine, acetylcholine and purinergic signalling to oligodendrocytes

Like GABA, glycine has been reported to induce an elevation of the intracellular
calcium concentration (Belachew et al., 2000) and an inward current in some
oligodendrocytes in culture and in spinal cord (Pastor et al., 1995; Belachew et al.,
1998a). Acetylcholine generates an inward current in cultured precursor
oligodendrocytes (Belachew et al., 1998a) and it is thought that proliferation of
oligodendrocyte precursors is increased by activation of muscarinic receptor which
stimulate the MAPK pathway (Ragheb et al., 2001). On the other hand, in culture,
adenosine inhibits proliferation and promotes both maturation and myelination (Stevens
et al., 2002; Othman et al.,, 2003). To further test the effects of these and other
transmitters on oligodendrocytes in situ in brain slices, I applied them to mature
cerebellar white matter oligodendrocytes.

In mature oligodendrocytes, with Ec=0mV, glycine (100uM) generated an
inward current (39+21pA) in two out of nine cells tested (response rate of 22%), with an
overall mean including the non-responsive cells of 8.6£6.7pA (Fig. 5.5A, B, C). D-
Serine (100uM) did not generate a current in any oligodendrocyte tested (Fig. 5.5D) and
neither did acetylcholine (100pM, Fig. 5.5E).

There are several studies showing that adenosine (Schmidt et al., 2000; Stevens
et al., 2002; Othman et al., 2003) and ATP (Takeda et al., 1995; Schmidt et al., 2000)
increase intracellular calcium levels in oligodendrocytes. However, when these agents
were applied to mature oligodendrocytes, in a slice, neither adenosine (100uM. Fig.

5.6A) nor ATP (100uM, applied in presence of an ectonucleotidase inhibitor (ARL
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67156, 100uM) to reduce breakdown to adenosine and ADP) generated any detectable
current change in the nine oligodendrocytes tested.

My results document only the effect of these neurotransmitters on the membrane
current of the cell, and do not rule out the possibility that these transmitters act on

mature oligodendrocytes by increasing the intracellular calcium concentration.

5.3.6 Effect of amine transmitters on oligodendrocyte membrane current

Serotonin has been reported to evoke an inward current in cultured precursor
oligodendrocytes (Belachew et al., 1998a), and noradrenaline, serotonin and histamine
increase the intracellular calcium concentration (Bernstein et al., 1996). Moreover, in
mature oligodendrocytes, serotonin can inhibit inward rectifying potassium channels by
acting on G protein coupled receptors (Karschin et al., 1994). Oligodendrocytes also
express dopamine receptors, activation of which decreases oligodendrocyte
differentiation in vitro (Bongarzone et al., 1998).

None of the 5 amines tested, i.e. noradrenaline (10puM, n=8), dopamine (100uM,
n=10), serotonin (100uM, n=10), melatonin (100uM, n=5) and histamine (100uM,
n=>5), generated a current change in the oligodendrocytes. However it is possible they

might generate an intracellular [calcium] elevation without activating ion channels.

5.4 Discussion

5.4.1 GABA evokes a current through GABA, receptor channels in

oligodendrocytes at all developmental stages

In this chapter, I have shown that mature oligodendrocytes respond to GABA,
contrary to the suggestion of Kirchhoff & Kettenmann (1992), but supporting findings
from Butt & Tutton (1992) showing mature oligodendrocytes responding to GABA.
The GABA response is mediated through GABA receptors, as has previously been
reported (Kirchhoff & Kettenmann, 1992; Berger et al., 1992d; Pastor et al.,, 1995;
Williamson et al., 1998), as it is blocked with bicuculline and the GABA-evoked
current reverses close to the predicted GABA reversal potential. On the other hand, no
effect on the membrane current of activating or blocking GABAp receptors was found,
even though it has been claimed that oligodendrocytes express these receptors (Fern et

al., 1995b). However, as GABAp receptors are G-protein coupled I cannot rule out the
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possibility that, by whole-cell clamping, I am washing out some factor that they need
for activation.

Based on the fact that functional GABA receptors are pentamers, comprised of
two o subunits, two B subunits, and an additional subunit that is normally y, (reviewed
by Wafford, 2005), my immunohistochemical data suggest that the GABA, receptors
expressed in the oligodendrocytes are likely to have a subunit composition including a,

and/or o, subunits, two 3; subunits (or perhaps one B, and one 33), and one y, subunit.

5.4.2 Glycine, acetylcholine, purinergic input and amines

I showed that glycine evoked an inward current in 22% of cells, which is lower
than the 45% reported by Pastor et al. (1995) in grey matter oligodendrocytes. Perhaps
this is a regional difference, however it does not seem as though glycine is playing a
major role in the function of cerebellar white matter oligodendrocytes.

Even though I did not detect any current responses to acetylcholine, adenosine,
ATP, noradrenaline, dopamine, serotonin, histamine or melatonin, it does not exclude
the possibility of these transmitters playing a role in oligodendrocyte development or
function. Since all of these transmitters can activate G-protein coupled receptors, which
could alter intracellular [Ca2+], cAMP or IP; concentrations without altering membrane
current, I might not detect activation of these receptors by simply recording the
membrane current with whole cell clamping. Further experiments are therefore needed

to assess such possible effects of these neurotransmitters on oligodendrocytes.
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Figure 5.1 GABA-evoked currents in oligodendrocytes. A GABA (100uM) evokes an
outward current at -44mV in a precursor oligodendrocyte (with E;=-87mV) and an
inward current at -63mV in a mature oligodendrocyte (with Ec= 0mV). B The mean
GABA-evoked current at -63mV (with E.=0mV) increased significantly (p=0.0008)
with maturation. C Current-voltage relation for GABA-evoked current in 3 precursor
cells (normalised to 1 at -63mV), showing that the current reverses at -61mV (with E¢,
= -87mV, but in HCO5 -buffered solution).
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Figure 5.2 The GABA-evoked current is mediated by GABA, receptors. A The
GABA  receptor antagonist bicuculline (20uM) blocks the GABA (100uM) evoked
current (bicuculline alone generated no current change). B The GABAp receptor
antagonist CGP 35348 (50uM) did not reduce the GABA (100uM) evoked current. C
The glutamate antagonists NBQX (25uM) and APS (50uM) did not have any effect on
the GABA (100uM) evoked current. D The mean effect on the GABA-evoked current
(at -80mV, with E- = -60mV) of: 20uM bicuculline (9 cells, p=0.008), 50uM CPG
35348 (6 cells, p=0.74), and 25uM NBQX & 50uM APS (4 cells, p=0.21).
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Figure 5.3 Antibody labelling of white matter GABA receptor subunits. Antibodies
against the oy (A), oy (B), By (C), B3 (D) and y, (E) subunits of the GABA receptor
labelled cells in the white matter. Arrows point at labelled processes in the white matter.
F The antibody against /3 subunits (and that for B, not shown) did not label any cell
in the white matter, but did label the cerebellar grey matter. Scale bar 20um. WM,
white matter; GL, granular cell layer.
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Figure 5.4 Test of the potential for endogenous GABA to act on oligodendrocytes, and
comparison of the effect of exogenous GABA on the two types of NG2¥ cell. A GABA
(100 uM) evoked a larger inward current (with Ecj=0mV) in oligodendrocytes than was
evoked by the GABA concentration rise produced by nipecotic acid (100 pM). B
GABAzine (10 uM) reduced the current evoked by nipecotic acid in only 4 cells out of
the 9 that responded to nipecotic acid application: the left bar shows pooled data for the
effect of GABAzine on all 9 cells, while the right bar shows the effect of GABAzine on
the 4 responsive cells. C The response to 100 uM GABA of the two types of NG2* cell
is not significantly different. All at -63mV.

151



Glycine (100uM) C

6 L
20pA| 4
2005 21

0 .
B Glycine
Glycine (100uM)

R e PV U e

50pA ‘

50s

D D-Serine (100uM)

M L

25pA

50s

ACh (1mM)

10pA I

50s

Figure 5.5 Glycine, D-serine and acetylcholine responses in oligodendrocytes. A, B
Glycine (100uM) evoked a current in 2 out of 9 oligodendrocytes tested (A shows
specimen response), but did not evoke a current in 7 out of 9 oligodendrocytes tested (B
shows specimen response). C Mean glycine evoked current in all 9 cells tested. D
100uM D-serine did not evoke a current in oligodendrocytes (n=4), nor did 1mM

acetylcholine (E). Holding potential was -63mV, E,=0mV.
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Figure 5.6 Amines do not generate a current response in oligodendrocytes. A 10uM
noradrenaline (8 cells), B 100uM dopamine (10 cells), C 100uM serotonin (10 cells), D
100uM melatonin (5 cells) and E 100uM histamine (5 cells) did not evoke any current
in the oligodendrocytes. Holding potential -63mV, E=0mV.
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Figure 5.7 Adenosine and ATP do not generate a current in oligodendrocytes. A 100uM
adenosine (9 cells) did not evoke any current in oligodendrocytes. B 100uM
ectonucleotidase inhibitor ARL67156 did not generate a current nor did 100uM ATP (9
cells) applied in the presence of the inhibitor. Holding potential -63mV, E¢=0mV.
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Chapter 6

White matter ischaemia

6.1 Introduction

In this chapter I will describe experiments investigating the electrical response
of oligodendrocytes to simulated ischaemia, which mimics the occurrence of stroke,
spinal cord injury or the conditions causing periventricular leukomalacia in vivo. A
major aim was to investigate whether there is activation of the oligodendrocytes’
glutamate and GABA receptors (described in chapters 4 & 5 of this thesis) during
ischaemia since, as described in Chapter 1, there is evidence that in pathological

conditions activation of glutamate receptors, at least, plays a role in damaging the cells.

6.2 Methods

Brain slices Cerebellar or corpus callosum slices (225um thick) were prepared from
P7-P14 rats as described in Section 2.1. Slices were superfused at 33+1°C with
bicarbonate Ringer’s solution, composed of (in mM): NaCl 126, NaHCO3 24, NaH,PO4
1, KCl1 2.5, CaCl, 2.5, MgCl, 2, D-glucose 10 (gassed with 95% 0,/5% CO2), pH 7.4.
Recording White matter cells were whole-cell clamped, as in chapter 3, with pipettes
containing a CsCl-based solution, comprising (mM): 130 CsCl, 4 NaCl, 0.5 CaCl,, 10
HEPES, 10 BAPTA, 2 MgATP, 0.5 Na,GTP, K-Lucifer yellow 2, pH set to 7.3 with
CsOH (Ec; = OmV) or a Cs-gluconate-based solution, comprising (mM): 130 Cs-
gluconate, 4 NaCl, 0.5 CaCl,, 10 HEPES, 10 BAPTA, 4 MgATP, 0.5 Na,GTP, 2 K-
Lucifer yellow, pH set to 7.3 (Ec; = -87mV, or Ec; = -60mV with 120mM Cs-gluconate
and 10mM CsCl replacing 130mM Cs-gluconate).

Statistics These are described in chapter 2, section 2.13.
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6.3 Results

6.3.1 Energy deprivation induces an inward current in oligodendrocytes

To mimic the energy deprivation which occurs in perinatal asphyxia, in stroke,
or after blood vessel damage in spinal cord injury, I replaced external O, by N,
replaced external glucose by 7mM sucrose, added 2mM iodoacetate to block glycolysis,
and added either 100uM rotenone or 25uM antimycin to block oxidative
phosphorylation. (Chapter 8 describes experiments comparing the effects of various
combinations of metabolic blockers on CNS grey matter, which justifies this
combination of blocking agents). This simulated ischaemia solution evoked a slowly
developing inward current in both the precursor and the mature oligodendrocytes (Fig.
6.1, data recorded with an internal solution for which Ec; = OmV, see Methods). In
2mM Mg2+, for 14 mature cells the peak inward current occurred after 6.7+2.0 mins and
was 199439 pA, while in 8 precursors it occurred after 13+1 mins and Wa:i75i78 pA
(Fig. 6.1A). Although the size of the peak ischaemia-evoked current did not differ
significantly between the mature and the precursor oligodendrocytes (p=0.3), the time
for the current to reach its peak was significantly shorter in the mature cells (p=0.01).
On the other hand, when Mg”" was absent from the extracellular solution (to maximise
any current generated by NMDA receptors at the holding potential of -63mV), the time
to peak current was similar in the mature cells and the precursors (9.2+0.9 mins and
11£2 mins respectively, p=0.4), but the precursors generated much less current than in
2mM Mg®* (Fig. 6.1 A, C, 44+9pA, p=0.02), while the size of the current generated in
mature cells (172+58pA) was unaffected by magnesium (p=0.2). There was a

significant difference (p=0.004) in the size of the peak current between the mature and

precursors in zero—Mg2+ solution (Fig. 6.1A).

6.3.2 Ischaemia activates oligodendrocyte AMPA and NMDA receptors

Antagonists to AMPA/kainate or NMDA receptors (NBQX and D-APS) reduced
the ischaemia-evoked current in both precursor and mature oligodendrocytes (Fig. 6.1B,

C), demonstrating that the ischaemia-induced inward current was generated partly by a
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rise of extracellular glutamate concentration, which activates both AMPA/kainate and
NMDA receptors. In 2mM Mg** solution adding both NBQX and D-APS5 together
reduced the inward current generated in ischaemia by 38% (Fig. 6.2A, C).

The relative contribution of NMDA and AMPA/kainate receptors to the
glutamate-mediated current varied between cells, and was quantified in OmM Mg**
solution to make the NMDA receptor component more accurately measurable (in vivo
Mg -block would reduce the NMDA receptor component of the current by about a
factor of 4 (see Chapter 4) but the depolarization of the cells produced by the ischaemia-
evoked inward current would reduce the Mg**-block). Figure 6.2C, D summarizes the
block by NBQX and D-APS of the ischaemia-evoked current in precursor and mature
oligodendrocytes, giving the block both as a percentage of the ischaemia-evoked inward
current (Fig. 6.2C) and as an absolute current (Fig. 6.2D). The NMDA receptor
mediated current was usually similar to that mediated by AMPA/kainate receptors (Fig.
6.1C), but in some cells NMDA receptors mediated the majority of the current (Fig.
6.2B): on average in precursors D-APS5 blocked ~30% of the ischaemia induced current,
while NBQX decreased the current by ~20% (Fig. 6.1C).

In mature oligodendrocytes the fraction of the inward current that was generated
by glutamate was significantly (p=0.04) smaller than in precursor cells (compare Fig.
6.1B with Fig. 6.1C): the combination of D-AP5 and NBQX reduced the current by
16% (significantly reduced, p=0.003, Fig. 6.2C). However, although the fraction of the
ischaemia-evoked inward current that was mediated by glutamate was less in mature
than in precursor cells, because the magnitude of the ischaemia-evoked current was
larger in mature cells in OmM Mg (Fig. 6.1A), the absolute size of the glutamate
mediated current was similar in precursor and mature cells (Fig. 6.2D). This similarity
of size suggests, in fact, that less glutamate is being released around mature cells in
ischaemia, because they show a larger current response to exogenously applied
glutamate (~2-fold larger in 2mM Mg2+) and NMDA (~2.8-fold larger in OmM Mg2+)
than do precursor cells (see Figs. 4.1A, B and 4.2A, B) presumably because they

express a larger total number of glutamate receptors than do precursors.
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All the simulated ischaemia experiments above were done in the cerebellar
white matter, but it is the periventricular white matter which gets thinned in perinatal
asphyxia, so I carried out some ischaemia experiments on the corpus callosum to test
whether the responses found in the cerebellum are of general relevance and not specific
to the cerebellum. I recorded from four mature cells in OmM Mg*" in the corpus
callosum and in all of them simulated ischaemia induced an inward current with a
similar time to peak (8.6+0.9 mins, p=0.7 compared with cerebellum) and similar size
(Fig. 6.3) as for the mature oligodendrocytes in the cerebellum. As in cerebellar
oligodendrocytes, D-APS blocked some of the ischaemia-evoked current (Fig. 6.3A, C).

