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Abstract

Kainic acid induced excitotoxicity causes pyramidal cell death in the CA3a/b
region of the hippocampus. Electrical synapses, gap junctional communication, and
single membrane channels in non-junctional membranes (hemichannels) composed
of connexin36 (Cx36) have been implicated in both seizure propagation and the
spread of excitotoxic cell death. In rats, Cx36 protein is expressed by pyramidal
neurons. Localization of protein in mouse, however, is highly controversial.
Expression is reported to be restricted to hippocampal interneurons yet the same
excitotoxic mechanisms (electrical and metabolic coupling between pyramidal
neurons) are invoked to explain the role of Cx36 in excitotoxic pyramidal loss in
murine brain. To address this controversy, | show by confocal immunofluorescence
and in situ hybridization that Cx36 protein expression is restricted to interneurons
and microglia in murine hippocampus and is not expressed by, or is below level of
detection in pyramidal neurons. Using behavioural and electrophysiological
measures, seizure propagation was found to be moderately enhanced in the
absence of Cx36 likely due to the loss of interneuron-mediated synchronous
inhibition of the pyramidal cells. Further, CA3a/b neurons die post kainic acid injury
in the presence of Cx36 but are protected in Cx36” mice. When delayed excitotoxic
cell death is maximal, Cx36 is primarily expressed by activated microglia as
demonstrated by confocal immunofluorescence, in situ hybridization, and Western
blotting. These activated microglia are located in the direct vicinity of, and
surrounding cells in the damaged Ca3a/b region. Finally, | show that loss of Cx36

from activated microglia in mice is sufficient to prevent excitotoxic cell death in the



CA3a/b with surviving neurons functional as assessed by both electrophysiological
and behavioural measures. Together, these data identify a new mechanism of
excitotoxic injury, mediated by neuronal-glial interactions, and dependent on

microglial Cx36 expression.
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1. Chapter 1 — General introduction

1.1 The connexin family of gap junction proteins.

Connexins (Cx) are a family of proteins that facilitate cellular communication in
eukaryotic organisms. Connexins are composed of four transmembrane spanning
proteins with two extracellular loops, an intracellular loop, and intracellular carboxy
and amino termini (Fig. 1.1a)" 2. When six connexins hexamerize they form a
connexon (Figure 1b,c). When integrated into the plasma membrane, a connexon is
a pore-like structure allowing for the passage of small molecules <1.2 kiloDaltons
(kDa) such as ions, second messengers and metabolites including Na*, K*, Ca®*,
inositol-1,4,5-trisphosphate, and cyclic AMP>*. In non-junctional membranes, these
hemichannels (or single membrane channels) enable cellular communication with
the extracellular space (Fig. 1.1d)> °. When connexons of adjacent cells dock with
one another they can form a functional intercellular channel, facilitating gap
junctional intercellular communication (GJIC) (Fig. 1.1e,f,g). Collections of these
intercellular channels make up a gap junction plaque (Fig. 1.1))% ’. GJIC allows for
direct cytoplasmic interaction between coupled cells®.

Connexins are also known to communicate through non-junctional, channel
independent mechanisms also known as the connexin interactome (Fig. 1.1h). In
this type of communication, proteins bind to the intercellular regions of the connexin,
either the carboxy or amino termini, creating proteincomplexes®. Interactions at
extracellular connexin domains can also form adhesion domains (Fig. 1.1i). In this

method of connexin communication, cells use connexins as migrational guides, such
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Figure 1.1 The connexin protein, connexons, and connexon mediated
communication.

(a) The connexin protein consists of four transmembrane domains, two extracellular
loops, one intracellular loop, and intracellular amino and carboxy termini. (b,c) Six
connexins hexamerize to form a connexon. (b) Homomeric connexons are oligomers
of the same connexin proteins, (c) and heteromeric connexons consist of different
connexin proteins. (d) Hemichannels consist of a connexin oligomers
communicating with the extracellular space. (e-g) Connexins aligning from adjoining
cells form a gap junction and mediate GJIC. (e) Homotypic gap junctions are made
up of two homomeric connexons. (f) Heterotypic gap junctions consist of two
different homomeric connexons. (g) Heteromeric gap junctions consist of two
heteromeric connexons. (h) The connexin interactome is when proteins interact with
intracellular domains of the connexin protein. (i) Connexin communication through
adhesion domains is when connexins are used as docking proteins for cellular
movement. (j) Connexons congregate in cell membranes forming connexin plaques.
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as cardiac neural crest cells utilizing connexin4d3 (Cx43) adhesion domains to
migrate to final destination required for proper cardiac development®.

There are 20 known connexons expressed in mice, and 21 expressed in
humans'®. Each connexon is named according to its corresponding molecular
weight in kDa. A connexon/hemichannel can be composed of a single type of
connexin, which is called a homomeric connexon (Fig. 1.1b), or different connexins
making the connexon heteromeric (Fig. 1.1c)’. When two homomeric connexons
align, forming an intercellular channel, the channel is known to be homotypic (Fig.
1.1e). When two different homomeric connexons align, the channel is known to be
heterotypic (Fig. 1.1f). When two heteromeric connexons align the channel is known
to be heteromeric (Fig. 1.1g)*. The type of connexins present in a connexon, and the
type of gap junction channel formed (hemichannel, or homotypic, heterotypic, or
heteromeric GJs) dictates channel specificity’. Moreover, connexin-mediated
channels are gated in response to size selectivity, voltage, chemical stimuli, and

H3; 6; 11; 12.

p

Connexon nomenclature has been described previously (reviewed in Sohl
and Willecke 2003). Connexins are first named according to the species in which
they were identified and by their molecular mass (kDa)®. For example mouse
connexin36, the 36 kDa mouse connexin protein, would be assigned mCx36.
Another naming system for connexins uses sequence similarity, length of
cytoplasmic domains, and the order in which the connexin in a particular domain
was discovered'®. Connexins with similar sequences and cytoplasmic domains are

grouped together into groups; a, £, y1°. This naming system is first designated with
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the abbreviation Gj, for Gap Junction, then uses the «, B, or v, to indicate the class in
which the connexin falls, and finally the order in which the connexin was
discovered’®. mCx43, for example, is also designated GJa1 as the first o group-
associated connexin discovered'. Interestingly for neuronal connexins, Cx45 and
Cx36, novel groups of naming have also been proposed by Sohl and Willecke to
describe their dendrogram/phylogenic tree'®. Here, it is argued that Cx45, Cx47 and
Cx36 should be taken out of the a-group due to their separation from the a-group in
the dendrogram and phylogeny tree'. It is argued that Cx45 and Cx47 should be
designated as part of the y-group because of their cytoplasmic loop length
similarities and sequence similarities’®. Along the same lines, mCx36 or hCx36
should be in a novel d divergent subgroup because of their unique sequence and
cytoplasmic loop properties and thus grouped with other divergent connexins
mCx29, Cx23, mCx39, and hCx40.1'°. A complete list of mouse and human

connexin and gap junction nomenclatures is provided in Table 1 (adapted from'?).