These results, and those of Salter & Fern (2005) where they show that NMDA
receptors are activated in optic nerve oligodendrocytes during ischaemia, allow me to
conclude that in most white matter regions NMDA receptors are activated in ischaemia.
This suggests that by blocking AMPA and NMDA receptors damage to the

oligodendrocytes and their precursors could be reduced.

6.3.3 Simulated ischaemia evoked similar responses in the two classes of NG2"

cells

Since the two classes of NG2" cells differed significantly in both their glutamate
and NMDA responses (see section 4.3.6 for more detail), I analysed their responses to
simulated ischaemia to determine whether they depended on whether the cells expressed
voltage-gated Na' channels or not.

In both the NG2" cells expressing voltage-gated Na* channels and those that did
not express Na' channels, simulated ischaemia generated an inward current with a
similar time to peak, i.e. 12.940.6 and 13.4£0.1 mins in 2mM Mg** (p=0.9) and
10.340.7 and 13.7+4.4 mins in OmM Mg*" (p=0.5), respectively. Furthermore, the
inward current generated in ischaemia (either with or without magnesium) was not
significantly different between the two classes of NG2" cell (Fig. 6.4A, C). In addition,
applying the glutamate receptor blockers NBQX and D-APS together reduced the

current to a similar extent (Fig. 6.4B, D). Although the NG2" cells expressing voltage-
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gated Na channels have at least a 3-fold larger response to exogenously applied NMDA
than cells lacking Na* channels (see section 4.3.6, Fig. 4.10B, C), activation of NMDA
receptors in ischaemia in these two cell types was not significantly different either in
2mM Mg2+ (p=0.47, Fig. 6.5A) or in the absence of magnesium (p=0.06, Fig. 6.5C; the
low number of cells studied makes it hard to come to a reliable conclusion on this point,
however). The AMPA receptor activation in simulated ischaemia was also similar in the
two cell classes (Fig. 6.5 B, D).

In NG2" cells which exhibited a voltage-gated Na" current, the inward current
generated in simulated ischaemia included a significant contribution from rapid synaptic
current-like events (see Fig. 6.2A, B, and Fig. 6.6A), which greatly increased in
frequency early in ischaemia. These events are further analysed in chapter 7 of this

thesis.

6.3.4 Oligodendrocyte GABA, receptors are activated in ischaemia

In both the grey and the white matter there is an increase in the extracellular
GABA concentration during ischaemia (Shimada et al., 1993). In grey matter GABA
release is either thought to be beneficial in ischaemia, as it will decrease the neuronal
depolarization caused by glutamate, or thought to be harmful as it can cause cell
damage resulting from an influx of CI" ions though GABA4 receptors inducing cellular
swelling (Inglefield & Schwartz-Bloom, 1998; Allen et al., 2004b). In the white matter,
GABA acting on GABA, receptors has been reported to decrease action potential
conduction in the spinal cord during ischaemia (Lee et al., 1993), but Fern et al. (1995b)
reported the contrary, as they claimed that GABA ameliorated action potential
conduction loss in optic nerve ischaemia by acting through GABAg receptors. Because
of this discrepancy, and because oligodendrocytes respond to GABA which might be
released in the white matter by GABA transporters, as shown in chapter 5, I looked at
whether oligodendrocyte GABA, receptors are activated in simulated ischaemia. To

test this I examined the effect of applying 10uM GABAzine: a concentration which
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completely blocks the tonic activation of high affinity ad subunit containing GABA4
receptors in cerebellar granule cells (Rossi et al., 2003).

Simulating ischaemia in five mature oligodendrocytes with Ec¢; set at OmV
generated an inward current at -63mV as described above, and 10uM GABAzine
reduced the current (Fig. 6.7A shows raw data in 2mM Mg?"). The mean reduction of
the inward current occurring in 5 cells in 0OmM Mg”* was 14£1% (p=0.0004, Fig. 6.6C
white bar). This block is similar to the reduction produced by the combined application
of AMPA and NMDA receptor antagonists in Figure 6.2. Setting the reversal potential
for chloride more negative, at -87mV (see Methods), did not affect the size of the
ischaemia-evoked inward current in mature oligodendrocytes (recorded now at a
slightly more negative potential, -74mV instead of -64mV; see right two bars in (Fig.
6.6B). Interestingly, with this internal solution, which one might expect to lead to
GABA producing an outward CI current at -74mV, which GABAzine should block and
thus generate an inward current shift, I found that GABAzine still reduced the
ischaemia-evoked inward current (by 11+2%, Fig. 6.6C).

These results from mature oligodendrocytes indicate that GABA 4 receptors are
activated during ischaemia. There are two possible explanations for why GABAzine
reduced the inward current instead of increasing it, when E¢; was set to -87mV and the
cell was held at -74mV. Firstly, as explained in section 5.3.1, the bicarbonate
permeability of the GABA, receptor could lead to the reversal potential for the net
current through GABA 4 receptors being -64mV when Ec; is set to -87mV, so that these
receptors would generate an inward current at the holding potential of -74mV.
Secondly, the mature cells are probably not well voltage clamped and perhaps their
intracellular [C17] is not well controlled by dialysis from the pipette either (as described
in chapter 2, sections 2.8 and 2.9), so even with Ec; set below the holding potential at
the soma where the pipette is attached, it may be above the membrane potential in the
cells’ processes. I therefore turned to precursor oligodendrocytes, as they are better
voltage clamped and dialysed, to further study the activation of GABA receptors during

ischaemia.
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Precursor oligodendrocytes were clamped with one of two internal solutions
with different chloride concentrations, so the chloride reversal potential was either Ec; =
-60mV or -87mV. Precursors clamped with the Ec=-60mV internal, held at -40mV
showed a larger inward current in ischaemia (209+64pA in 4 cells) than those clamped
with the Eci=-87mV internal and held at -44mV (61+20pA in 3 cells; Fig. 6.6B). The
tendency (p=0.11) towards a smaller inward current in the precursor cells when E¢j was
-87mV may occur because, with the more negative Cl" reversal potential (and
essentially the same holding potential), there is a larger driving force for Cl" entry when
GABA receptors are activated. Thus, more Cl” ions will enter the cell, generating an
outward current component which reduces the net inward current generated in
ischaemia. GABAzine (10uM) had little effect on the ischaemia-evoked current
(increased by 3+3%) in cells clamped with E¢=-60mV and held at -40mV, but in the
cells clamped with E¢;= -87mV and held at -44mV, it increased the inward current by
31+16% (see Fig. 6.6A). The reason for this difference between the two internals, when
in both cases the cells were held at a membrane potential above the reversal potential
for chloride, may reflect the fact that GABA receptors are also permeable to bicarbonate
(as described above and in chapter 5). By using equation 5.1 to calculate the reversal
potential for GABA4 receptors, one finds that the reversal potential for the internal
solution with E¢=-60mV is -48mV, which is quite close to the holding potential of
-40mV so that not much current change mediated by GABA4 receptors is expected. In
contrast, for the internal with Ec=-87mV the predicted reversal potential is -64mV
which is well above the holding potential of -44mV, so that CI” ions should enter the
cell when GABA, receptors are activated and reduce the ischaemia-evoked inward
current, and when the receptors are blocked the inward current should increase. Since
this was exactly what happened, this is again consistent with GABA, receptors being

activated in ischaemia in oligodendrocytes.
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6.3.5 The ischaemia-induced inward current in oligodendrocytes is not generated

via TRP channels

The data for 0OmM Mg®* in Figure 6.2C suggest that, for precursor and mature
cells, only about 50% and 16% (respectively) of the inward ischaemia-evoked current
can be accounted for by glutamate activating NMDA and AMPA/kainate receptors.
Although GABA receptor activation may generate some of the remaining current, I
considered it worth testing for other possible contributions to the ischaemia-evoked
current. TRP channels and voltage-gated Ca®* channels seemed likely candidates.

There are six protein families that make up the mammalian TRP cation channel
super-family, some of which are permeable to calcium. Almost all the TRP channel
subunits are expressed in the mammalian central nervous system (reviewed by Moran et
al., 2004), and one member of this family, the TRPM7 channel, has been shown to play
a role in excitotoxic neuronal death, as it allows calcium to enter the cells and reach a
toxic concentration even in the presence of glutamate receptor blockers (Aarts et al.,
2003). In addition, it has been suggested that voltage-gated calcium channels get
activated in white matter ischaemia and hence cause excitotoxic death of
oligodendrocytes and astrocytes (Fern et al., 1995a).

I investigated the role of TRP and voltage-gated calcium channels in
oligodendrocyte ischaemia by using lanthanum (La*") which inhibits current flow
through TRPM7 channels (Runnels et al., 2001), and also blocks some other TRP
family members (TRPM4, M1, V6, VS5, V4 and C7, (TRPM4, M1, V6, V5, V4 and C7,
reviewed by Clapham et al., 2001). Furthermore, lanthanum also blocks voltage-gated
calcium channels (Hille, 2001).

Simulated ischaemia activated an inward current in five mature
oligodendrocytes that was unaffected by 200pM La** (reduced by 0.3£0.3%, Fig. 6.7A,
C). These results indicate that neither TRP channels nor voltage-gated calcium channels
contribute a large fraction of the ischaemia-evoked inward current during white matter
ischaemia. These findings support the finding of Fern and Moller (2000) that the
intracellular calcium rise in oligodendrocytes, in culture, during simulated ischaemia

was unaffected by La’" and was mainly due to glutamate activating its receptors.
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6.3.6 TTX does not affect the ischaemia-induced current in oligodendrocytes.

To explore the possibility that neuronal depolarization and hence propagation of
action potentials was a major contributor to the generation of the inward current seen in
oligodendrocytes during simulated ischaemia, I applied TTX to the slice, both during
the generation of the inward current when ischaemia solution had been applied for some
time, and throughout the whole experiment mimicking ischaemia.

In seven precursor cells (in OmM Mg®") 1uM TTX reduced the ischaemia-
evoked inward current by 15+13% (not significant, p=0.36, Fig. 6.7C). Out of these 7
cells, there was only one cell where TTX seemed to block the generation of the
ischaemia induced current (shown in Fig. 6.6A) and in five precursors it did not have
any effect on the development of the inward current (Fig. 6.7B). Furthermore, in two
cells I had 1uM TTX present during the whole period of simulated ischaemia and with
TTX present ischaemia still generated a similar size inward current as without TTX
(data not shown due to the low number of cells studied). It seems likely from these data
that neuronal excitation is not contributing significantly to the generation of the
ischaemia-induced inward current in oligodendrocytes. Further experiments are needed
to understand the why in some precursors the ischaemic current was affected by TTX

but in other precursors it was insensitive to TTX.

6.4 Discussion

6.4.1 The ischaemia-evoked inward current in oligodendrocytes

Precursor and immature oligodendrocytes have been shown to be more
vulnerable to ischaemia than mature cells (Back et al., 2002; Deng et al., 2003).
Simulated ischaemia induced a similar magnitude of inward current in mature and
precursor oligodendrocytes (in physiological solution containing 2mM Mg**, Fig. 6.1).
Since the precursors have a smaller surface area (as seen from the morphology of the
two cell stages shown in chapter 3), the ischaemia-induced inward current should
produce more cation accumulation, and subsequent water accumulation by osmosis,

which might induce more damage to these cells.
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6.4.2 Activation of NMDA receptors in white matter ischaemia

I have shown that both AMPA and NMDA receptors get activated in
oligodendrocytes during simulated ischaemia (Figs. 6.1, 6.2). This is the first electrical
recording of the activation of oligodendrocyte glutamate receptors during (simulated)
ischaemia. The main new result is that, contrary to previous findings (Matute et al.,
1997, McDonald et al, 1998), I found that NMDA receptors are activated in
oligodendrocytes during ischaemia, and in precursors these receptors can be responsible
for the majority of the ischaemia-evoked current (Fig. 6.2B). NMDA receptors also get
activated in mature cells, consistent with the findings of Schibitz et al. (2000) who
showed that NMDA receptor blockers ameliorated ischaemic damage to myelin and
axons in the white matter.

The higher affinity of NMDA receptors, relative to AMPA receptors, will make
them more likely to be activated in those neurodegenerative disorders involving a
prolonged but small rise of extracellular glutamate concentration, as may occur in
multiple sclerosis. Thus, oligodendrocyte NMDA receptors could contribute to causing
the white matter damage which occurs when the extracellular glutamate concentration is
raised in pre-/perinatal asphyxia, spinal cord injury, multiple sclerosis and stroke
(Volpe, 2001; Matute et al., 2001; Dewar et al., 2003; Stys, 2004).

Even though the 13% block of the ischaemia evoked inward current by the
NMDA receptor blocker D-AP5 (50uM) seen in mature oligodendrocytes is not as large
as the 30% block seen in the precursors (Fig. 6.2C), the effect of activating NMDA
receptors in mature cells may be particularly deleterious because the receptors’ location
in the myelinating processes of oligodendrocytes (see Fig. 4.8A, B in chapter 4) is
associated with a high surface membrane to intracellular volume ratio and even a small
Ca®* or Na* influx through NMDA receptor channels is expected to produce a large
change of [Ca®"]; or [Na'];. This, together with the fact that the Mg®*-block of the
receptors is relatively weak (see chapter 4 for details), presumably accounts for the
particularly deleterious effects that NMDA receptor activation has on oligodendrocyte
processes during ischaemia even in physiological [Mg®*] (Salter & Fern, 2005). Synergy
of the rise of [Ca®'); produced by activation of both AMPA/kainate and NMDA
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receptors might explain why NMDA receptor blockers slow the loss of white matter
action potentials (Tekkok & Goldberg, 2001) and reduce white matter damage in
hypoxia/ischaemia (Schabitz et al., 2000) and in an animal model of multiple sclerosis
(Wallstrém et al., 1996). The rise of [Na']; produced by NMDA receptors will help to
slow or reverse Na*/Ca?* exchange (Li et al., 2000) and thus increase the rise of [Ca2+];.
Thus, specific reduction of NMDA receptor function in oligodendrocytes might be
beneficial during the onset of a disorder in which a rise of extracellular glutamate
concentration causes oligodendrocyte damage. However, once the oligodendrocyte
damage has occurred, then potentiating (rather than blocking) oligodendrocyte NMDA
receptors may be a better therapeutic strategy if the migration of oligodendrocyte
precursors into a damaged area depends on activation of oligodendrocyte NMDA

receptors (Wang et al., 1996).

6.4.3 Activation of oligodendrocyte GABA, receptors in simulated ischaemia

I have shown that oligodendrocyte GABA, receptors are activated during
simulated ischaemia (Figs. 6.6, 6.7). Depending on the exact value of E¢; in precursor
oligodendrocytes (see section 6.3.4), activation of GABA4 receptors may decrease the
depolarization of oligodendrocytes evoked by ischaemia (which could perhaps reduce
damage to these cells), whereas in mature oligodendrocytes activation of GABA,
receptors always produced an inward current regardless of the value of [CI] in the patch
pipette and would tend to increase oligodendrocyte depolarization during ischaemia.
This 1s consistent with a previous report that GABA, receptors are activated during
ischaemia in the spinal cord and increase the damage produced by ischaemia (Sakatani
et al., 1991). Furthermore it has been shown that oligodendrocytes have a high internal
chloride concentration so activation of GABA, receptors will depolarize the cell
(Kirchhoff & Kettenmann, 1992; Lin & Bergles, 2004). Interestingly, endogenous
GABA release has been found to ameliorate recovery of the action potential in the optic
nerve after anoxia, however that effect was found to be generated by GABAgp receptors

(Fern et al., 1995b).

165



6.4.4 The component of the ischaemia-evoked current that is not mediated by

glutamate and GABA receptors

Further experiments are needed to fully characterize the mechanisms involved in
generating the inward current seen in oligodendrocytes during simulated ischaemia. The
data for 0OmM Mg®" in Figure 6.2C suggest that, for precursor and mature cells, only
about 50% and 16% (respectively) of the inward ischaemia-evoked current can be
accounted for by glutamate activating NMDA and AMPA/kainate receptors. In mature
cells with Ec=0, a further 14% of the current is generated by activation of GABA4
receptors (section 6.3.4), but I have not carried out corresponding experiments (in 0OmM
Mg** with Ec=0mV) on precursors. Thus, in mature cells around 30% of the inward
current is due to GABA and glutamate release, and it would be interesting to know what
generates the remaining 70% of the current. My experiments with La>* suggest that it is
not due to calcium entry through TRPM7 channels or voltage gated calcium channels,
and it was quite insensitive to TTX. It would be interesting to examine the role of
oxidative stress during ischaemia in oligodendrocytes, as it has been suggested as a
mechanism causing damage to the cells (Oka et al., 1993; Deng et al., 2003; Cai et al.,

2005)
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Figure 6.1 Metabolic inhibition in the white matter generates an inward current in
oligodendrocytes at all developmental stages, that is mediated partly by glutamate
receptors. A Ischaemia-evoked inward current in precursor and mature oligodendrocytes
(peak inward current at -63mV after ~13 or ~7 mins simulated ischaemia in precursor or
mature cells respectively). In 2mM Mg?* the inward current did not differ significantly
(p=0.29) between precursors and mature cells. However, in 0OmM Mg?2* precursors
showed much less current response to ischaemia than mature cells (p=0.004). In
addition, the current response of precursors in 2mM Mg2* and OmM Mg?* differed
significantly (p=0.02), while that of mature cells did not. B Response to simulated
ischaemia in a mature oligodendrocyte (in 0mM Mg?*). The ischaemia-induced current
is reduced with glutamate receptor blockers (S0uM APS5, p=0.010 & 25uM NBQX,
p=0.048). C Response to simulated ischaemia in a precursor oligodendrocyte (in 0OmM
Mg?*). The ischaemia induced current is reduced with glutamate receptor blockers
(50uM APS, p=0.016 & 25uM NBQX, p=0.020).
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Figure 6.2 The relative contribution of AMPA and NMDA receptors to the ischaemia-
evoked current. A Ischaemia-evoked current in an oligodendrocyte precursor (in 2mM
Mg?*) is reduced by NBQX (25 uM) plus D-AP5 (50 uM). Inset: ischaemia-induced
synaptic-like currents. B Precursor response (0mM Mg?*) showing dramatic transient
increase in synaptic current activity (inset), and most inward current mediated by
NMDA receptors. C Fractional block of inward current: in 2mM Mg?'Jr by D-APS plus
NBQX in 7 precursors, and in 0mM Mg2+ by D-APS5 or NBQX in precursor cells (9 for
D-APS5, 7 for NBQX) and in mature cells (10 for D-APS5, 10 for NBQX): p= 0.098
comparing D-APS5 effect in precursors and mature cells; p=0.019 comparing NBQX
effect in precursors and mature cells. D Absolute current blocked by either NBQX and
D-AP5 together or by D-APS alone, in precursor and mature cells (in 0OmM Mg?*); p=
0.31 comparing D-APS5 effect in precursors and mature cells; p=0.67 comparing NBQX
+ D-APS effect in precursors and mature cells. All cerebellum, -63mV, 33°C, number of
cells is shown in the bars.
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Figure 6.3 Ischaemia induces an inward current in mature oligodendoytes in the corpus
callosum which is partially blocked by D-APS. A Ischaemia-evoked current in a mature
oligodendrocyte (0mM Mg?*) and its block by 50 uM D-AP5S B Mean ischaemia-
induced current in 4 mature oligodendrocyte in the corpus callosum and 10 mature cells
in the cerebellum (not significantly different, p=0.64). C Fractional block by D-AP5 of
the ischaemia evoked inward currents in B; no significant difference is seen between the
regions (p=0.75). All at -63mV, 33°C, number of cells are shown in the bars.
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Figure 6.4 The two classes of NG2* cell do not differ significantly in their ischaemic
responses. A Mean ischaemia-evoked current, with 2mM Mg?* present, in NG2* cells
that do not express voltage-gated sodium channels (n=2) or NG2* cells that do express
sodium channels (n=6); not significantly different (p=0.7). B Mean percentage block
by AP5 (50uM) plus NBQX (25uM) of the ischaemia evoked current in A, not
significantly different (p=0.47). C Mean ischaemia-evoked current, in 0OmM Mg?*, in
NG2* cells that do not express voltage-gated sodium channels (n=7) or NG2* cells that
do express sodium channels (n=2); not significantly different (p=0.18). D Mean
percentage block by APS (50uM) plus NBQX (25uM) of the ischaemia- evoked current
in C. All cerebellum, -63mV, 33°C, number of cells are shown in the bars.
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Figure 6.5 NMDA and AMPA receptors are activated in ischaemia in all NG2* cells.
A, B Fractional block of the ischaemia-evoked inward current: in 2mM Mg?* by 50uM
D-AP5 (A) or by 25uM NBQX (B) in NG2* cells that either express voltage-gated
sodium channels (n=6) or do not (n=2); not significantly different between the two
classes of cell (p=0.47 for A and 0.51 for B). C, D Fractional block of the ischaemia-
evoked inward current: in 0OmM MgZ*by 50uM D-APS5 (C) or by 25uM NBQX (D) in
NG2* cells that either express voltage-gated sodium channels (n=2 for C and 1 for D)
or do not (n=7); not significantly different between the two classes of cell (p=0.06 for
Q). All cerebellum, -63mV, 33°C, number of cells are shown in the bars.
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Figure 6.6 Oligodendrocyte GABA receptors are activated in ischaemia A
Ischaemia-evoked current at Vip= -44mV, in a precursor oligodendrocyte whole-cell
clamped with E=-87mV, is made more inward by 10uM GABAzine. In this particular
cell TTX (1uM) reduced the early development of the inward current. Inset: ischaemia-
induced outward synaptic-like currents which are presumably evoked by exocytotic
release of GABA. B Dependence of the peak inward current evoked by ischaemia on
the pipette solution used and maturation stage (note different holding potentials used).
C Mean effect of 10 uM GABAzine on the current in B. All in OmM Mg2+,
cerebellum, 33°C, number of cells are shown in the bars.
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Figure 6.7 The ischaemia-evoked current in oligodendrocytes is not much affected by
the TRP and voltage-gated calcium channel blocker La3*, nor by TTX. A Ischaemia-
evoked current in a mature oligodendrocyte (2mM Mg?2*), is not much reduced by 200
UM La3* (p=0.4), at V;,=-63mV. However, 10uM GABAzine reduces the current (E(y
= 0mV, so GABA A Teceptor current is inward). B Ischaemia-evoked current in a
precursor oligodendrocyte (0mM Mg?*), is not effected by 1 uM TTX (p=0.36), but the
current is reduced in 200uM D-APS and 25uM NBQX, at V,;=-44mV,E( = -87mV. C
The effect on the ischaemia-evoked current of 200 UM La3* in experiments like that
shown in A on 5 mature cells (p=0.4), and of TTX on 7 precursor cells, like shown in B
(p=0.36). All cerebellum, 33°C, numbers of cells are shown in the bars.
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Chapter 7

Synaptic input to NG2" cells in cerebellar white matter

In this chapter I will explore the properties of events resembling synaptic
currents that occur in the voltage-gated sodium channel expressing NG2" cells, and

characterize how their frequency increases in ischaemia.

7.1 Introduction

In the grey matter, some NG2' cells not only express voltage-gated Na'
channels (Chittajallu et al., 2004), as I also find for some white matter NG2" cells (see
chapter 3, section 3.3.3), but they also have glutamatergic and GABAergic synaptic
inputs, both in the hippocampus (Bergles et al., 2000; Jabs et al., 2005) and in the
cerebellum (Lin et al., 2005). In chapter 6 I showed that, in ischaemia, some cerebellar
white matter oligodendrocyte precursors (NG2" cells) exhibit similar synaptic currents
(see e.g. Fig. 6.2A, B).

In neurons in the grey matter, ischaemia leads to an increase in synaptic activity,
with both excitatory (Hershkowitz et al., 1993; Katchman & Hershkowitz, 1993b;
Fleidervish et al., 2001) and inhibitory (Katchman et al., 1994; Fleidervish et al., 2001;
Allen & Attwell, 2004; Allen et al., 2004b) synaptic currents increasing in frequency.
This increase is independent of action potentials, as tetrodotoxin (TTX) does not affect
these spontaneous synaptic events (Hershkowitz et al., 1993; Katchman & Hershkowitz,
1993b; Katchman et al., 1994; Fleidervish et al., 2001). The fact that some white matter
oligodendrocyte precursors show synaptic currents in ischaemia suggests that exocytotic
release of transmitter might contribute to the ischaemic activation of glutamate and
GABA receptors, and raises the possibility that synaptic activity might have a function
in these cells even in normal conditions.

I have therefore analyzed synaptic inputs to NG2" cells in the white matter, both

for normal conditions and in simulated ischaemia.
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7.2 Methods

Brain slices Cerebellar slices (225um thick) were prepared from P7-P14 rats as
described in Section 2.1. Slices were superfused at 33+1°C with bicarbonate Ringer’s
solution, composed of (in mM): NaCl 126, NaHCO; 24, NaH,PO4 1, KCI 2.5, CaCl,
2.5, MgCl, 2, D-glucose 10 (gassed with 95% O,/5% CO,), pH 7.4.

Recording & cell identification White matter cells were whole-cell clamped, as in
chapter 3, with pipettes containing a CsCl-based solution, comprising (mM): 130 CsCl,
4 NaCl, 0.5 CaCl,, 10 HEPES, 10 BAPTA, 2 MgATP, 0.5 Na,GTP, K-Lucifer yellow
2, pH set to 7.3 with CsOH (E¢; = OmV) or a Cs-gluconate-based solution, comprising
(mM): 130 Cs-gluconate, 4 NaCl, 0.5 CaCl,, 10 HEPES, 10 BAPTA, 4 MgATP, 0.5
Na,GTP, 2 K-Lucifer yellow, pH set to 7.3 (Eci = -87mV).

Analysis of synaptic currents Spontaneous synaptic currents (both inward and
outward) were analysed using Strathclyde Electrophysiology Software. A synaptic
current was defined to occur if its amplitude was larger than 3 times the standard
deviation of the current noise (in regions of the record with no such currents), and its
decay time was longer than its rise time, and its rise time was less than 10msec (most
were faster than this, with a median value of 2ms). The decay of the current was fitted
by one exponential.

Antibody labelling is described in detail in chapter 2, section 2.11.

Statistics These are described in chapter 2, section 2.13.

7.3 Results

7.3.1 NG2" cells receive synaptic input

In the cerebellar white matter there are two populations of NG2" cells, those that
are Olig2" and hence in the oligodendrocyte lineage, and those which are not Olig2"
(see chapter 3 for details). In addition, the NG2" cells fall into two electrophysiological

groups: those that express voltage-gated Na* channels and those that do not, these two
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classes having been shown in this thesis to respond differently to glutamate and NMDA,
but similarly to GABA and to ischaemia.

In non-ischaemic conditions, all NG2" cells that expressed voltage-gated Na*
channels (n=24) showed spontaneous synaptic events, with quite a range of frequencies.
These events were sensitive to 1 uM tetrodotoxin (TTX), indicating that they require
action potential dependent release of neurotransmitter (Fig. 7.1). In three cells, these
events were analysed in more detail using an internal solution for which the reversal
potential for chloride was set to OmV (E¢=0mV) so that all spontaneous events were
inward. They occurred with a mean frequency of 0.813+0.003 events per second, and
were decreased in frequency by 95% in 1pM TTX (p=0.03). After the tetrodotoxin
application it took a considerable time for these events to recover to their previous
frequency (Figs. 7.1A, 7.2A) and size (Fig. 7.2B). In control conditions the amplitude of
the events was 70.5+0.8 pA. The amplitude decreased in TTX (p=0.009), suggesting
that smaller spontaneous events remain in TTX (Fig. 7.2B), or possibly (since these
experiments were done with Eci=0mV, so that both glutamatergic and GABAergic
currents are inward) that TTX abolishes action potential driven input mediated by one
transmitter, leaving smaller spontaneous currents mediated by the other transmitter. The
decay time of the currents was quite varied (2310 ms in control conditions), so that
although its mean value seemed to decrease in TTX (Fig. 7.2C) this decrease was not
significant. This variable decay time of these events indicates that they are
heterogeneous, perhaps because more than one neurotransmitter is released (see below).
I therefore changed to an internal solution with a more negative reversal potential for
chloride (E¢ci=-87mV) so that inhibitory inputs would generate outward, and excitatory
inputs inward currents.

With E¢y set to -87mV,these NG2* voltage-gated Na* channel expressing cells
showed both inhibitory and excitatory inputs, exhibited as outward and inward currents,
respectively, at -44mV (Fig. 7.3). In most cases the same cell had both types of input
(Fig. 7.3A). However, in some cases they either only had inhibitory input (Fig. 7.3B) or
only excitatory input (Fig. 7.3C). The presence of these two input types could explain

the variable decay time reported above within and between cells studied with Ec=0mV.

176



7.3.2 Spontaneous synaptic-like events in NG2"* cells increase in frequency in

simulated ischaemia

The effect of simulated ischaemia on synaptic currents in neurons has been well
studied in the grey matter. Tetrodotoxin-insensitive spontaneous synaptic currents, both
glutamatergic and GABAergic, increase in frequency in the first minutes of ischaemia
in hippocampal pyramidal cells (Hershkowitz et al., 1993; Katchman & Hershkowitz,
1993b; Katchman et al., 1994; Fleidervish et al., 2001). I therefore explored what effect
simulated ischaemia had on the spontaneous events in NG2" cells expressing voltage-
gated Na' channels.