1.2 Neuronal connexons.

Eleven connexins are detected in the central nervous system (CNS): Cx26,
Cx29, Cx30, Cx32, Cx36, Cx37, Cx40, Cx43, Cx45, Cx47, and Cx57 %™ Only
Cx36, Cx45, and Cx57 are expressed by neurons, with Cx57 restricted to horizontal
cells of the retina > "% '®. Neuronal connexins mainly form electrical synapses > 1" 1&
® however they are known to be permeable to cAMP, ATP, and dyes such as

neurobiotin and lucifer yellow 2%2%2%23 Cx36 can form hemichannels 2!, homotypic

gap junctions *?*, and heterotypic gap junctions with Cx45 2°.
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Connexin Name (Cx)

Gap Junction Name (GJ)

mCx hCx Former GJ name | Current GJ name
Mouse | Human | Mouse | Human
GJ GJ GJ GJ
mCx23 hCx23 - - Gjd5 GJD5
X hCx25 X - X GJB7
mCx26 hCx26 Gjb2 GJB2 Gjb2 GJB2
mCx29 hCx30.2 Gje1 GJE1 Gjd1 GJD1
(hCx31.3)

mCx30 hCx30 Gjb6 GJB6 Gjb6 GJB6
mCx30.2 hCx31.9 Gja11 GJA11 | Gjd3 GJD3
mCx30.3 hCx30.3 Gjb4 GJB4 Gjb4 GJB4
mCx31 hCx31 Gjb3 GJB3 Gjb3 GJB3
mCx32 hCx32 Gjb1 GJB1 Gjb1 GJB1
mCx33 X Gjab X Gjab X
mCx36 hCx36 Gja9 JGA9 Gjd2 GJD2
mCx37 hCx37 Gja4 GJA4 Gja4 GJA4
mCx39 hCx40.1 - - Gjd4 GJD4
mCx40 hCx40 Gja5 GJA5 Gja5 GJA5
mCx43 hCx43 Gja1 GJA1 Gja1 GJA1
mCx45 hCx45 Gja7 GJA7 Gjc1 GJC1
mCx46 hCx46 Gja3 GJA3 Gja3 GJA3
mCx47 hCx47 Gja12 GJA12 | Gjc2 GJC2
mCx50 hCx50 Gja8 GJA8 Gja8 GJA8
mCx57 hCx62 Gja10 - Gja10 GJA10
X hCx59 X GJA10 |x GJA9

15




Table 1.1 List of human and mouse connexin (Cx) names, including former and
current gap junction (GJ) naming systems.

(x) designates no connexin present for that species. (---) designates no GJ name for
that connexin.
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Cx36 and Cx45 are developmentally regulated connexins. Both Cx36 and
Cx45 are abundantly expressed throughout the developing rodent brain ' 19 2¢,
Expression of Cx36 is first observed on embryonic day 7.5 (E7.5), and is strongly
detected by day E9.5 in the forebrain®’. Expression levels increase as the mouse
develops to postnatal day 14 (P14) until Cx36 is expressed throughout the murine
brain' 26 2 |n the cortex, Cx36 mRNA levels are abundant at P7 and become
reduced to scattered cells into adulthood®® ?%. In the adult hippocampus, Cx36
expression was thought to be restricted to interneurons of the stratum pyramidale'®
28 but there is now evidence for protein expression in pyramidal neurons, at least in
rat?® *. Expression in mouse pyramidal neurons remains unclear and
controversial'™ 2% 3" In the adult rodent, Cx36 is found in the inferior olive,
cerebellum, olfactory bulb, pineal gland, anterior pituitary, spinal cord, retinal inner
and outer plexiform layer, and All amacrine cells?®. Similarly, Cx45 expression is
found in nearly all brain regions during development'®. Expression is dramatically

reduced in hippocampus, cortex, striatum, thalamus and cerebellum in the adult

brain and is restricted to NeuN-positive neurons '°.

1.3 Lessons learned from Cx36 null-mutant mice.

In the Cx36” mouse developed by Dr David Paul, a biscistronic cassette
containing both placental alkaline phosphatase (PLAP) and LacZ reporter genes
replaces the Cx36 coding sequence under endogenous control of the Cx36
promoter®2. Phenotypically, Cx36 null mutant mice display no gross deficits in motor
performance™ *3. However, because inferior olive neurons are coupled by Cx36,

knockout mice have abolished subthreshold oscillation synchrony®. The loss of
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spike synchrony in inferior olivary neurons in Cx36” mice adds 10 — 20 ms to
temporal coordination of muscle firing, thereby affecting fine motor tasks. In the
hippocampus, which plays an important role in learning and memory, Cx36
expression has only been detected in GABAergic interneurons in mice' despite
reports to the contrary in rats®* 3°. Cx36™ mice show deficits in object recognition in
a new object recognition task®. In wild-type mice, fear-motivated learning and
memory can be hindered by stereotactic injections of gap junction blockers
carbenoxolone and mefloquine into the dorsal hippocampus®’. Although
carbenoxolone is a broad pan-connexin channel inhibitor, mefloquine is a more
specific inhibitor of Cx36-mediated channels®. Ablation of Cx36 from hippocampal
interneuron populations disrupts kainate induced gamma frequency network
oscillations in vivo* and in vitro'®. Cx36™ mice have a reduction in y-oscillation
rhythmicity, and inhibitory post synaptic potentials (IPSPs) are disrupted in both

amplitude and rhythmicity '°.

Hippocampal interneuron coupling is abolished in
Cx36™ mice '°. High frequency oscillations remain unaffected by the loss of Cx36 %
%9 giving rise to the possibility that excitatory pyramidal neurons are coupled by
another gap junction ?. The differentiation of excitatory pyramidal cell and inhibitory
interneuron networks may enable the proper entrainment of pyramidal cell

2 Somewhat

discharges through modulatory GABAergic interneuron influence
surprisingly, Cx36” mice exhibit differences in pyramidal NMDA receptor (NMDAR)
subunit protein expression compared to wild-type mice (despite the fact that protein

has not been detected in mice, although recent reports suggest that rats may

express Cx36 in pyramidal neurons)? °. The NMDAR subunit ratio NR2A/NR2B is
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+/+

greater in the hippocampus of Cx36™ mice compared to Cx36"* mice*°, indicating
(a) there may be a developmental effect of Cx36 in regulating NMDAR subunit
expression required for adult distribution and (b) there may be possible variations in
excitotoxic mediated damage between the genotypes. NMDARs are primary
mediators of glutamatergic excitotoxic damage, which can be caused by

neurodegenerative conditions such as epilepsy. In humans mutations in the Cx36

gene have been associated with juvenile myoclonic epilepsy®’.

1.4 Connexins influence cerebral excitotoxic damage and disease.

During stroke (ischemia), blood flow is restricted or stopped resulting in
oxygen and glucose deprivation that is required for normal cell function. In the area
surrounding the stroke, an accumulation of Ca®*in relation to the necrotic lesion core
initiates death pathways associated with excitotoxicity** **. Connexins are implicated
in transmission of this injury. Cx43*" mice exhibit a larger infarct volume compared
to wild-type, suggesting that the presence of Cx43 is protective against stroke
associated cellular injury and death**. The propagation of cell death observed
around the central “stroked area” is known as the “bystander effect’**. The
“bystander effect” of cell death is not only observed in ischemia, but in other models
of disease and trauma**. There is a growing body of evidence suggesting that GJIC
represents one means of propagating cell death second messengers such as Ca**
through clusters of coupled cells** ¢ 4" In support of this hypothesis, GJIC blockade
with the pharmacological inhibitor carbonoxolone, or 18- 3 -glycyrrhetinic acid can

prevent apoptosis*® 48 4950,
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1.5 Kainic acid (KA)-induced excitotoxicity.

Excitotoxicity refers to the damage and death caused to neurons following
excessive release of excitatory neurotransmitters, such as glutamate. Sustained
glutamatergic neurotransmission causes overactivation of ionotropic glutamate
receptors. Damage underlies neuronal loss in diseases such as epilepsy, Alzheimer
disease (AD), cerebral ischemia and Parkinson’s disease (PD)*'. Temporal lobe
epilepsy (TLE) is a chronic condition, and is the most common form of human
epilepsy®?. It is postulated TLE is caused by dysregulation of inhibition and excitation,
causing synchronous overactivation of excitatory neurons®. In kindling models, TLE
can be induced by the chronic activation of KA receptors. Acute animal models of
kainate-induced seizure (i.e., systemic injection of KA) can also be employed to
observe neuronal survival, recovery, or susceptibility to damage. These acute
animal seizure models have also proven useful in drug discovery®*.

KA is an analog of glutamate®, and is derived from a red algae called
Digenea simplex °'. The use of KA is an established model of excitotoxicity®' °°. KA
is known to bind kainate receptors, which are predominantly located in the cornu
ammonis 3 (CA3) region of the hippocampus, with fewer being found in the CA1

region®®

. Following kainate administration, neurons in the CA1, and more
principally in the CA3 region of the hippocampus, experience delayed cell death in
rodent models®’. Neuronal cell replacement in the damaged CA3 region of the
hippocampus is limited post injury in wild-type mice®®. Kainate receptors are a class
of ionotropic glutamate receptors. lonotropic glutamate receptors are grouped as N-

methyl-D-Aspartate (NMDA) and non-NMDA receptors, which include kainate and L-

a-amino-3-hydroxy-5-methylisoxazole-4-propionate receptors (AMPAR)*’. As the
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name ionotropic glutamate receptor implies, these receptors all are able to bind
glutamate and play a role in excitotoxicity. NMDARs consist of NMDA subunits NR1,
and NR2A-D °°. AMPARs consist of subunits GluR1-4, and kainate receptors consist
of subunits GIuR5-7 and KA1-2°%°". CA3 pyramidal cells are particularly sensitive to
KA®®. Upon binding of KA, there is a cellular influx of Ca®* which can lead to the
activation of various enzymes including endonucleases, phospholipases, proteases,
the activation of reactive oxygen species (ROS) causing mitochondrial dysfunction,
and the activation of apoptotic, or necrotic pathways (Fig. 1.2)°'. Further,
extrasynaptic NR2B receptors have reportedly been the main effector of excitotoxic
injury post ischemia in neurons®’. In the days following kainic insult, degenerating
cells are stained with in situ nick end labeling, again suggesting apoptosis and
necrosis pathway activation®'. Activated microglia have been shown to be recruited
to the damaged CA3 region of KA injured rats five days post administration,
highlighting the importance of glial cell activation and neuronal cell death following

excitotoxic injury®’.

1.6 The role of microglia following excitotoxicity.

Microglia are the resident immune cells of the CNS, and consist of
approximately 10% of the CNS cell population®®. Relevant to this thesis, they are the
only cell type (other than neurons) known to express Cx36°%. They are responsible
for removal and clearance of unwanted cells, or debris. Microglia reside throughout
the brain and spinal cord in an inactive state as ramified microglia®®. Morphology is
defined by a small cell body with long protruding extensions (Fig. 1.3a). It is thought

that these inactive microglia roam the CNS in search of foreign invaders, cellular
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damage, or debris such as plaques®. The long projections of ramified microglia
scan surrounding areas for unwanted material, and upon finding damaged cells,
invaders, or foreign debris they become activated®. When microglia become
activated their processes retract and cell bodies become larger reaching an
amoeboid state where they actively contact damaged or unwanted cells and debris,
which they can phagocytose (Fig. 1.3a-d)%% °. Activated microglia express Ibaf,
upregulated during the activation process®. Microglia eliminate unwanted CNS
invaders through phagocytotic and cytotoxic mechanisms®’. Microglia can also act
as antigen presenting cells, and can release factors such as pro-inflammatory
cytokines, heat shock proteins, and acute phase proteins which increase the
cerebral immune response®.

Following administration of KA, there are observed increases in microglia cell
number in the CA3 region of the hippocampus®'. Activation of microglia is commonly
associated with neurodegeneration processes, and contribute to increases observed

in proinflammatory factors and reactive oxygen species (ROS)*'

. Microglia can
release large quantities of cytotoxic substances®. In in vitro experiments, it was
observed that microglia release H,O- nitric oxide (NO), glutamate and aspartate’®
72 |n experiments utilizing rat cerebral cortex neuronal- microglia co-cultures,
observed cell contact and phagocytosis incurred large amounts of neural death
which the authors suggest is mediated by H,0,">. The Spray lab has verified a direct
cell-cell coupling mediated by Cx36 between neurons and microglia through
electrophysiology and dye transfer studies®. Further, it has been reported that

activated microglia can cause the focal destruction of damaged neurons through the

direct release of Ca?* stores’®. Thus, | hypothesize that during excitotoxic conditions
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Figure 1.2 The KA model of excitotoxic injury.