In general, spontaneous events increased in frequency in the first minutes of
simulated ischaemia, as can be seen in chapter 6, Figures 6.2A, B, and 6.6A. To
quantify the frequency increase and to further understand the properties of these
currents, I analysed these events in four cells with the chloride reversal potential set to
-87mV, which all had both inhibitory and excitatory inputs.

In control (non-ischaemic) conditions the frequency of inhibitory inputs
(0.12+0.04 Hz) tended to be lower than that of the excitatory inputs (0.47+0.24 Hz),
however this difference was not significant (p=0.2; Fig. 7.4B top two traces). The
average amplitude and decay time were 10.0+2.6pA and 20.1+3.7 ms for the inhibitory
events, and 8.2+0.8pA and 13.3+4.7ms for the excitatory events.

After 1 minute of simulated ischaemia the spontaneous synaptic-like events
increased in frequency 2.4-fold for the inhibitory events (Figs. 7.4B and 7.5A; p=0.04)
and 5.0-fold for the excitatory events (Figs. 7.4B and 7.6A; p=0.035). With increased
time in ischaemia, the frequency of both types of event continued to increase and this,
along with a possibly increased rate of opening of ion channels, made the current noisier
(Fig. 7.4A). This increase in noise, and the fact that the events go in two opposite
directions, made it difficult to rely on the detection (by the software used) of synaptic-
like events later in ischaemia. However, tetrodotoxin (1pM) did not seem to

significantly decrease the frequency of either the outward events (Figs. 7.4A and 7.5A;
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p=0.29) or the inward events (Figs. 7.4A and 7.6A; p=0.24), suggesting that (unlike the
currents seen in control conditions in Fig. 7.1) these events that increase in frequency in
ischaemia are independent of the propagation of action potentials. The decay time and
amplitude of the outward and inward events did not change with increased time in

ischaemia nor was it affected by TTX (Fig. 7.5B, C, Fig. 7.6B, C).

7.3.3 Strange unexplained transient currents in NG2" cells

Occasionally, additional transient current events were also sometimes
encountered in NG2" cells, which had a spike-like phasic waveform (Fig. 7.7),
resembling perhaps the inward current generating an action potential (these spikes were
brief, ~1msec, with a similar rise and fall time, so they can not be synaptic currents as
described above). These events were rare, but were seen in both the NG2" cells
expressing voltage-gated Na* channels or those that do not express these channels,
however in the cells expressing voltage-gated Na" channels these spiky events seemed
to be more frequent. Most of these occurrences of these events were quite rare. More
experiments are needed to understand further what these spikes are, and what role they
have in these cells and in the white matter in general. One hypothesis is that they reflect
the generation of action potentials in poorly voltage-clamped areas of the cell’s
processes, but this idea is undermined by the fact that they were also seen in NG2" cells

that did not show a voltage-gated Na" current.

7.4 Discussion

I have shown that, as in the grey matter, white matter NG2" cells receive
synaptic input, presumably from passing axons. I assume that the outward and inward
transient currents that I see (with Ec=-87mV) are mediated by exocytotic release of
GABA and glutamate respectively, although pharmacological experiments blocking
GABA, and glutamate receptors are needed to test this. In grey matter NG2" cells the

EPSCs and IPSCs are both evoked by action potentials, as they are abolished in TTX
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(Bergles et al., 2000; Lin & Bergles, 2004; Jabs et al., 2005), which is identical to my
findings in the white matter NG2" cells in non-ischaemic conditions. The decay time of
the outward IPSC’s in grey matter (hippocampus) NG2" cells has been found to be
20+12ms (Jabs et al., 2005) and 23.6+0.9 ms (Lin & Bergles, 2004) which is quite
similar to the 20.1+3.7ms that I recorded in the cerebellar white matter NG2" cells
(comparison of the amplitude of the currents in my work and in the preceding work is
not possible because of the different holding potentials and values of E¢| used). There is
more disagreement over the properties of the glutamatergic EPSCs as in the
hippocampus grey matter the decay time and amplitude have been reported to be either
1.2ms and 10pA (Bergles et al., 2000; Lin & Bergles, 2004) or 6.0ms and 5.6pA (Jabs
et al., 2005). These figures are lower than the mean values for the decay time and the
amplitude that 1 found in the white matter NG2" cells, i.e. 8.2 ms and 13.3pA
respectively.

In hippocampal grey matter it has been shown that both EPSCs and IPSCs
increase in frequency in ischaemia, and that this increased frequency is not generated by
action potentials as it is unaffected by TTX (Katchman & Hershkowitz, 1993b;
Katchman et al., 1994; Fleidervish et al., 2001; Allen & Attwell, 2004; Allen et al.,
2004b). Similarly, I found that the spontaneous synaptic-like events in the white matter
also increased in frequency during ischaemia, and that TTX did not prevent this.
Presumably ischaemia leads to a rise of [Ca®']; in the cells releasing transmitter onto the
NG2" cells, which increases spontaneous transmitter release.

The role of the synaptic-like currents in NG2" cells has yet to be understood.
Perhaps they provide a mechanism for the cells to sense their environment and find
axons to myelinate. On the other hand, as it is mainly the NG2* cells expressing
voltage-gated sodium current that show the currents, it could be that these cells have a
completely different role in the brain than to be reserve (precursor) cells for mature
oligodendrocytes, as has been suggested previously (Butt et al., 2002), and they may
become GABAergic interneurons (Belachew et al., 2003; Aguirre et al., 2004). Since
the frequency of the synaptic-like currents increases in ischaemia, exocytosis could be a

significant source of ischaemic neurotransmitter release, adding to the neurotransmitter
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release by reversed uptake reported previously (Li & Stys, 2001a; Li & Stys, 2001b). If,
during ischaemia, exocytotically released glutamate (and GABA) can diffuse out of the
“synapses” onto NG2" cells, they may act on both precursor/immature and mature
oligodendrocytes and will add to the deleterious effect of glutamate (and possibly
GABA) in the white matter.

Finally, it seems that these cells also express some other kind of transient
currents that are symmetrical in onset and offset, and fast: more experiments are needed

to find out what these current events are and what role they serve.
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Figure 7.1 TTX-sensitive synaptic-like activity in NG2* cells. A An NG2* cell
showing synaptic input (downward deflections), that was almost abolished in 1uM
TTX. B Expanded traces from A, showing in more detail the synaptic-like currents in
this cell. In 1uM TTX the currents almost disappear, then after washout of TTX they
slowly reappear. Cerebellum, -63mV, 33°C, E=0mV.
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Figure 7.2 Effects of TTX on the spontaneous synaptic-like events in NG2* cells
expressing voltage-gated sodium channels. Changes in frequency (A), amplitude (B)
and decay time (C) of events before, during and after application of 1 pM TTX. All

cerebellum, -63mV, 33°C, Ec=0mV.

182



A

Both inhibitory and excitatory input

B
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Figure 7.3 The spontaneous synaptic like currents in voltage-gated sodium channel
expressing NG27 cells in the white matter fall into two classes. A Most cells had both
inhibitory input (outward currents) and excitatory input (inward currents). However,

some had either only inhibitory input (B) or only excitatory input (C). All cerebellum,
-44mV, 33°C, with Eq=-87mV.
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Figure 7.4 The spontaneous synaptic-like currents in the voltage-gated sodium channel
expressing NG2* cells, in the white matter, increase in frequency during ischaemia. A
Membrane current at -44mV before, and during ischaemia, including a period during
which 1pM TTX was applied (which did not affect the occurrence of spontaneous
synaptic currents: see text). B The cell exhibited both inhibitory inputs (shown as red
circles) and excitatory inputs (shown as blue squares). Specimen sections of record
illustrate both types of event. In ischaemia the summation of spontaneous events, and
possibly increased opening of ion channels, makes the trace more noisy. All from
cerebellum, -44mV, 33°C, with Eq=-87mV.
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Figure 7.5 Analysis of the increase of frequency during ischaemia of the inhibitory
synaptic-like currents in the voltage-gated sodium channel expressing NG2* cells, in
the white matter. A The mean frequency of events increases (p=0.04) and TTX does
not block this. B, C The decay time (p=0.96, B) and amplitude (p=0.099, C) do not
change significantly with ischaemia (p values were derived in ANOVA analysis over all
time points). Mean data from 4 cells that exhibited both inhibitory and excitatory
currents. All cerebellum, -44mV, 33°C, with E¢=-87mV.
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Figure 7.6 Analysis of the increase in frequency in ischaemia of the excitatory
spontaneous synaptic like currents in the voltage-gated sodium channel expressing
NG2* cells in the white matter. A The mean frequency of events increases (p=0.04) and
TTX does not block this. B, C The decay time (p=0.96), B does not change and the
amplitude increases slightly (p=0.04), C (p values were derived in ANOVA analysis
over all time points.) Mean data from 4 cells that exhibited both inhibitory and
excitatory currents. All cerebellum, -44mV, 33°C, with E¢=-87mV.
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Figure 7.7 Spontaneous bursting events in the voltage-gated sodium channel expressing
NG2* cells, in the white matter. A A cell showing repeated bursts of activity. B
Expanded part of the trace shown in A, showing that these events do not look like
synaptic inputs. All cerebellum, -63mV, 33°C, Eq=0mV.
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Chapter 8

The roles of glycolysis and oxidative phosphorylation in the

generation of the anoxic depolarization in grey matter

8.1 Introduction

As explained in Section 1.7, when the blood supply to part of the grey matter of
the brain is cut off (for example in stroke) the plasma membrane sodium/potassium
pump loses its ATP supply, and trans-membrane ion gradients start to run down. This
run-down 1is initially slow, but after a few minutes the extracellular potassium
concentration rises rapidly to about 60mM (Fig. 1.6), which depolarizes neurons to
about -20mV: an event called the anoxic depolarization (or AD). Whether an AD occurs
during transient ischaemia, and its time of occurrence, will be determined by how much
stored energy the brain has to maintain ion gradients in the face of a temporary
interruption of its energy supply. Brain ATP is largely derived from glucose: glycolysis
is followed by oxidative phosphorylation in mitochondria (Fig. 8.1). It has been
suggested (but disputed: Chih et al., 2001b) that neuronal activity-evoked glycolysis
(Pellerin et al., 1998; Magistretti & Pellerin, 1999) or almost all glycolysis (Sibson et
al.,, 1998) i1s in glia, which export lactate to neurons as a substrate for their
mitochondria. Since neurons consume most brain energy (Attwell & Laughlin, 2001),
this lactate export might explain how the brain’s main energy store (assumed to be glial
glycogen: Gruetter, 2003a; Brown, 2004) could sustain the activity of the neurons
during energy deprivation, but no information is available on which CNS energy stores
delay the occurrence of the AD.

In this chapter I will examine the effect of different types of metabolic inhibition
on hippocampal area CA1, using the glutamate receptors in pyramidal cells to monitor
the large rise of [glutamate], produced by the AD. There were five aims, as follows.

First, to ascertain the extent to which glycolysis can delay the regenerative decrease of
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ion gradients that generates the AD, since plasma membrane ion pumps may be
preferentially fuelled by glycolysis (Rosenthal & Sick, 1992). Second, to determine the
period for which glycogen can sustain glycolysis in the absence of extracellular glucose.
Third, to test whether superfused lactate can prevent the AD occurring when glycolysis
is blocked, as expected if most ATP is generated from lactate supplied to neurons from
glia. Fourth, to compare the effect of a commonly used mitochondrial blocker, cyanide,
with that of other blockers (rotenone, antimycin), since cyanide can potentiate or inhibit
NMDA receptors according to their subunit composition (Patel et al., 1994; Arden et al.,
1998). Finally, to examine whether, in addition to preventing oxidative phosphorylation,
removal of oxygen had direct effects on membrane currents contributing to the AD,
since some K" and Na' currents can sense oxygen directly and are activated or inhibited
when O, is removed (Jiang & Haddad, 1994; Hammarstrom & Gage, 2000). My results
demonstrate a preferential role for glycolysis in preventing the AD.

Forty percent of the work in this chapter was done by my colleague Nicola

Allen.

8.2 Methods

8.2.1 Electrophysiology

Pyramidal cells in hippocampal area CA1 were whole-cell clamped in order to
use their NMDA and AMPA receptors to monitor the sudden inward current associated
with the rise of glutamate concentration which is triggered by the decrease of ion
gradients occurring at the time of the AD (Rossi et al., 2000). The time of the AD
recorded in this way is indistinguishable from that recorded with extracellular field
recording (Allen et al., 2004b), showing that neither the presence of ATP in the internal
solution for the whole-cell clamped cell (see below), nor the clamping of the voltage of
that cell, affects the generation of the AD: thus the clamped cell acts simply as a sensor
of the ion gradient decrease and glutamate release which is produced by the large
number of surrounding cells. Using whole-cell clamping to record the time of the AD
offers two advantages over using extracellular field potential recording. First, the

change of extracellular potential associated with the AD becomes very small if the AD
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onset is slow, so whole-cell clamping gives more definite information on whether an
AD has occurred, indeed it is only by the use of whole-cell clamping that I could be
sure that there had not been a slow AD occurring in experiments described below when
glucose was present. Second, whereas measuring the AD onset by field recording only
gives data on the time of the AD, using whole-cell clamping enables me to examine in
addition the time course of the pre-AD and post-AD current changes generated by
ischaemia, and to monitor exocytotic transmitter release as miniature synaptic currents.
Hippocampal slices, 225um thick, were prepared from P12 rats (or in some experiments
P28 rats, as noted in the text) as described in Chapter 2, with Na-kynurenate (ImM) in
the slicing solution to block glutamate receptors, and were recorded from 2-5 hours after
slicing, at which time glycogen levels should have largely recovered from the slicing
process (Fiala et al., 2003). Recordings were at 33+1°C, with slices submerged in
flowing solution (10ml/min) which normally contained (mM) NaCl 126, NaHCO; 24,
NaH,POq4 1, KCl 2.5, MgCl, 2, CaCl, 2.5, glucose 10, bubbled with 95% 0,/5% CO,,
pH 7.4. Cells were whole-cell voltage-clamped with a pipette solution containing (mM):
KCl1 130, NaCl 5, HEPES 10, BAPTA 10, MgATP 2, MgCl, 2, pH set to 7.2 with KOH.
Pipette series resistance was ~5MQ before compensation by ~60% to reduce it to
~2MQ. The large size of the current changes evoked by ischaemia (up to 6nA at the
peak of the AD) means that, even after compensation, significant series resistance
voltage errors will inevitably occur (a detailed analysis is presented in Hamann et al.,
2002). Data are presented in this chapter without correction for this, because the series
resistance was similar in different experimental conditions, and correcting for series
resistance voltage errors would not alter the conclusions reached. Junction potentials
were compensated for. Cells were clamped at -33mV to enhance the current generated
by NMDA receptors. In a small number of experiments, non-invasive recording of the
time of the anoxic depolarization was carried out by recording the field potential with an
extracellular recording electrode (a patch pipette filled with external solution) placed in
the pyramidal cell proximal apical dendrite layer (Rader & Lanthorn, 1989). Evoked

synaptic transmitter release was studied by recording the field EPSP in the stratum
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radiatum in response to 0.1 Hz stimulation of the Schaffer collaterals using a glass

pipette, and quantified as the initial slope of the field EPSP.

8.2.2 Choice of agents to mimic energy deprivation

Experiments mimicking brain ischaemia in vitro inhibit glycolytic and
mitochondrial ATP production by removing glucose and O,, but often use metabolic
blockers as well (Reiner et al., 1990). This is because, in open recording chambers,
oxygen from the room air can rapidly diffuse through the solution to the tissue,
preventing true inhibition of oxidative phosphorylation as would occur in vivo. In this
chapter, energy deprivation was simulated by replacing 10mM glucose with 7mM
sucrose and/or bubbling with 95% N,/5% CO; and, in some experiments as described in
the text, glycolysis was blocked with iodoacetate (2mM) and oxidative phosphorylation
was blocked with rotenone (100uM) and antimycin (100uM) or NaCN (1mM). Using
100uM antimycin alone to block mitochondrial ATP production (along with iodoacetate
to block glycolysis, and removal of oxygen and glucose) produced an AD with the same
latency as that seen with rotenone present as well (429+16 sec in 5 cells and 440+17 sec
in 29 cells, respectively, p=0.6). Reducing the antimycin concentration to 50uM, 25uM
or 10uM also produced an AD with the same latency (423+11, 430+22, 4991461 sec
respectively, 5 cells for each, p values compared with 100 pM antimycin plus rotenone
were 0.43, 0.75 and 0.39 respectively), although the time of occurrence was more
variable when 10puM antimycin was used. This suggests that block of complex 3 alone
is sufficient to block mitochondrial ATP production and that 25uM antimycin is a
sufficient concentration. Employing rotenone alone to block mitochondrial ATP
production (along with iodoacetate to block glycolysis, and removal of oxygen and
glucose) delayed the AD by about 2 minutes (to 569+42 sec, p=0.033, 5 cells),
suggesting that rotenone alone may not completely prevent mitochondrial ATP
production. This may be because it blocks the electron transport chain at complex 1 (see
Fig. 8.1), so any metabolites that can enter the chain at complex 2 (such as FADH,) will
still be able to generate ATP (in the presence of residual oxygen), or because the

rotenone dose used was not saturating. When Na-lactate was added, it replaced NaCl.
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8.2.3 Experimental design

Every cell studied was from a different slice. Experiments comparing different
metabolic blockers were done in an alternating interleaved manner (one cell with one

condition, followed by another cell with the other condition, etc.).

8.2.4 Simulation of diffusion into and out of the hippocampal slice

The glucose distribution through the extracellular space of the slice was

calculated by solving the modified diffusion equation

6c D S*¢ Ucla

5212 o’ c+K

(8.1)

where ¢ is the concentration, x is the distance through the slice, D is the diffusion
coefficient (assumed to be 7.6x10"° m%s™, the value for glutamine (Longsworth, 1953),
Aand o are the tortuosity factor and extracellular volume fraction (1.7 and 0.13
respectively: McBain et al., 1990), and U and K are the maximum uptake rate and ECs,
for glucose uptake. I set K=1.6 mM (Erecinska & Silver, 1994), and set U to 0.055
moles/m’/sec in order to reproduce a glucose uptake rate of 0.013 moles/m’*/sec
(equivalent to the mean uptake rate of 79 moles/100g/min measured for rat
hippocampus: Sokoloff et al., 1977) at the measured normal extracellular brain glucose
level of 0.5mM (Fellows et al., 1992), assuming for simplicity that hippocampal slices
at 33°C have the same glucose uptake rate as in vivo hippocampus (since brain slices,
particularly at P12, may be less energetically demanding than the adult in vivo brain, the
effect of assuming a lower glucose uptake rate is also considered below). The steady
state distribution of glucose across the slice was determined by allowing the simulation
to run until a steady state was reached. To simulate glucose diffusion out of the slice,
after this steady state was reached, the glucose concentration at the surface of the slice
was stepped to zero and equation (8.1) was solved to determine the time course of
glucose removal from the slice. The resulting amount of glucose uptake remaining at
different times was obtained by transforming the concentration at each point through the

equation Uc/(c+K). To estimate the time needed for drugs to diffuse into the slice the
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simulation was run with U set to zero (i.e. ignoring uptake of drugs into the cells) and
the concentration at the centre of the slice was found to reach half the value at the

surface in less than 20 sec.

8.3 Results

8.3.1 The anoxic depolarization response to block of glycolysis and oxidative

phosphorylation

Figure 8.1 is a schematic diagram of energy production in the brain, with
glycolysis consuming external glucose and internal glycogen, and with most (94%:
Rolfe & Brown, 1997) of the ATP being produced by mitochondria (possible
compartmentation of metabolic function between neurons and glia will be considered
later). There are several potential energy reservoirs in this scheme which can delay the
decrease of the ion gradients maintained by the plasma membrane Na'/K'-ATPase
when supplies of external glucose and O, are cut off. ATP can be made from
phosphocreatine, glycolysis can use glucose-6-phosphate derived from glycogen as a
substrate, and (if glucose levels fall while O3 is still present, as in hypoglycaemia)
metabolites downstream of glycolysis such as pyruvate can be used by mitochondria
until they are used up.

To test the response of pyramidal cells to severe energy deprivation, I first
removed external oxygen and glucose and simultaneously blocked glycolysis with
iodoacetate (2mM) and blocked mitochondrial ATP production with a combination of
rotenone (100uM) and antimycin (100uM). The resulting current response of a cell in a
P12 slice, clamped at -33 mV, is shown in Figure 8.2A. For the first ~ 7 minutes the
current became slightly more inward, but then (440+17 sec after the start of ischaemia
in 29 slices) a large inward current occurred (the anoxic depolarization or AD current)
which sagged back over about 30 sec to a more slowly decaying plateau of inward
current. Applying glutamate receptor blockers during this plateau suppressed much of

the inward current showing that it was mediated by glutamate release, as shown
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previously by Rossi et al. (Rossi et al., 2000) using cyanide as a mitochondrial blocker,

and in Figure 8.8 below.

8.3.2 Glycolysis fuelled by glycogen delays the AD when mitochondrial ATP

production is blocked

Repeating the experiment of Figure 8.2A with iodoacetate omitted, in order to
allow glycolysis to occur in the absence of external glucose using glucose-6-phosphate
derived from glycogen (Fig. 8.1), the latency of the anoxic depolarization was increased
by 5.5 mins (from ~7.5 to ~13 mins, p=10~: Fig. 8.2B; mean data are in Fig. 8.4A). The
amplitude of the anoxic depolarization was also reduced (Fig. 8.4B), suggesting that
allowing glycolysis to continue reduces the severity or the speed of the ion gradient
decrease occurring at the time of the anoxic depolarization (AD), resulting in less
glutamate release or more time for desensitization of glutamate receptors to occur.

Glucose remaining in the extracellular space of the slice after it has been
removed from the superfusate could still be taken up and used to generate ATP in the
absence of iodoacetate, but the extra 5.5 minute delay is unlikely to reflect the time
needed for glucose to diffuse out of the slice. Simulation of glucose diffusion out of the
slice, and of the resulting decline in glucose uptake (see section 8.2.4), showed that
glucose uptake should be reduced to <10% of its initial value (averaged across the slice)
17 sec after removing glucose from the superfusate (see section 8.2.4; assuming a 10-
fold lower glucose uptake rate than is seen in vivo, e.g. if there is less energy
consumption as a result of removing excitatory input from outside the slice, would only
prolong this to 60 sec). These data suggest, therefore, that (with mitochondria inhibited)
glycogenolysis provides a reserve of ATP production which lasts ~5.5 mins in
ischaemic conditions.

To check this interpretation of the data, I repeated this experiment after
depleting glycogen stores by superfusing with solution containing 2mM glucose
(instead of the normal 10mM, replaced by sucrose) for at least one hour before applying

the ischaemic solution. Simulations of the diffusion of glucose into the slice (see section
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8.2.4) suggested that with 10mM superfused glucose the extracellular glucose
concentration at the centre of the slice will be 3mM, and the mean [glucose], through
the slice will be 5.2mM, while with 2mM superfused glucose the extracellular glucose
concentration at the centre of the slice will be 0.17mM, and the mean [glucose], through
the slice will be 0.66mM, which is more similar to the extracellular glucose
concentration of 0.5mM measured in vivo by a zero net flux microdialysis method
(Fellows et al., 1992). (The predicted mean glucose concentration values are higher but
still different, 9.4mM instead of 5.2mM, and 1.66mM instead of 0.66mM, if I assume
that hippocampal slices have (e.g.) only 10% of the glucose uptake rate of in vivo
hippocampus: see section 8.2.4). Thus, after incubation in the lower glucose solution, a
decrease of glycogen stores and a lower intracellular glucose concentration are
expected, and indeed have been found by Lipton (1989, lower glycogen: cf. their Table
1 data for 0 min with their Fig. 2) and Folbergrova et al. (1997, lower glucose).

Using ischaemic solution containing rotenone, antimycin and iodoacetate (and
no glucose or O,), the latency to the anoxic depolarization (AD) was not significantly
different (p=0.3) after superfusion of 2mM glucose solution and after 10mM glucose
solution (Fig. 8.2C, mean data in Fig. 8.4A). However, when the effect of omitting
iodoacetate was tested after superfusion of 2mM glucose (Fig. 8.2D), the increase of
latency described above after superfusion of 10mM glucose was reduced from 5.5 to 3
minutes (Fig. 8.4A), and this prolongation was not significant (p=0.23), consistent with

glycogen stores having been depleted.

8.3.3 Glycolysis fuelled by glucose prevents the anoxic depolarization when

mitochondria are blocked

If mitochondria are inhibited but glucose is present (e.g. in anoxia), extra
production of ATP will be provided by glycolysis fuelled by glucose, on top of that
fuelled by glycogen breakdown. To investigate this, I applied rotenone and antimycin in
solution bubbled with N; but containing 10mM glucose (and no iodoacetate). Since

glycolysis normally produces only 6% of the total ATP generated by the sequential
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operation of glycolysis and oxidative phosphorylation (Rolfe & Brown, 1997), i.e. 2 of
the total of 31 ATP molecules produced per glucose as shown in Figure 8.1, the latency
to the anoxic depolarization in this condition might be expected to be only slightly
prolonged compared to the situation with no glucose present as in Figure 8.2B. Contrary
to this expectation, the presence of 10mM glucose prevented an anoxic depolarization
occurring in 5 cells that I recorded from for over 40 mins (Fig. 8.3A), one of which was
recorded from for 3.75 hours with no anoxic depolarization (AD) occurring (mean
recording time was 5627+1817 sec: Fig. 8.4A). Including iodoacetate in the solution, to
prevent the 10mM glucose present being metabolised, resulted in a normal early anoxic
depolarization in all 5 cells studied (Fig. 8.3B, Fig. 8.4). Similarly, after 1 hour of
superfusion with 2mM glucose, the maintained presence of 2mM glucose (in the
rotenone and antimycin containing solution) greatly delayed the anoxic depolarization
(AD). The anoxic depolarization latency (AD) was increased (p=0.003) from 676+126
sec in 6 slices with glucose removed during metabolic inhibition (Fig. 8.2D) to
33951444 sec 1n 5 slices with 2mM glucose present (4 cells showed a very late anoxic
depolarization, and one cell showed no anoxic depolarization by 4962 sec of recording;
data not shown). Thus, glycolysis is able to prevent or greatly delay the occurrence of
the anoxic depolarization.

Interestingly, external glucose not only prevented the anoxic depolarization
occurring, but also prevented the massive increase in spontaneous release of GABA-
containing vesicles that normally occurs in the first few minutes of ischaemia (Allen &
Attwell, 2004; Allen et al., 2004b). Normally the fall of ATP levels in ischaemia leads
to an increase of sIPSC rate, from 1-2Hz in control conditions to ~33Hz after 4 mins
ischaemia (Allen & Attwell, 2004), whereas with mitochondria inhibited in the presence
of 10mM glucose the sIPSC rate after 4 or even 40 mins metabolic inhibition
(1.15+0.34 Hz and 1.984+0.47 Hz respectively) was not significantly increased (p=0.86
and 0.18, respectively) from its pre-ischaemic value (1.23+0.28 Hz in 4 cells). Thus, the
presence of glucose maintains presynaptic transmembrane ion gradients sufficiently to
prevent the rise of [Ca**]; which triggers the normal increase of sIPSC rate (Allen &

Attwell, 2004).
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In case the protective effect of external glucose was due to ATP production in
the young (P12) animals used here being more dependent on glycolysis than is the case
in older animals (Clark et al., 1993; Nabetani et al., 1995), I repeated this experiment in
slices from P28 rats (in which enzymes of aerobic metabolism are at adult levels: Clark
et al.,, 1993). The same abolition of the AD by 10mM glucose was obtained: in the
absence of glucose the latency to the AD in Nj-bubbled solution containing rotenone,
antimycin and iodoacetate was ~4 mins (23048 sec, n=7, i.e. roughly one half of the
latency seen in P12 slices), but in the presence of 10mM glucose and absence of
iodoacetate no AD was seen for over 1 hour in 6 cells (recording time with no AD was
3 hours for one cell, and had a mean value of 4890+1230 sec: Fig. 8.4A).

Since it has been suggested that much of the brain’s glycolysis occurs in
astrocytes (Pellerin et al., 1998; Sibson et al., 1998; Magistretti & Pellerin, 1999), which
also express a large fraction of the brain’s glutamate transport capacity in the form of
the GLT-1 transporter (Lehre et al, 1995), I considered whether the apparent
importance of glycolysis for preventing the AD was related to a need to keep astrocytes
polarised in order to power uptake by GLT-1 (Levy et al., 1998). To test this, in 3 cells
exposed for about 20 minutes to rotenone and antimycin in N-bubbled solution
containing 10mM glucose, I applied the GLT-1 blocker dihydrokainate (DHK, 200uM)
to determine whether the resulting cessation of glutamate uptake would allow [glu], to
rise and suddenly trigger an AD. Experimentally no AD occurred (Fig. 8.3C),
suggesting that glucose does not prevent an AD by maintaining glial glutamate uptake
(although I cannot rule out the possibility that the residual uptake by the minority glial
transporter GLAST, which is not blocked by DHK, is sufficient to prevent the glutamate

concentration rising).

8.3.4 Oxygen-sensing channels do not determine the latency of the AD

Oxygen deprivation may directly inhibit K* channels (Jiang & Haddad, 1994)
and increase Na' channel opening (Hammarstrom & Gage, 2000), both of which would

tend to promote an earlier and larger AD. To test this, I applied solution lacking glucose
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and containing iodoacetate to block glycolysis, and containing rotenone and antimycin
to block mitochondrial ATP production, bubbled with 95% 0,/5% CO,, and compared
the response (Fig. 8.5A) with that produced by application of the same solution bubbled
with 95% N,/5% CO, (Fig. 8.2A). The latency to the AD was not significantly different
(p=0.47) in the presence and absence of oxygen (Fig. 8.5B), indicating no significant
contribution of these O;-sensing channels to determining the time of the AD. However,
the amplitude of the AD current was reduced in oxygen containing solution (Fig. 8.5C),
and this may be due to an absence of low [O,]-induced opening of oxygen-sensitive Na"*

channels or block of K' channels.