Kainate receptors are primarily located in the CA3a/b region of the hippocampus (b,
dotted box; c, arrows). Upon sufficient binding of KA to kainate receptors, regional
membrane depolarization is observed (a,i-ii). Depolarization releases Mg®* blocking
the NMDAR pores leading to threshold depolarization and sustained neuronal firing
(a,iii). With depolarization, the quanta of glutamate released in the synaptic cleft is
enhanced and the cycle continues causing the observed excitotoxic cellular damage
in the hippocampus (a,iv). CA3a/b delayed excitotoxic cell loss is observed (d), and
limited cell replacement is observed four weeks post KA-injury (e).
Photomicrographs are from the Bennett laboratory of methyl-green pyronin Y
stained sections of wild-type C57BL/6 mice (N12) sacrificed at the indicated times
following KA. Scale bar, 50 um.
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activated microglia could instigate the death of damaged neurons through the
coupling of these cell types, mediated by Cx36, and the direct passage of Ca®*. The
coupling of damaged neurons and activated microglia could also instigate the
propagation of Ca?* waves, which would depolarize these cells and cause the
release of more glutamate’. This could provide insight into a link between
excitotoxic mediated neuronal death with microglia, either through direct GJIC or
microglial hemichannels, which has yet to be elucidated in vivo and in vitro. During
periods of excitotoxic insult such as NO dependent excitotoxicity, ischemia, and
Alzheimer Disease (AD), microglia have been found to have neuroprotective

properties®® 7% 77

. However during periods of overstimulation, overactivation, or
dysregulation, microglia can become harmful and have negative outcomes on
neurons and their environment making them potentially attractive targets for

therapeutic intervention’®.

1.7 Relationship between Cx36 and excitotoxicity.

In the kainate receptor-rich CA3 region of the hippocampus, expression of
Cx36 is limited to interneurons of the pyramidal cell field including the stratum
radiatum and stratum oriens in adult mice'®. Following KA administration Cx36
expression is known to be downregulated 48 hours post injury’. In rats four weeks
post injury in both kainate treated and kindling models, there was no observed
difference in Cx36 protein expression in the CA3 region of the hippocampus®.
Intriguingly, NMDAR-dependent cell death in mice, both in terms of NMDAR
hyperfunction and hypofunction, require Cx36®. In the absence of Cx36, murine

hypothalamic cultures do not die from NMDAR hyperfunction or hypofunction®®. It is
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Figure 1.3 Changes in microglial morphology over the course of activation.

Microglia are dynamic cells that can switch from resting (ramified) to activated
(amoeboid) states. Ramified microglia have long processes (a), as they become
activated their processes retract (b). Ameoboid or activated microglia loose their
processes (c), and can extend new ones to contact cells/debris (d). Red cell
indicates a dying or damaged cell actively being contacted or phagocytosed by an
activated microglia (black cell).
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also known that NMDAR antagonists administered before or after KA induced injury

prevent most of the excitotoxic damage normally observed®.

1.8 Electrophysiology — KA and Cx36.

The use of KA in hippocampal electrophysiology slice experiments with
Cx36™7 and Cx36"* animals has been performed to elicit the release of physiological
levels of glutamate, and observe the burst firing frequency variations in the absence
of Cx36'°. Cerebral inhibitory interneurons located in thalamic reticular nuclei,
inferior olive, cerebellum, retinal neurons, cortex, and hippocampus, including the
CA1 and CA3 regions are known to express the electrical synaptic protein Cx36°% %
81:82 Interneurons synchronously fire at all frequencies because of their electrical
coupling through Cx36'% 8. Electrical coupling and cell spiking is divided into a
number of categories, namely theta oscillations (~9-12Hz), gamma oscillations (~30-
80Hz), and super fast oscillations (>100Hz), also known as ripples'® *. In the
absence of Cx36, theta oscillations, and high frequency ripples are unaffected,
however gamma oscillations are no longer synchronous'® 3. By knocking out Cx36
a reduction in amplitude and rhythmicity in IPSPs is observed in both pyramidal cells
and interneurons in kainate treated hippocampal slices'®. The disruption of Y-
oscillations and alterations observed in IPSPs in excitatory hippocampal networks
highlight the importance of Cx36 in the inhibitory GABAergic interneuronal
communication, and the influence that these cells have on entire networks of
excitatory pyramidal cells during excitotoxic events. While the use of slice

preparations has been done to assess the functionality of damaged hippocampi, to
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date slice preparations have not been used to assess the functionality of

hippocampal formations post KA-injury.

1.9 Rationale, hypothesis, objectives.

The relationship between neuronal Cx36 and excitotoxic brain injury is not
fully understood. Based on the evidence described above, | hypothesized that Cx36
mediated communication, either though GJIC or hemichannels, participates in
mediating excitotoxic cell death in the hippocampus following KA induced injury. |
hypothesize that, in the absence of Cx36, excitotoxic neuronal injury will be reduced.
To test these hypotheses and provide mechanistic insight into the role of Cx36 in
propagating seizure injury, | employed a loss of function approach, using Cx36
knock out mice, to assess whether loss of Cx36 was indeed protective in the
hippocampus following KA-induced excitotoxic challenge. Here, | address three
specific aims:

(1) Assess the extent of KA-induced excitotoxic damage in the CA3 region of the

+/+

hippocampus in Cx36"* and Cx36™ mice.
(2) Determine how loss of Cx36 alters CA3 pyramidal neuronal response to KA.
(3) Determine if CA3 pyramidal cells in Cx36™ mice are functional following

excitotoxic insult.
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2. Chapter 2 — Materials and Methods

2.1 Animals.

All experimental protocols were approved by the Animal Care Committee of
the University of Ottawa according to guidelines set forth by the Canadian Council
on Animal Care. Cx36” mice on a C57BL6/129SVEv hybrid background were
generated as previously described®®. Mice were backbred for four generations (N4)
onto a C57BI/6 lineage in the Bennett laboratory and compared to congenic N4
Cx36"* wild-type littermates derived from mating of heterozygote breeding pairs.
Mice were kept on a 12 h light-dark cycle with food and water available ad libitum.
Animals were genotyped both at weaning and upon sacrifice. An overnight digestion
of ear samples was performed at 55°C in digestion buffer (100 mM Tris-Cl pH 8.5, 5
mM EDTA, 200 mM NacCl, 0.2% SDS) with 20.8 mg/ml proteinase K (Wisent, CA#
800-030-EM). DNA from digested tissue was extracted in phenol chloroform/isoamyl
alcohol and precipitated using isopropanol. DNA was resuspended in 150 ml of Tris-
Ethanolamine (TE) buffer (10 mM Tris-Cl pH 7.5, 1 mM EDTA). PCR analysis was
performed using primers designed to amplify a Cx36"* band (5-
AGCGGAGGGAGCAAACGAGAAG-3, and 5'- CTGCCGAAATTGGGAACACTGAC-
3, generatihg a 533 bp product) and a Cx36" band (5-
GGTGAACCGCAACTGGTACT-3; and 5-CCCACCTTGGCTGTAGTCAT-3,
generating a 187 bp product). PCR analysis was performed using a BioMetra

+/+

(TGradient) thermocycler. Cycling time for the Cx36™" reaction was 94°C for 1
minute, followed by 30 cycles of 94°C of 15 seconds, 69°C for 15 seconds, 72°C for

45 seconds, and then held at 4°C. Cycling time for the Cx36” reaction was 95°C for
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15 minutes, then 35 cycles of 95°C for 30 seconds, 63°C for 90 seconds, 72°C for 2

minutes, followed with one cycle of 72°C for 15 minutes, and a 4°C hold.

2.2 Tissue preparation.

A total of n=73 Cx36"* and n=51 Cx36" mice were sacrificed by lethal
injection with sodium pentobarbital during this study. Mice were transcardially
perfused with 10 mM phosphate buffered saline (PBS; 10 mM sodium phosphate,
154 mM sodium chloride, pH 7.2) followed by 4% formaldehyde (Sigma, CA#
F1635) in 10 mM PBS. Neonatal and adult mice were assessed at 1 week of age or
2.5-3 months of age respectively. Brains were removed, post-fixed for 24 h in the
same fixative, and cryoprotected in 20% sucrose solution in 10 mM PBS containing
0.001% NaNg3;, for 48 hr at 4°C.

For in situ hybridization, all reagents were diethylpyrocarbonate (DEPC,
Sigma, CA# D5758)-treated prior to perfusion, fixation, and cryoprotection and all
equipment was cleaned with RNAse Away (Invitrogen, CA# 10328-011). Tissue was
flash-frozen and serial coronal or sagittal sections (10 um thickness) were prepared
using a Leica CM1900 cryostat (Leica Microsystems Inc., Richmond Hill, ON).
Sections were stored in RNAse-away-treated slide boxes with desiccate bags to
minimize condensation.

For quantitative immmunofluorescent analyses, tissue was prepared for serial
counts (interneuronal counts) in the following manner. Serial 30 ym and 10 ym
coronal sections were collected (Leica Microsystems, Wetzlar, Germany) through
the whole hippocampus (bregma -0.80 to -4.30 mm). Thirty ym sections were

collected for the first five sections and placed in incremental wells of a 12 well plate
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containing 0.1M PBS + 0.1% sodium azide (NaNs). The cryostat was changed to a
10 um thickness and three sections were taken and mounted on a slide
(Superfrost/Plus, Fisher, catalog # 12-550-15). The process was repeated five times
(with three sections/slide). The crysostat was then reset to collect 30 um sections
and the process commenced from the beginning. Thus 30 pm sections were
collected in a 1 in 10 series. Free floating (30 um) sections were stored at 4°C. The

10 ym slide-mounted sections were stored at -80°C.

2.3 KA-induced seizures.

Adult mice (3 months of age) received single intraperitoneal injections of 15
mg/kg KA (Sigma, CA# K250). Seizure intensity was assessed based on a five-
point behavioural scale as previously described®: 0, no response; 1, reduced
locomotion and sedation; 2, automatisms including head bobbing, scratching,
repetitive face washing, increased frequency of "freezing" and "wet-dog shakes"; 3,
tremors and weak clonic convulsions; 4, intermittent followed by continuous rearing
with forelimb clonus and loss of postural control; and 5, severe limbic seizures with
respiratory difficulty. Within five minutes of reaching status epilepticus (stage 4
seizure), animals received 5 mg/kg of diazepam to limit convulsions and were
placed in housing under reduced light and minimal sound. Animals were kept under
close observation for 6 hr to monitor additional seizure activity. Only mice that
reached stage 4 were used. Mice were euthanized with sodium pentobarbital 3, 7 or
28 days following KA-induced seizure and transcardially perfused with 10 mM PBS

and 4% paraformaldehyde in 10 mM PBS as described above.
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2.4 In situ hybridization.
Cx36 mRNA expression was analyzed in neonatal (1 week of age) and adult
mice (2.5-3 months of age). In situ hybridization was performed as described

previously %

using two digoxigenin (DIG)-labelled anti-sense oligonucleotides: 5’
GGTGGTCTCTGTGTTCTGCAGCACCCCATTGACCATGGC-3' and

5-CTGGGCTCCCCGGACAGCCAGTTTGATCTTCCGCCAT-3' . DIG-labelled
oligonucleotides were synthesized by Integrated DNA Technologies. Briefly, all
surfaces in contact with slides were cleaned with RNase away. Sections were
removed from stored slide box in -20°C environment and placed in a chamber
containing desiccate (Drierite, W.A. Hammond Drierite Company LTD., Ohio, USA)
and allowed to acclimatize to room temperature in chamber for 30 minutes to
minimize condensation. Sections were hybridized overnight at 65°C in humidity
chambers containing 50% formamide (EMD chemicals, Darmstadt, Germany) in a
1X salt solution (20 mM NaCl, 9 mM Tris-HCL, 1 mM Tris base, 5 mM dihydrous
sodium phosphate, 5 mM disodium phosphate and 5mM EDTA) on filter paper. Both
probes were used at 100 pg/ml in a 1:1 mixture in hybridization buffer (50%
deionized formamide, 20% of a 50% dextran sulfate solution, 0.1 mg/ml yeast rRNA,
1X Denhardt’s solution (2% bovine serum albumin, 2% Ficoll 400, 2% polyvinyl
pyrolidone) in a 1X salt solution). Sections were washed four times at 65°C in 1X
Maleic Acid Buffer containing 0.1% Tween-20 (MABT; 0.1M maleic acid, 0.16M
NaOH, 0.15M NacCl, 0.1% Tween-20) and incubated for 1 h at room temperature in
blocking solution (20% sheep serum, 2% blocking reagent (Roche, CA# 1096176),

in 1X MABT). Signal was detected using anti-DIG-alkaline phosphatase (Roche,

CA# 11093274910, 1:1500) diluted in blocking solution and incubated at 4°C
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overnight. Sections received four 20-min washes in 1X MABT and two 10-min
washes in pre-staining solution (100 mM NaCl, 100 mM Tris-Cl pH 9.5, 50 mM
MgCl,, 0.1% tween-20). Following the pre-staining washes sections were placed in
staining buffer (100 mM NaCl, 100 mM Tris-Cl pH 9.5, 50 mM MgCI2, 0.1% Tween-
20, 10% polyvinvyl alcohol) containing 4-Nitro blue tetrazolium chloride (NBT; Roche,
CA# 11383213001) and 5-bromo-4-chloro-3-indoyl-phosphate (BCIP; Roche, CA#
11383221001) and incubated overnight. After staining, sections received four 10-
min washes in 10 mM PBS, were dehydrated, and coverslipped using DPX (Fluka,

CA# 44581).