8.3.5 Metabolites downstream of glycolysis form an energy store to feed

mitochondria

Applying 1odoacetate alone in solution lacking oxygen and glucose (Fig. 8.6A)
produced an AD with a latency that was 1 minute longer than (not significantly different
from, p=0.11) that seen when rotenone and antimycin were included in the solution
(Fig. 8.2A). However, when iodoacetate alone was applied in solution that lacked
glucose but was bubbled with oxygen (Fig. 8.6B), the AD took an extra 5 minutes to
occur (p=0.003; n=13, Fig. 8.6D). This suggests that there are sufficient substrates
downstream of the GAPDH enzyme which is inhibited by iodoacetate (Fig. 8.1) for
mitochondria to generate 5 minutes worth of ATP when oxygen is present. Again, the
amplitude of the AD current was smaller in the presence of oxygen (Fig. 8.6E).

In case free-radical production by mitochondria in the presence of O, (Turrens,
2003) affected the time to the AD, I tested the effect of the cell-permeant free radical
scavenger MnTBAP (Mn(IID)tetrakis(4-benzoic acid) porphyrin, 200uM), in which the
slices were soaked for 30 mins before recording and which was also present in the
superfusion solution (Vergun et al., 2001). MnTBAP had no effect on the latency to the
AD (754+149 sec in 6 slices, p=0.39 compared with no MnTBAP present) when
iodoacetate was applied in the presence of oxygen, suggesting that free radical

generation plays an insignificant role in determining the AD latency.
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I independently estimated the ATP generating power of metabolites downstream
of glycolysis by comparing the latency to the AD in the oxygen-bubbled iodoacetate
containing solution (Fig. 8.6B) with that in the same solution to which rotenone and
antimycin had been added to block mitochondria (Fig. 8.5A). The presence of the
mitochondrial blockers reduced the time to the AD by nearly 6.5 minutes (p=0.0005,
comparing the second column in Fig. 8.5B with the second column in Fig. 8.6D). This
is slightly longer than the 5 minute change seen on omitting oxygen (Fig. 8.6A,B),
which may reflect the presence of a small amount of residual oxygen in the N,-bubbed
iodoacetate containing solution of Figure 8.6A which would slightly increase the

latency to the AD.

8.3.6 Lactate oxidation does not delay the AD when glycolysis is inhibited

According to the suggestion that activity-evoked glycolysis, or almost all
glycolysis, is in glia, which export lactate to neurons as a substrate for their
mitochondria (Pellerin et al., 1998; Sibson et al., 1998; Magistretti & Pellerin, 1999),
one might expect that, with oxygen present during inhibition of glycolysis, neuronal
ATP levels could be maintained if mitochondria are fuelled by the superfusion of
lactate. Thus, if the AD is primarily produced by a decrease of neuronal transmembrane
ion gradients (see section 8.4.2), then the AD evoked by iodoacetate in the presence of
oxygen ought to be greatly delayed, or even prevented, by superfusion of lactate.

Experimentally, however, including SmM lactate in the solution (a concentration
reported to maintain synaptic transmission in the absence of glucose: Schurr et al.,
1988; Saitoh et al., 1994) did not prevent the AD evoked by iodoacetate (Fig. 8.6C),
which occurred (in 7 cells) at a time not significantly altered (p=0.37) from when lactate
was absent. Lactate also did not prevent the increase in spontaneous release of GABA-
containing vesicles that normally occurs during metabolic inhibition (Allen & Attwell,
2004; Allen et al., 2004b): after 4 mins in iodoacetate the sIPSC rate in 4 cells had
increased from a pre-iodoacetate value of 2.8+1.3Hz in 4 cells to 13.9+2.8Hz (less than

the 33Hz seen with combined inhibition of glycolysis and mitochondria (Allen &
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Attwell, 2004) presumably because some ATP is initially still being made by
mitochondria). The presence of SmM lactate had no significant effect on this increase
(the IPSC rate increased from 2.3+0.6Hz to 11.2+3.3Hz in 4 cells; p=0.55 compared
with no lactate). Thus, the presence of lactate does not prevent [ATP] falling
sufficiently in presynaptic terminals to evoke a large increase in spontaneous transmitter
release.

Similarly SmM pyruvate did not affect the AD latency (p=0.96) in 6 cells, and
neither did 20mM lactate in 7 cells (p=0.34; Fig. 8.6D). In case this lack of effect of
lactate was due to ATP production in the young (P12) animals used here being more
dependent on glycolysis than is the case in older animals (Clark et al., 1993; Nabetani et
al., 1995), I repeated this experiment in slices from P28 rats (in which the enzymes of
aerobic metabolism are at adult levels: Clark et al., 1993). Again, neither SmM nor
20mM lactate significantly delayed the AD (Fig. 8.6D): its latency changed from
1457+78 sec in 6 slices without lactate (twice as long as in P12 slices) to 1860+301 sec
in 10 slices with SmM lactate (p=0.16), while for 20mM lactate the latency was
1603480 sec in 5 slices (p=0.22 compared with no lactate present).

To assess whether lactate might initially support synaptic transmission, even
though it cannot prevent the anoxic depolarization occurring eventually, I carried out an
experiment similar to that of Izumi et al. (1994, Fig. 4) measuring the field EPSP
evoked by stimulating the Schaffer collaterals in P28 slices. Iodoacetate evoked an
inhibition of the fEPSP slope (Fig. 8.6F), which fell to 50% of its initial value in
approximately 3 mins (significantly faster than the 12 mins seen by Izumi et al. (1994)
when they applied iodoacetate in the presence of glucose), and this was followed by a
small recovery of the fEPSP. The initial depression of the fEPSP is due to adenosine
release suppressing synaptic glutamate release (Fowler, 1990), and the subsequent
recovery (Fowler, 1992) may reflect inhibition of the function of G protein-coupled
adenosine receptors when the GTP concentration falls in presynaptic terminals. Again
contrary to Izumi et al. (1994), I found that when 20mM lactate was present there was

no change in the decline of the fEPSP (Fig. 8.6F).
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[ attribute the faster fEPSP decay that I see in iodoacetate, and the lack of effect
of lactate, to the fact that Izumi et al. (1994) used a low concentration of iodoacetate
(0.2mM) which blocks glycolysis incompletely (Zeevalk et al., 1995). Fitting a
Michaelis-Menten relation to the data of Zeevalk et al. (1995) on the [iodoacetate]-
dependence of glycolysis inhibition in retina, I estimate that 0.2mM iodoacetate only
blocks glycolysis by 53%, while the 2mM that I use blocks it by 92%. Furthermore,
Izumi et al. (1994) also left glucose present in the solution (presumably because if
glycolysis were blocked it would not be metabolised). Repeating my experiment using
only 0.2mM iodoacetate with 10mM glucose present, I found that the decay of the
fEPSP slope to 50% of its initial size was delayed by 11 mins (Fig. 8.6F), consistent
with some ATP being produced from external glucose and intracellular glycogen by
unblocked glycolysis. Furthermore, if I employed 0.2mM iodoacetate with 20mM
lactate (but no glucose) present, then the fEPSP decay was delayed by a further 4.5 mins
(Fig. 8.6F), mimicking in part the protective effect of lactate observed by Izumi et al.
(1994).

Taken together, these data suggest that when glycolysis is completely blocked
(with 2mM iodoacetate), the amount of ATP made from lactate by mitochondria is too
small to significantly delay the inhibition of the fEPSP, but that if some ATP is being
made from glycogen by glycolysis (in only 0.2mM iodoacetate) then the addition of
lactate-derived ATP can delay the fEPSP inhibition. In my experiments the presence of
lactate did not prevent the fEPSP eventually being greatly reduced. This is not a
discrepancy with the data of Izumi et al. (1994), who found that the fEPSP was only
suppressed by 35% after 30 mins in lactate, for two reasons. First, it appears that they
had glucose present in their lactate containing solution (see their Table 2 legend) which
would have continued to make ATP via partially blocked glycolysis. Secondly, their
recordings were at 30°C and mine were at 33°C. Assuming a Qo of 3, I would expect
that the time needed for the fEPSP to start its rapid decline in 0.2mM iodoacetate would
be prolonged from the 18 mins in Fig. 8.6F to 25 mins, which is similar to the recording

time of Izumi et al.: thus if they had recorded for longer, without glucose in the lactate-
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containing solution, they would presumably have seen the large decrease of fEPSP in

lactate-containing solution which I observe.

8.3.7 Blocking mitochondria with cyanide gives an earlier anoxic depolarisation

than with rotenone/antimycin

I compared the effect of blocking mitochondrial function with cyanide ((Reiner
et al., 1990; Ferreira et al., 1997) with the effect of using rotenone and antimycin (Fig.
8.7), since cyanide also modulates NMDA receptor activation (Patel et al., 1994; Arden
et al., 1998). Solution containing iodoacetate and cyanide (1mM), and lacking O, and
glucose, produced an AD (Fig. 8.7A) which was similar to that seen with rotenone and
antimycin (Fig. 8.2A), except that it occurred approximately 1.5 minute earlier, after 6
mins instead of 7.5 mins (significantly different, p= 2.6x10). Applying glutamate
receptor blockers during the post-AD plateau suppressed much of the inward current
(Fig. 8.8A) showing that it was mediated by glutamate release (Rossi et al., 2000),
however much of the rest of the inward current is generated by GABA release (Allen et
al., 2004b), Ec; was OmV in these experiments so GABA4 receptors generate an inward
current. The amplitude of the glutamate-mediated current was not significantly different
between ischaemia induced by glucose- and oxygen-free solution containing either
rotenone, antimycin and 1odoacetate or cyanide and 1odoacetate (Fig. 8.8B, C).

Omitting iodoacetate from the cyanide-containing solution, to allow glycolysis
driven by glycogen breakdown, prolonged the latency to the AD by 6 mins (Fig. 8.7B,
D; p=0.006), as described above when mitochondria were inhibited with rotenone and
antimycin.

Surprisingly, if oxygen was present in the solution containing iodoacetate and
cyanide and lacking glucose, the AD was delayed by nearly 11 minutes (p=0.007, n=7,
Fig. 8.7C, D). In contrast, oxygen had no prolonging effect when mitochondria were
blocked with rotenone and antimycin (Fig. 8.5). This suggests that cyanide does not
completely block mitochondria (oxygen itself may reduce the cyanide block:

Delhumeau et al., 1994).
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8.3.8 The response to simple removal of oxygen and glucose

Figure 8.9A shows the response to removal of oxygen and glucose from the
superfusion solution, without any metabolic blockers being added. The latency to the
AD (Fig. 8.9D, 1st column) was longer by 4 mins (p=0.04) than when rotenone and
antimycin were added as well (Fig. 8.4A, 2nd column; both in the absence of
iodoacetate) presumably because in an open recording chamber it is hard to remove all
the oxygen from the superfusing solution, and thus hard to completely inhibit
mitochondrial ATP production from the substrate produced by glycogen breakdown.
Consistent with the presence of a significant amount of residual O, simple removal of
glucose (leaving oxygen present) produced an AD with a latency similar (p=0.4) to that
seen when oxygen and glucose were both removed (Fig. 8.9B, D). However, the
amplitude of the AD current was reduced in the presence of oxygen (Fig. 8.9E).

To check the role of glycogen breakdown, the experiment removing oxygen and
glucose was repeated after soaking slices for at least an hour in solution containing
2mM glucose, to try to lower the cells’ glycogen stores and intracellular glucose levels
(as done above for Fig. 8.2C, D). After this treatment, the latency to the AD seen when
glucose and O; were removed was reduced by 6.5 mins (p=0.005), as shown in Fig.

8.9C, D, again implying a significant role for glycogenolysis in delaying the AD.

8.3.9 [Estimation of the relative size of hippocampal energy stores

In this section I use the data above to estimate the relative sizes of ATP reserves
provided by various biochemical stores in slices from P12 rats. Most brain ATP is used
to power ion pumping (Ames, 1992; Rolfe & Brown, 1997; Attwell & Laughlin, 2001),
so here I focus on the supply of ATP to the Na" pump which prevents the decrease of

ion gradients causing the AD.
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8.3.9.1 How long can ATP stores sustain Na' pumping during severe metabolic
inhibition?

When glucose and oxygen are removed, at the same time as blockers of ATP
production by mitochondria and glycolysis are applied, it takes ~7.5 minutes (at 33°C)
before the AD occurs in P12 hippocampal slices (Fig. 8.2). Part of this time will reflect
the time needed for the ATP concentration to fall below the level needed to sustain
operation of the plasma membrane Na'/K'-ATPase (the catalytic site for ATP
hydrolysis has an ECsy of only 0.4uM, but the pump may stop working when [ATP]
falls below the level needed to activate lower affinity ((EC50~0.4mM) ATP binding
sites: Dagani & Erecinska, 1987). The remainder of the time will reflect the period
needed for ion gradients to decrease once the Na'/K'-ATPase has stopped. The free
ATP is initially 2.7mM (Folbergrova et al., 1997) and the hippocampus (in vivo)
consumes ATP at a rate of 0.4mM/sec (calculated from the measured glucose utilization
at 37°C of 79 pmol/100g/min (Sokoloff et al., 1977) assuming that 31 ATP are
produced per glucose (Rolfe & Brown, 1997), so when ATP synthesis stops the existing
ATP should be consumed in 2.7/0.4 = 6.8 sec at 37°C, or 10.5 sec at the temperature of
33°C which I use (assuming a Qjo of 3). In addition, ATP can be generated from
phosphocreatine and from other nucleoside triphosphates (Fig. 8.1). The
phosphocreatine concentration is twice as high as that of ATP (Raley & Lipton, 1990;
Folbergrova et al., 1997), while the concentrations of UTP, GTP and CTP (which can
be converted to ATP) when added together give about 1/3 the level of ATP (Pissarek et
al., 1999). Thus, phosphocreatine is expected to contribute sufficient ATP to power
about 21 sec of ion pumping, while other nucleoside triphosphates will power 3.5 sec of
pumping. These durations will be increased in my experiments if the metabolic activity
of hippocampal slices is lower than that of in vivo hippocampus, for example due to the
removal of excitatory input from outside the hippocampus, or if energy use is down-
regulated in the first few minutes of energy deprivation (as has been measured in

cultured neurons after an hour's energy deprivation: Munns et al., 2003).
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8.3.9.2 Glycogenolysis delays the AD by 5.5 minutes

When hippocampal slices were exposed to severe metabolic inhibition (removal
of glucose and oxygen, and addition of rotenone and antimycin) but glycolysis was
allowed to occur (i.e. no iodoacetate was applied) the AD occurred 5.5 minutes later
(Fig. 8.2B), and this prolongation was reduced (indeed was not significant) for slices
pre-soaked in low glucose, consistent with glycogen stores (and intracellular glucose)
being the source of the extra latency (Fig. 8.2C, D). If 1 ignore metabolic
compartmentation within the slice, by assuming that energy stored as glycogen
predominantly in glia (Rosenberg & Dichter, 1985; Kato et al., 1989; Ignacio et al.,
1990) can be freely passed to neurons (e.g. as lactate: Cambray-Deakin et al., 1988;
Dringen et al., 1993; Pellerin et al., 1998; Sibson et al., 1998; Magistretti & Pellerin,
1999), and further assume that with mitochondria blocked there is no change in the rate
of ATP consumption nor in the time needed for ion gradients to decrease after the
sodium pump has stopped, then it appears that glycogenolysis can provide ~5.5 minutes
worth of ATP to maintain sodium pumping and other energy consuming processes
within the cell. Glycogen therefore provides a greater energy store than either free ATP

or phosphocreatine.

8.3.9.3 Energy stored in metabolites downstream of GAPDH

Comparison of the latency to the AD produced by iodoacetate in solution
including or lacking oxygen, or in oxygen-containing solution containing or lacking
mitochondrial blockers, suggested that already generated products of glycolysis,
downstream of the GAPDH enzyme that iodoacetate inhibits, can feed into
mitochondria and generate ~6.5 minutes worth of ATP. Pyruvate, lactate, citric acid
cycle intermediates, NADH, FADH, and amino acid oxidation may all contribute to this
tail of substrate provision to mitochondria. Fatty acid metabolism, which generates
FADH,; for mitochondria, could also theoretically contribute to this increase of ATP
production, but fatty acid oxidation is reported to be of little significance in the brain

because of the absence of the enzyme 3-ketoacyl-CoA thiolase (Yang et al., 1987).
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8.4 Discussion

I have investigated the role of different metabolic pathways in preventing the
anoxic depolarization produced by energy deprivation in hippocampal slices. Formation
of ATP from glycogen (via glycolysis) or from pyruvate, citric acid cycle intermediates
and amino acids (via oxidative phosphorylation) can delay the AD. During transient
ischaemia, hypoglycaemia or anoxia, these energy reserves might prevent an AD
occurring, and be neuroprotective (Swanson & Choi, 1993; Gruetter, 2003a). My data
indicate a particularly important role for glycolysis in this regard: when mitochondria
are blocked external glucose prevents an AD occurring for hours, whereas when
glycolysis is blocked lactate-driven oxidative phosphorylation does not significantly

delay the AD.

8.4.1 External glucose prevents the AD occurring

Even with mitochondrial ATP production blocked, external glucose was
sufficient to prevent the AD occurring. This is surprising, since normally glycolysis
provides only 6% of the brain’s ATP (assuming glycolysis does not become more
important in brain slices). This might be taken to imply that only a small fraction of the
brain’s ATP production is needed to prevent the AD. However, when mitochondria are
inhibited ATP production by glycolysis is increased, by the Pasteur effect, by a factor of
4-5, due to increased activity of phosphofructokinase, hexokinase and glucose transport
(Lowry et al., 1964; Drewes & Gilboe, 1973; Dépre et al., 1998), so there should be
much more ATP production than is normally generated by glycolysis. Although P12
animals may rely less on oxidative phosphorylation than older animals, and thus be able
to maintain membrane potentials and neuronal excitability through glycolysis alone
(Clark et al., 1993; Nabetani et al., 1995), I found identical results in older (P28) rat
slices when the oxidative phosphorylation system is mature, i.e. external glucose was

sufficient to prevent the AD.
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8.4.2 Lactate oxidation does not delay the AD

While some papers report that lactate supports neuronal activity in the absence
of glucose (in CAl: Schurr et al., 1988; Izumi et al., 1994; Izumi et al., 1997; optic
nerve: Brown et al., 2003), others find that although lactate helps to maintain ATP
levels it does not allow normal neuronal activity (CA3: Takata & Okada, 1995; Wada et
al.,, 1998; in CAl: Chih et al, 2001la). Lactate is converted into pyruvate which
produces ATP via oxidative phosphorylation (Fig. 8.1), so with glycolysis, but not
mitochondria, inhibited one might expect lactate to maintain the majority of the ATP
production and to prevent the AD. When glycolysis was inhibited with iodoacetate,
however, adding 5-20mM lactate did not delay the AD either in P12 or P28 rats (Fig.
8.6C, D), and did not prevent a rise in sIPSC frequency or inhibition of excitatory
synaptic transmission (Fig. 8.6F). Thus, in my experiments mitochondria do not
produce significant ATP from superfused lactate (and hence not from lactate released by
glia) when glycolysis is inhibited.

My data are consistent with the findings of Takata & Okada (1995) and Wada et
al. (Wada et al.,, 1998) that replacing glucose with lactate abolished synaptic
transmission in <20 mins (in guinea pig CA3 and dentate gyrus). By contrast in rat
CA1, Schurr et al. (Schurr et al., 1988) found that replacing glucose by lactate preserved
synaptic function, and Izumi et al. (1994, Fig. 4) found that after 30 mins in iodoacetate
the field EPSP was reduced by 80% with glucose present, but reduced by only 35% in
10mM lactate. The results of Schurr et al. may reflect the use of an interface chamber
rather than submerged slices, but the apparent discrepancy with Izumi et al. (1994)
resulted from their using a low concentration of iodoacetate which does not completely
block glycolysis (see section 8.3.6), and leaving glucose in their solutions. When I used
their low concentration of iodoacetate and left glucose in the solution, it took longer for
the fEPSP to be inhibited, as expected if ATP could still be made from glycogen and
glucose by a glycolysis pathway that was only partially blocked (Fig. 8.6F). In addition,
having lactate present (without glucose) further delayed the inhibition of the fEPSP.
Thus, when glycolysis is completely blocked, the amount of ATP made from lactate by

mitochondria is too small to delay the inhibition of the fEPSP, but if some ATP is being
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made from glycogen when glycolysis is only partly blocked then the addition of lactate-

derived ATP can delay (but not prevent) the fEPSP inhibition.

8.4.3 Metabolic compartmentation

Metabolic compartmentation in the brain, within cells or between cell types,
may explain some of my results.

It has been suggested (Raffin et al., 1992; Rosenthal & Sick, 1992) that the
plasma membrane Na'/K'-ATPase is preferentially fuelled by ATP produced from
glycolysis (although it is unclear why mitochondrially-produced ATP cannot diffuse to
plasma membrane Na" pumps, and an increase of glycolytic rate via the Pasteur effect
might explain why mitochondrial block has relatively little effect). Consistent with a
metabolic compartmentation within cells in which glycolysis powers ion pumping,
glycolytic enzymes have been detected in synaptic locations where energy use on ion
pumping is high (Wu et al., 1997; Ikemoto et al., 2003). This could explain why fuelling
glycolysis with glucose while blocking mitochondria prevents an AD: glycolytic ATP
might allow the Na'/K'-ATPase to function sufficiently to maintain transmembrane ion
gradients. Indeed, external glucose maintained presynaptic ion gradients sufficiently to
prevent the massive spontaneous exocytosis of GABA-containing vesicles that is
normally triggered by energy deprivation.

Alternatively, if glycolysis is largely in glia, which export lactate to neurons to
be metabolised by their mitochondria (Pellerin et al., 1998; Sibson et al., 1998;
Magistretti & Pellerin, 1999; but see Chih et al., 2001b), then my data might suggest
that the key step in triggering the AD is a fall in glial [ATP], leading to glial
depolarization which releases K and reduces glutamate uptake. This would explain
why inhibition of (mainly glial) glycolysis with iodoacetate is sufficient to produce an
AD after ~8 minutes (Fig. 8.6 A, D), whereas inhibition of (mainly neuronal)
mitochondria with rotenone and antimycin (but no iodoacetate) produces an AD only
after ~13 minutes (Figs. 8.2B, 8.4A). It would also explain why an AD can be prevented

for over an hour when glucose is present during mitochondrial inhibition (Fig. 8.3A).
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Finally, if maintaining ATP levels in glia were important for preventing an AD, it
would explain why evolution has placed most glycogen in glia rather than neurons:
during metabolic inhibition the ATP level in glia could be maintained by
glycogenolysis.

However, it is not clear why a fall of ATP concentration in glia should trigger an
AD. The ATP consumption and the expected K leak when the sodium pump is
inhibited are both larger in neurons than in glia (Attwell & Laughlin, 2001), suggesting
that stopping ATP production will cause neuronal [ATP] to fall faster than glial [ATP]
and that neurons will contribute more to the rise of [KJ’]0 which slows and then reverses
glutamate transporters, releasing the glutamate which generates the AD (Rossi et al.,
2000). The possibility that the AD is triggered by a decrease of glial ion gradients
slowing or reversing the main GLT-1 glutamate transporter in glia is contradicted by the
fact that blocking or knocking out GLT-1 does not alter the time of the AD (Rossi et al.,
2000; Hamann et al., 2002), even when mitochondria are blocked (Fig. 8.3C). By
contrast, knocking out the neuronal transporter EAAC1 delays the AD three-fold
(Gebhardt et al., 2002), suggesting that the transporters which release glutamate are
mainly in neurons. For all these reasons, one might expect a fall of ATP level in

neurons, rather than glia, to be the factor precipitating the AD.

8.4.4 O;-sensing ion channels do not influence AD latency

The latency of the AD seen during metabolic inhibition with rotenone,
antimycin, 1odoacetate and glucose removal was not affected by the presence or absence
of oxygen (Fig. 8.5), suggesting that O,-sensing channels play little role in determining

the AD latency.

8.4.5 Comparison of cyanide and rotenone/antimycin as mitochondrial blockers

The AD produced using cyanide as a mitochondrial blocker (with iodoacetate to
block glycolysis) was similar to that seen when blocking mitochondria with rotenone

plus antimycin, but the AD latency was reduced by 20% when using cyanide. The
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potentiating action of cyanide on NMDA receptors containing NR2A subunits (Patel et
al., 1994; Arden et al., 1998), together with the fact that the AD is largely produced by
activation of NMDA receptors (Rossi et al., 2000) seems a likely explanation for this

slight acceleration.

8.4.6 A hierarchy of energy stores

The estimates of energy stores in P12 slices described in the Results can be
summarised as the following hierarchy of times (at 33°C) for which ATP can be
produced by the different stores: pyruvate/citric acid cycle intermediates/amino acid
oxidation when mitochondria are functioning (390 sec) > glycogen when mitochondria
are inhibited (330 sec) > phosphocreatine (21 sec) > ATP (10.5 sec) > other nucleoside
triphosphates (3.5 sec). If a metabolic insult is of limited duration (e.g. a clot is rapidly
cleared from a blood vessel), these stores may be able to prevent an AD occurring, and
thus prevent the massive release of glutamate by transporter reversal which triggers

neuronal death.
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A Rot, Anti, IAA, 0 glucose, 0 O,

100s
C Rot, Anti, IAA, 0 glucose, 0 O,
1000pA|
100s
D

Figure 8.2. Current response at -33mV of CAl pyramidal cells to simulated
ischaemia. A & B, slices were presoaked in solution containing 10mM glucose. C
& D, slices were presoaked in solution containing 2mM glucose. A,C Ischaemia
simulated by application of 100uM rotenone and 100uM antimycin (to block
oxidative phosphorylation), and 2mM iodoacetate (to block glycolysis), in oxygen
and glucose free solution. B,D Ischaemia simulated by application of 100uM
rotenone and 100uM antimycin (to block oxidative phosphorylation) in oxygen
and glucose free solution (no iodoacetate present). The cell in D showed a second
transient inward current after the AD.
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10mM glucose, Rot, Anti, 0 O,

1000pA
500s

B
10mM glucose, Rot, Anti, IAA, 0 O,

'lj
/

1000pA
500s

C
10mM glucose, Rot, Anti, 0 O,

J—_
DHK
1000pA
500s

Figure 8.3. Glycolysis sustained by the presence of 10mM glucose prevented an AD
from occurring in the presence of blockers of oxidative phosphorylation. Note the
slow time scale compared with the other figures. A  Blocking oxidative
phosphorylation (with 100uM rotenone and 100puM antimycin) in oxygen free
solution containing 10mM glucose did not induce an AD after 1 hour. B Repeating
the experiment in A, but adding 2mM iodoacetate to block glycolysis, produced an
AD as expected after 6 minutes. C Blocking the glutamate transporter GLT-1, by
application of 200uM DHK, to a slice made ischaemic in the same way as in A, did
not induce an AD.
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Figure 8.4. Summary of time taken for the AD to occur and the amplitude of the
AD current in the ischaemic conditions presented in Figures 8.2 & 8.3. A Time
taken for the AD to occur. For the 5th and 8th bars, no AD occurred and the bar
shows the recording duration with no AD. B Amplitude of the AD current. In both
graphs the numbers in bold represent the number of cells; p-values above bars
compare values to the first condition (slice presoaked in 10mM glucose,
application of solution containing rotenone, antimycin and iodoacetate, oxygen and
glucose free), while p values between bars compare the indicated conditions. Gluc
pre 10 or 2 means glucose was present at 10 or 2mM before ischaemia. No P28
data are shown for AD amplitude because in most of these experiments the AD
latency was determined solely by extracellular recording .
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Figure 8.5. O, sensing ion channels do not affect the time at which the AD occurs.
A An AD occurs in solution containing 100uM rotenone, 100uM antimycin and
2mM iodoacetate (glucose free, slice presoaked in 10mM glucose) bubbled with O,,
just as when the solution was bubbled with N, (Fig. 8.2A). Small steps on trace are
in response to voltage jumps to check series resistance. B The time of the AD was
not affected by the presence of oxygen in the ischaemia solution. C The amplitude
of the AD current was reduced when oxygen was present in the ischaemia solution.
Bold numbers show numbers of cells.
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Figure 8.6. Blocking glycolysis alone is sufficient to induce an AD. A-C Data from
P12 slices. A Blocking glycolysis with 2mM iodoacetate in oxygen and glucose free
solution led to an AD after 8 minutes. B Adding oxygen to the solution used in A
delayed the AD. C Adding SmM lactate to the solution as in B had no effect on the
time at which the AD occurred. D Mean time to the AD in the conditions of A-C
and with SmM pyruvate or 20mM lactate present for P12 slices, and with 0, 5 or
20mM lactate present for P28 slices. E Mean amplitude of the AD. Bold numbers
denote the number of cells studied. F Decline of the field EPSP initial slope
(normalised to value before metabolic inhibition) evoked by 0.1 Hz stimulation of
the Schaffer collaterals in the presence (from t = 2mins) of 2mM iodoacetate (and
no glucose), 2mM iodoacetate and 20mM lactate, 0.2mM iodoacetate and 10mM
glucose, and 0.2mM iodoacetate and 20mM lactate,
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Figure 8.7. Use of cyanide to block oxidative phosphorylation. A Ischaemia
induced by applying oxygen and glucose free solution containing 1mM cyanide (to
block oxidative phosphorylation) and 2mM iodoacetate (to block glycolysis). B
Omitting iodoacetate, when blocking oxidative phosphorylation using cyanide (in
oxygen and glucose free solution) delayed the time to the AD (this cell showed
repeated depolarizing currents after the AD). C Adding oxygen to glucose free
solution containing 1mM cyanide and 2mM iodoacetate delayed the time to the AD.
D Mean time to the AD in A-C. E Mean amplitude of the AD in A-C. Bold
numbers show number of cells studied. P values compare the 2nd and 3rd bars with
the Ist bar in D and E.
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Figure 8.8. Glutamate receptor blockers reveal a similar amplitude of glutamate-
mediated post-AD plateau current independent of how oxidative phosphorylation is
inhibited. A Application of 25uM NBQX (to block AMPA receptors) and 50uM
APS (to block NMDA receptors) to the post-AD plateau induced by cyanide (to
block oxidative phosphorylation) and iodoacetate (to block glycolysis) in oxygen
and glucose free solution. B Application of NBQX and APS5 to the post-AD plateau
current induced by rotenone and antimycin (to block oxidative phosphorylation) and
iodoacetate in oxygen and glucose free solution. C The amplitude of the glutamate-
blockable current was not significantly different between the two methods of
blocking oxidative phosphorylation. Bold numbers indicate number of cells studied.
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Figure 8.9. Response of CAl pyramidal cells to oxygen and glucose deprivation
without metabolic blockers. A Application of oxygen and glucose free solution to a
pyramidal cell in a slice that had been presoaked in 10mM glucose induced an AD
after ~18 minutes. B Applying glucose free solution in the presence of oxygen
induced an AD at a time not significantly different from when oxygen was absent.
C Oxygen and glucose deprivation in a slice that had been presoaked in 2mM
glucose solution led to an earlier AD. D Mean time to AD. E Mean amplitude of
the AD current. Bold numbers indicate number of cells studied. P values compare

the 2nd and 3rd bars with the 1st bar in D and E.
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Chapter 9

General discussion

In this chapter I will evaluate the findings presented within this thesis. At the
end of the preceding results chapters, a detailed discussion has been given of the results
obtained, so here I will only briefly review the results, and describe some possible

experiments that could take the work further in the future.