2.5 Histology, immunofluorescence and cell counts.

Haematoxylin & eosin (H&E) staining was used to qualitatively assess
neurodegeneration following excitotoxic injury. For immunofluorescence, primary
antibodies were: mouse anti-NeuN (Chemicon; CA# MAB337; 1:50), mouse anti-
parvalbumin (Sigma, CA# P3088; 1:1000), rabbit anti-parvalbumin (Swant, CA# PV-
28; 1:1000), mouse-anti-connexin36 (Millipore, CA# MAB3045; 1:100), rabbit anti-
Iba1 (Wako, CA# 019-19741; 1:100). Secondary antibodies include Cy3-conjugated
donkey anti-mouse IgG (Jackson, CA# 715-165-150; 1:400), FITC-conjugated
donkey anti-mouse IgG (Jackson, CA# 715-095-150; 1:50), Cy3-conjugated donkey
anti-rabbit 1IgG (Jackson, CA# 711-166-152; 1:600), FITC-conjugated donkey anti-
rabbit IgG (Jackson, CA# 711-096-152; 1:100). Prior to application of the primary
antibody, slide mounted tissue was placed in 10 mM PBS for 5 minutes. Antibodies
were diluted in antibody buffer (3% bovine serum albumin, 0.3% Triton X-100 in 10

mM PBS). Primary antibodies were applied to slide mounted tissue and a parafilm
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cover slip was placed over tissue, evenly distributing the antibody and preventing
antibody solution evaporation. Tissue was incubated at 4°C overnight. The following
day, three 5 minute washes in 10 mM PBS were performed followed by a 1 hr
incubation with secondary antibodies. Secondary antibodies were diluted in 3%
bovine serum albumin, 0.3% Triton X-100, all in 10 mM PBS, and a parafilm cover
slip was placed over tissue to evenly distribute antibody. Following secondary
antibody incubation one 5 minute 10 mM PBS wash was performed, followed by one
5 minute incubation with nuclear stain Drag5 (Cell Signaling, CA# 40845; 1:1000 in
10 mM PBS) followed by one 5 minute 10 mM PBS wash. Following washes,
sections were coverslipped in an “antifade” mounting media (Prolong Gold,
Invitrogen, CA# P36930). Confocal laser scanning microscopy, Leica TCS Sp5
(Leica Microsystems), was used to identify immunopositive cells in z-stacks
captured with Leica LAS AF software (version 2.41) using an HCX PL APO CS 63X
1.4 oil objective with a pinhole size of 1 Airy unit (or equal optical slices for multiple
fluorophores). Immunopositive cells were also observed, and counted using
immunofluorescence microscopy on a Leica DMXRA2 widefield microscope using a
Hamamatsu Orca ER digital camera.

Free-floating tissue for stereology were prepared in the following manner; A
well of sections representing 1 in 10 sections throughout the hippocampus (bregma -
0.80 mm to -4.60 mm, 30 um thick) were taken from storage media an floated in 10
mM PBS for 10 minutes. Tissue was then transferred to medium (3% bovine serum
albumin, 0.3% Triton X-100 in 10 mM PBS) with diluted antibody and placed on

shaker (S-500 orbital shaker, VWR, CA# 14005-830) at 4°C overnight. Tissue was
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then transferred to a series of two 10 minute 10 mM PBS washes with agitation on a
platform shaker (The Belly Dancer, Stovall, model # USBDbo) at speed 7. Following
the two PBS washes the tissue was transferred to media (3% bovine serum albumin,
0.3% Triton X-100 in 10 mM PBS) containing diluted secondary antibody with
conjugated fluorophores and agitated on a platform shaker (The Belly Dancer,
Stovall, model # USBDbo) at speed 7 for 1 hour and 10 minutes. Tissue was then
transferred into 10 mM PBS and agitated on platform shaker at speed 7 for 10
minutes and this washing step was repeated. During secondary incubation and two
subsequent washing steps, tissue was covered with tin foil in order to minimize
exposure of the tissue to light and subsequent fluorescence degradation. Following
the second wash hippocampal tissue was mounted on a slide and coverslipped
using Prolong Gold mounting media containing DAPI (Invitrogen, CA#P36931). Cell
counts were performed using Image J analysis software (NIH) °. The total number
of labeled cells in a given region per animal was calculated as the sum of the cell
counts in all sampled sections multiplied by the total number of serial sections
collected and divided by the number of sections sampled as previously described®®
87; 88.

In some cases, cells were quantified using the optical dissector method by
counting cells in defined hippocampal subregions positive for NeuN in bilateral
hippocampi in two adjacent 10 um sections (n=4 hippocampi per animal) between
dorsal bregma -1.60 mm to -2.10 mm. The region of the hippocampus assessed was
an area that encompassed most medial tip of the CA3c. The measurement feature
of OpenLab v5.08 software was used to determine the total area (mm?) of each

region and two independent investigators performed counts. Values were averaged
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to produce a single value per animal and the data was expressed as the number of

NeuN positive cells per 0.1 mm?.

2.6 Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL).
Apoptotic cell loss and DNA damge was assessed by TUNEL (Roche, CA#
1684795). Sections were incubated for 5 min in 0.1% Triton-X/0.1% sodium citrate
on ice, and a 2 min incubation in ethanol:acetic acid (2:1) on ice to permeabilize
tissue. The sections then underwent a 2 min wash in 10 mM PBS, and were
incubated in a humidity chamber for 1 hr at 37°C with fluorescein isothyanate
(FITC)-labeled dUTP in TdT buffer (30 mM Tris-HCI, pH 7.2, 140 mM sodium
cacodylate, 1 mM cobalt chloride) and TdT in accordance with the Roche protocol.
Assessment of the number of apoptotic TUNEL-labelled cells in the hippocampus
was as quantified by taking a total count number of two adjacent 10 um sections
including both bilateral hippocampi (n=4 hippocampi per animal) in the dorsal
hippocampal region between bregma -1.60 mm to -2.10 mm. The CA3a/b region
(medial tip) of the hippocampus was counted. Two independent investigators
performed counts, and an average of the counts were taken. OpenLab v5.08
measurement feature was used to determine the total area (mm?) of the regions

assessed, and final TUNEL" cell counts were expressed per 0.1 mm?.

2.7 Western analysis.

Hippocampi were dissected in sterile 10 mM PBS (pH 7.2) containing 10 mM
sodium orthovanadate, 10 mM sodium fluoride, and 5.74 mM PMSF on ice using a
Leica MZ6 dissecting microscope. To enrich for integral membrane proteins, tissue

was placed in 300 ml TEVP buffer (20 mM Tris-Cl pH 7.4, 5 mM EDTA, 1 mM EGTA,
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10 mM NaF, 2 mM Na3zVO4, 1.5 mM PMSF, Complete EDTA-free protease inhibitor
mini-tablet, Roche CA# 04693132001 in 10 ml of buffer) on ice, sonicated four times
for 5 seconds using a F60 Sonicator Dismembrator (Fisher Scientific) at power 10,
and centrifuged at 4000 gravitational-force units (x g) for 15 min followed by 16100 x
g for 45 min at 4°C. The membrane pellet was solubilized in 200 ml TEVP buffer
containing detergent (TEVP buffer including, 0.1% SDS (sodium dodecyl sulfate),
0.1% Na-deoxycholate, 1% NP-40) before centrifugation at 16100 x g at 4°C for 2
min. Supernatant was aliquoted and stored at -80°C. Protein concentration was
determined using the Bio-Rad DC protein assay assay kit (BioRad; reagent A CA#
500-0113, reagent B CA# 500-0114, reagent S CA# 500-0115) according to
manufacturer’s protocol. Protein samples (10 ug) were separated on NuPage Bis-
Tris 4-12% gels (NUPAGE, CA# NP0321BOX) using NuPage MOPS SDS running
buffer (NuPage, CA# NPO0001) and transferred to polyvinylidene difluoride
membrane (Millipore, CA# IPVH00010). Membranes were blocked overnight at 4°C
in 5% milk (Carnation, fat-free powdered milk) solution made in 0.1% 10 mM PBS-
tween (0.1% indicating tween content) before overnight incubation at 4°C in primary
antibodies. Primary antibodies used were rabbit anti-NR1 (Cell Signaling, CA# 5704;
1:1000), mouse anti-NR2B (Lifespan Biosciences, CA# LS-C16904; 1:750), mouse
anti-NR2A (Lifespan Bioscience, CA# LS-C16900; 1:750), rabbit anti-GluR1
(Millipore, CA# 04-855; 1:2000), rabbit anti-GluR2/3/4 (Cell Signalling, CA# 2460;
1:1000), mouse anti-PSD95 (Fisher, CA# MA1-046; 1:12000), mouse anti-flotillin
(BD Transduction Laboratories, CA# 610820; 1:12,000), and mouse anti-
Na'K*ATPase-B2 (Millipore, CA# 05-369; 1:10000). Secondary antibodies used

were peroxidase-conjugated donkey anti-rabbit IgG (Jackson Immunoresearch, CA#
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711-035-152; 1:2000) or peroxidase-conjugated goat anti-mouse IgG (Jackson
Immunoresearch, CA# 115-035-146; 1:2000). Antibodies were diluted in 5% milk
solution made in 0.1% 10 mM PBS-tween. Immunolabeling was visualized using
ECL detection reagents, SuperSignal West Pico Chemiluminescent Substrate Kit
(Thermo Scientific, CA# 34080). Densitometry was performed using Image J

analysis software v1.47m (NIH)®.

2.8 Morris Water Maze.

Learning and memory were assessed using the Morris Water Maze (MWM)
(Med Associates Inc., Water maze pool — mouse, CA# ENV-514M-B). Mice were
placed in a pool with opaque white water, coloured with white non-toxic liquid
tempera paint. Pool dimensions were 134.5 cm in diameter, and 53.3 cm deep with
a floor insert. A platform (10 cm in diameter) was located in the center of the back
right quadrant of the pool 1 cm below the surface of the opaque water, not visible to
mice swimming in the pool. Visual cues were placed within visual range of the mice,
a “square” to the left, and an “X” to the front of the pool (in relation to the four
designated front-left, front-right, back-left, and back-right quadrants). The testing
area dimensions were 2.98 m x 3.97 m x 2.62 m (LxWxH) respectively. Prior to
testing mice were singly housed for 28 days. The mouse cages were changed (fresh
food/bedding/water) the day before testing and then left untouched until completion
of the MWM. Mice were first placed in the MWM behaviour room one hour prior to
MWM testing. To ensure there are no auditory disturbances over the course of the
behavioural testing 60 min prior to testing, mice are exposed to white noise using a

white noise generator (San Diego Instruments, Serial # SDI 000141) set to 70 dB.
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This noise is left on for the duration of the MWM testing. Water temperature of pool
and room is maintained at 21°C. Room light intensity at pool level and where mice
are housed is checked using a Light meter (ExTech, light meter 401025), to ensure
a steady illumination of 100 lux. Different cohorts were tested for eight days with four
trials per day at zeitgeiber 9 (mice were tested 9 hours after lights on, based on 12
hour lights on, 12 hour lights off schedule). Mice were introduced to the pools and
allowed to search for the platform for up to 1 minute. In each trial. mice were
arbitrarily placed in the 4 different zones through the ftrials. Placements were
randomly selected as front left, front right, back left, and back right zones. If the
mouse did not find the platform within the one minute trial the experimenter indicated
to the subject the platform location by site-specific tapping for ten seconds so that
the mouse visually saw, and audibly heard, where the platform was located. If the
mouse did not come to the platform, the experimenter manually brought the mouse
to the platform ensuring it remained situated on the platform for a period of ten
seconds. After eight days of escape latency testing, mice were subjected to a probe
day wherein mice were placed in the pool for one trial without the platform in the
pool.

On days 10 and 11, mice were subjected to reversal testing wherein the
platform was now placed in the exact opposite quadrant during training (the front left
zone). Escape latencies and swim paths were recorded with a video camera (Bosch,
LTC0355/20; Pentax 3.5-8 mm Ins, TS2V314BED) mounted directly above the pool.
Data were recorded and analyzed by Ethovision v8 (v8.0.516) software. Analyses

were performed using Prism 6.0a (Graph Pad Software).
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2.9 Brain slice preparations and electrophysiology.
All manipulations were performed as we have previously described®®. Briefly,

+/+

uninjured adult male Cx36” and Cx36"* mice and four weeks post KA seizure were
collected. Mice were anaesthetized with halothane, cervically dislocated,
decapitated and brains were removed. Hippocampal slices (300 um thick) were cut
with a Leica VT1000S vibratome. Hippocampal slices were kept in artificial
cerebrospinal fluid (aCSF) at room temperature for one hour prior to recording. The
aCSF contained 127 mM NaCl, 1.9 mM KCI, 1.2 mM KH>PO4, 2.4 mM CaCl,, 1.3
mM MgCl,, 26 mM NaHCOs3;, 10 mM D-glucose, and equilibrated with 95% 0,-5%
CO,. During recording individual slices were contained in a custom built chamber
between two grids continuously perfused with aCSF. The slice was illuminated from
below so that it could be observed with a dissection microscope. Recordings were
performed by whole cell clamping of CA1 neurons with Axopatch 1D amplifiers
(MDS Analytical Technologies, Sunnyvale, CA, USA), using the blind version patch
clamp technique®. Patch pipettes were made from pulled thin walled borosilicate
glass. When filled with intracellular solution the patch pipettes had a resistance
ranging from 2 to 8 MQ. The intracellular solution was composed of 140.0 mM
potassium gluconate, 10.0 mM Hepes, 10.0 mM KCI, 1.0 mM EGTA, 2.0 mM
Na,ATP, 1mg.ml”" Lucifer Yellow (dipotassium salt). The solution was pH adjusted
to 7.4 with KOH, and osmolarity adjusted to 310 mOsmol™ with sucrose. Neuronal
input resistance and voltage-current relations were assessed by injecting
rectangular-wave current pulses (x50-500 pA, 0.5 to 1s), then measuring the

amplitude of the electronic potentials. Data were filtered between 2-5 kHz, and

41



digitized at 2-10 kHz (Digidata 1322, MDS Analytical Technologies), then stored
using pCLAMP data acquisition software. Data analysis was accomplished using
Clampfit 9 software (MDS Analytical Technologies).