9.1 Oligodendrocyte membrane properties and neurotransmitter
receptor expression

In this thesis I have presented, for three developmental stages of
oligodendrocytes, how their morphology, electrophysiological properties and protein
expression change with development (chapter 3). In chapter 4, 1 showed that
oligodendrocytes at all developmental stages express NMDA receptors, contradicting
the current dogma, and I showed in chapter 6 that these receptors get activated during
ischaemia. Interestingly, the NMDA receptors seem to be mainly expressed in the
myelinating processes of the cells, indeed they were found at high density throughout
the compact myelin. Notably, I identified that the NMDA receptors expressed by
oligodendrocytes have properties that are somewhat different from those expressed in
neurons, as they have a low magnesium sensitivity and hence can pass current at the
cells’ resting potential. The glutamate- and NMDA-evoked current was found to
increase with development, possibly because the cell surface area is increasing as well.
In addition, white matter astrocytes also responded to NMDA, as they do in the grey
matter (Ziak et al., 1998; Schipke et al., 2001).

Oligodendrocytes were also found to express GABA4 receptors and the GABA-
evoked current also increased with maturation, possibly due to the increase in surface
area with maturation. On the other hand, mature oligodendrocytes were found respond

to glycine in only two out of nine cells tested. In addition, mature cells did not show any
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current change in response to the neurotransmitters acetylcholine, adenosine, ATP,
noradrenaline, dopamine, histamine, serotonin and melatonin. However, even though
oligodendrocytes did not show any current change produced by these transmitters, they
may express G-coupled receptors for the neurotransmitters, that will raise the calcium

concentration in the oligodendrocytes without an effect on the membrane current.

9.1.1 Future experiments

In chapter 4, I showed via immunohistochemistry that the main NMDA receptor
subunits expressed in oligodendrocytes are NR1, NR2C and NR3. Even though the co-
labelling of NR2 and NR3 showed that these subunits are expressed in close vicinity to
each other, it does not mean that the NMDA receptor in oligodendrocytes is a heteromer
of NR1/NR2C/ NR3, because the antibody labelling I have performed does not give
such resolution. [t is would therefore be of great interest to try to immunoprecipitate
NR1 and see what subunits are co-immunoprecipitated with it. It would be of great
importance to know whether oligodendrocyte NMDA receptors have a different subunit
combination to neuronal NMDA receptors. If they do, as is suggested by their low
magnesium sensitivity, it might be possible to selectively inhibit the NMDA receptors
expressed in oligodendrocytes without having an effect on the neuronal NMDA
receptors. This would be beneficial for minimizing the damage caused by glutamate
release in many white matter diseases.

The intriguing finding that the oligodendrocyte NMDA receptor is mainly found
in the cells’ processes and in the myelin, calls for further investigation. First of all, it
would be interesting to look at whether these receptors play a role in myelination: they
might then be “left-over” in the myelin sheet after myelination. The straightforward way
to do this would be to use a co-culture of oligodendrocytes and neurons, which show
myelination, and try either to inhibit or to activate the NMDA receptors and quantify the
amount of myelin formed.

To identify possible G protein coupled receptor mediated responses to the

neurotransmitters acetylcholine, adenosine, ATP, noradrenalin, dopamine, histamine,
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serotonin and melatonin, it is desirable to use calcium imaging. This could be achieved

by using a ratiometric calcium sensitive dye, like fura 2, in the internal solution.

9.2 Ischaemia of the grey and white matter

In chapter 8, 1 showed that glycolysis alone can provide neurons with enough
ATP to maintain the ion gradient across the membrane and therefore prevent the sudden
depolarization and subsequent increase in external glutamate concentration which
occurs in ischaemia. Interestingly, during block of glycolysis, exogenous lactate (which
should be converted to ATP by oxidative phosphorylation) did not generate enough
energy to maintain the cells’ ion gradients and prevent the sudden depolarization and
consequent increase in extracellular glutamate concentration. In addition, in chapter 8 I
demonstrated that using a new combination of metabolic blockers to mimic ischaemia,
i.e. using in combination or alone antimycin or rotenone to block oxidative
phosphorylation (rather than cyanide which is more commonly used) and iodoacetate to
block glycolysis, gave results broadly similar to those seen using cyanide and
iodoacetate. I then used this combination of blockers to mimic ischaemia in the white
matter.

In chapter 6 I showed that simulated ischaemia generates an inward current in
oligodendrocytes at all developmental stages. This inward current was reduced by
blocking glutamate receptors, and importantly more current was blocked by blocking
NMDA receptors than by blocking AMPA/kainate receptors. In line with my findings,
the calcium concentration rises in oligodendrocytes in the adult optic nerve during
ischaemia, and this can be prevented by blocking NMDA receptors (Ziak et al., 1998;
Micu et al., 2005, online advanced publication). In addition, both in adult (Micu et al,,
2005, online advanced publication) and neonatal optic nerve (Salter & Fern, 2005), the
processes of the oligodendrocytes and the myelin get damaged in ischaemia, and this is
prevented by inhibiting the NMDA receptors expressed in oligodendrocytes. These two

other papers therefore provide results which are in complete agreement with my data.

222



Although in oligodendrocyte precursors the ischaemia-evoked current was
almost completely inhibited by blocking glutamate receptors, and a small portion was
generated via activation of GABA4 receptors, the same was not true for mature cells.
Although, glutamate blockers inhibited about 20% of the ischaemia-evoked current, the
mechanism that generates the other 80% of the current remains unclear, as inhibiting
GABA receptors had little effect and the current was not generated through activation of
either TRP or voltage-gated calcium channels, and it is not generated as a result of
action potentials evoked by axonal depolarization as TTX did not have any significant

effect on the current.

9.2.1 Future experiments

It would be interesting to investigate the role of different metabolic pathways in
delaying glutamate release during ischaemia in the white matter. To test whether
glycolysis alone could prevent the generation of the inward current from occurring in
oligodendrocytes, just as it did in pyramidal neurons, or if the white matter relies more
on oxidative phosphorylation, one could repeat the experiments described for neurons in
chapter 8, in which different metabolic blockers were used to detect the role of each
pathway in providing the cells with enough energy to maintain their membrane potential
during ischaemia and hence preventing the increase in external glutamate concentration.

An important question to be answered is from where, and how, is the glutamate
released in white matter ischaemia? There are some reports showing that glutamate can
be released via reversed uptake from both axons (Li et al., 1999) and oligodendrocytes
(Li et al., 1999; Fern & Moller, 2000). In addition, Wilke et al. (2004) suggest that
during white matter ischaemia astrocytes release glutamate through a mechanism
dependent on the chloride co-transporter NKCC1, probably due to swelling. It would be
possible to further test the mechanism of glutamate release during white matter
ischaemia, by voltage-clamping oligodendrocytes or their precursors and using their
glutamate receptors to sense the glutamate release, as Rossi et al (2000) did for grey

matter ischaemia. One could test whether the glutamate release is via Ca**-dependent
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exocytosis by removing extracellular calcium, assess whether glutamate is released via
reversed uptake (Li et al., 1999; Fern & Moller, 2000), by preloading the slice with
PDC, an inhibitor for reversed uptake, and investigate the contribution of exocytotic
glutamate release from astrocytes by blocking it with furosemide (Parpura et al., 1994)
and indomethacin (Bezzi et al., 1998).

To further advance our understanding of white matter ischaemia, it is also
necessary to identify what mechanisms other than glutamate release may lay behind the
generation of the inward current in mature oligodendrocyte during ischaemia. During
ischaemia of the white matter, as in the grey matter, the potassium ion concentration
increases in the extracellular space (Shimada et al., 1993; Vorisek & Sykova, 1997), and
this could contribute to the inward current in oligodendrocytes as they express inward
rectifying potassium channels (Chvatal et al., 1995; Gipson & Bordey, 2002). This
could be tested by using a combination of potassium channel blockers applied during
the steady state phase of the inward current. Furthermore, as oligodendrocytes express
the Na/K/2Cl co-transporter (Plotkin et al., 1997; Chen & Sun, 2005) and the K/CI
exchangers KCC2 and KCC3 (Malek et al., 2003), and these transporters have all been
suggested to participate in white matter damage (Malek et al., 2003; Wilke et al., 2004,
Chen et al., 2005), it would be straightforward to use specific blockers that are available
(like bumetanide and furosemide) to inhibit them and see whether this affects the
ischaemia evoked current in mature oligodendrocytes (while using bumetanide it would
be necessary have glutamate receptor blockers present, as it might also affect glutamate

release from astrocytes during white matter ischaemia: (Wilke et al., 2004)).

9.3  The heterogeneity of the NG2" cells

In chapter 3 I showed that there exist two subtypes of NG2" cells, defined by
their membrane properties, in the cerebral white matter. In addition, I showed in chapter
3, that 18% of NG2' cells in the cerebellar white matter do not express the
oligodendrocyte lineage marker Olig2, presumably meaning that these 18% of NG2*

cells are not going to become oligodendrocytes. In addition, I showed that white matter
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NG2" cells, that express voltage-gated sodium channels, have TTX sensitive synaptic
inputs, both GABAergic and glutamatergic, similar to those found for grey matter NG2*
cells (Bergles et al., 2000; Lin & Bergles, 2004; Lin et al., 2005; Jabs et al., 2005),
which must reflect transmitter release driven by axonal action potentials. Furthermore,
in chapter 4 1 showed that the glutamate response of the different types of NG2" cell
differed significantly, in that NG2" cells expressing voltage-gated sodium channels have
significantly larger glutamate- and NMDA- evoked responses. In contrast, there was no
difference in their GABA evoked response (chapter 5). During ischaemia, there was
also no difference between the responses of the two subsets of NG2" cells, either in the
size of the ischaemia-evoked current or in the percentage block of that current produced
by the glutamate receptor blockers AP5 and NBQX (see chapter 6). This result indicates
that both subtypes of NG2" cells may be equally vulnerable to white matter ischaemia.
However, although the synaptic activity in NG2" cells expressing voltage-gated sodium
channels increased in ischaemia, it was independent of action potentials as TTX did not
have any effect on the frequency of the currents (chapter 7).

The existence of two classes of NG2" cell with differing Olig2 expression, and
and the difference in voltage-gated channel expression between NG2* cells, further
contribute to the notion that there are two classes of NG2* cells in the CNS. It has
previously been suggested that there is an NG2" adult oligodendrocyte precursor cell,
functioning as a reserve cell to replace damaged mature oligodendrocytes, and that there
is also a new type of glial cell that is also NG2" (Butt et al., 2002). Some
oligodendrocyte precursors have been shown to express voltage-gated sodium channels
similar to the NG2" cells that I have recorded from (Sontheimer et al., 1989; Barres et
al., 1990c; Berger et al., 1991; Steinhauser et al., 1992; Berger et al., 1992a; Chvatal et
al., 1995; Knutson et al., 1997; Ziak et al., 1998; Schools et al., 2003; Chittajallu et al.,
2005), and in addition these cells have been shown to increase their migration rate in the
presence of NMDA. This might explain why the glutamate-evoked current is larger in
cells expressing voltage-gated sodium channels than in the ones that do not express
sodium channels. It has been suggested that the “new” type of glial cell (Butt et al.,

2002), the NG2" cell, is non-migratory, does not divide and is present at the Ranvier
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nodes perhaps to sense the local environment (Butt et al., 2002; Butt et al., 2005), so
this cell might not need to have as high a sensitivity to glutamate as the cells that use
glutamate for migratory guidance.

These results might suggest that the voltage-gated sodium channel expressing
NG2" cell that I find is the oligodendrocyte precursor cell, and the more ohmic cell is
the “new” type of glia or the synantocyte. Contradicting that, however, is the fact that
the ohmic cell is Olig2” and NG2", which one would not expect if the synantocyte is not
of the oligodendrocyte lineage. In addition, the fact that the NG2" cell expressing
voltage-gated sodium channels receives synaptic input, is not what one might naively
expect for oligodendrocytes. To further identify these cells’ properties, and to try to
understand if there is a clear difference between the Ng2'/Olig2” cells and the

NG27/Olig2cells, further experiments are needed.

9.3.1 Future experiments

It would be interesting to attempt to identify the differences in the properties of
NG2" cells in the cerebellar white matter. This could be achieved by voltage-clamping
NG2" cells expressing voltage-gated sodium channels, fill them with a dye and do
double antibody labelling against Olig2 and NG2, with the aim of determining whether
all of these cells express Olig2, none express Olig2, or there are two classes of such
cells. Furthermore, it would be desirable to expand the experiments to adult animals, as
my results were only obtained in P7-P12 animals. The approach would be, first, to re(io\
the immunohistochemistry labelling of Olig2 and NG2 to identify whether there is the
same distribution of Olig2" NG2 cells in the white matter in adult brain, and second, to
voltage-clamp the NG2" cells in the adult, record their membrane properties, and
simultaneously dye-fill the cells and label them with antibodies against Olig2 and NG2.

It would also be interesting to explore whether the synaptic activity in NG2"
cells is dependent on Purkinje cell activity. A possibility here would be to use a
transgenic mouse that has EGFP expressed under the NG2 promoter to label

oligodendrocyte lineage cells and then current-clamp a Purkinje cell with a dye in the
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pipette, follow its axon and voltage-clamp an EGFP'/NG2" cell that comes close to the

axon. Inducing a depolarization in the Purkinje cell one would hope to record activity in

the NG2" cell.

I hope to do experiments as suggested in the sections above during my post-

doctoral research.
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