To elicit glutamate release, brain slices were bathed in Mg-free aCSF
containing 4-aminopyridine (4-AP) (Sigma, CA# 275875). To block NMDARs, 4-AP
slices were exposed to D-(-)-2-Amino-5-phosphonopentanoic acid (D-AP5 or D-
APV) (Tocris, CA# 0106). To block AMPARs, brain slices were then exposed to D-
AP5 and 6-nitro-7-sulphamoylbenzo(f)-quinoxaline-2,3-dione (NBQX) (Tocris, CA#
0190). 4-AP was prepared in DMSO as a 100 mM solution. D-AP5 and NBQX were
diluted first in ddH20 as a stock solution, and then diluted to required concentrations
in aCSF immediately before use. The aCSF containing magnesium-free/4-AP was
prepared without magnesium at a final concentration of 100 uM 4-AP. Drugs were
applied to slices by perfusion from a line of 50 ml syringes with the main aCSF
reservoir by a series of 3-way valves. The Magnesium-free/4-AP bathing medium
was applied to slices for at least 20 minutes such that hippocampal neurons reached
a steady-state spontaneous firing. The lon channel blockers D-AP5, and
subsequently NBQX were applied for a minimum of 10 minutes, saturating the bath
at the desired concentration, and then recorded at steady-state for at least 20

minutes.
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3. Chapter 3 — Results

3.1 Cx36 is developmentally regulated in the postnatal mouse hippocampus.
To profile changes in Cx36 mRNA and protein localization of Cx36 over the
course of postnatal development, | used in situ hybridization (Fig. 3.1) and
immunofluorescence (Fig. 3.2), comparing neonatal and adult mouse hippocampus.
Robust mRNA expression was detected in the majority of hippocampal neurons in
seven-day-old neonates (Fig. 3.1a-c). In two-month-old adult mice, Cx36
expression was restricted to a smaller subset of cells distributed throughout the
granule layer of the dentate gyrus (GrDG) (Fig. 3.1d,e), pyramidal cell fields, stratum
oriens (so), and stratum lucidum (slu) (Fig. 3.1d,f). No signal was detected in Cx36™
neonates (data not shown) or adult hippocampus (Fig. 3.1g-i). By
immunofluorescence, Cx36 puncta were detected in parvalbumin (parv’) expressing
inhibitory neurons of the hippocampus (Fig. 3.2a) and specifically in parv’ neurons in
the CA3a/b region of the adult hippocampus (Fig. 3.2b). Cx36 protein was found
both at the cell body (Fig. 3.2b, i), and in processes (Fig. 3.2b, ii). We did not detect
Cx36 protein in parv’ cells in the hippocampus of Cx36™ mice (Fig. 3.2c,d).
Moreover, no immunoreactivity was detected throughout Cx36” brain sections
confirming specificity of this antibody and lot (data not shown). We did not detect
Cx36 in puncta at PSD-95" dendrites, synapsin® axons of pyramidal neurons or in
NeuN" neurons in the CA fields beyond the parv® interneuron reactivity presented in

Fig 3.2.
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Figure 3.1 Cx36 mRNA is expressed ubiquitously in neonatal hippocampus and is
downregulated in the adult mouse.

Localization of Cx36 mRNA by in situ hybridization in the hippocampus of neonatal
Cx36"* (a-c), adult Cx36"* (d-f), compared to adult Cx36™ (g-i) mice. Low-
magnification images of the hippocampus (a,d,g). Photomicrographs of the GrDg,
subgranular cell layer (SGZ), and the cornus amonis 3c (CA3c) area of the
pyramidal cell layer (b,e,h). Images of the CA3a/b region (c,f,i). Scale bars 50 um.
The location of higher magnification images in b,c,e,f,h,i are indicated in a,d,g.
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Figure 3.2 Cx36 is detected at the cell soma and along neuritic extensions of parv+
interneurons in the hippocampal CA3a/b region.

Data from parv’ immuno fluorescent labeling in adult Cx36"* and Cx36™ mice.
Overall parv* labeling of the hippocampus in Cx36"* and Cx36™ mice (a,c). Parv*
and Cx36 labeling of the CA3a/b region in Cx36"™* (b) and Cx36 (d) mice. Dotted
boxes (insets) and arrows in b(i, ii) depict Cx36 protein expression at the parv® cell

soma b(i) and along cell extensions b(ii). Scale bars (a,c) 50 um, (b-d) 10 um.
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3.2 Loss of adult interneuronal Cx36-mediated GJIC enhances interictal burst
frequency and increases the rate of seizure progression in adult mice.

To test whether developmental loss of Cx36 alters seizure behaviour in vivo, |

+/+

performed a dose response of KA on Cx36” and congenic Cx36"* mice. Mice (2.5
to 3 months of age) were injected intraperitoneally with 10-35 mg/kg KA. Seizure
intensity was staged using the five-point behavioural scale we have described

83:91. Seizure stages include: 0, no response; 1, reduced locomotion and

previously
sedation; 2, automatisms including head bobbing, scratching, repetitive face
washing, increased frequency of "freezing" and "wet-dog shakes"; 3, tremors and
weak clonic convulsions; 4, intermittent followed by continuous rearing with forelimb
clonus and loss of postural control; and 5, severe limbic seizures with respiratory
difficulty resulting in mortality. Our laboratory has previously shown that mice must
sustain stage 4 seizure for a minimum of 5 min to elicit significant pyramidal cell
CA3a/b damage®. Thus, we can reproducibly control the extent of damage the
seizures create to elicit the same lesion in every animal by limiting the duration of
stage 4 seizure to 5 min using diazepam. This protocol, however, requires that all
experimental animals exhibit the same seizure threshold (i.e., reach stage 4 seizure
without progressing to stage 5 within this 5 min window using the same dose of KA).

| found that both Cx36™* and Cx36™ mice exhibited a very narrow dose-
response window (Fig. 3.3a). In both genotypes, 15 mg/kg KA induced stage 4
seizure activity with low mortality rates in greater than 96% of all mice tested (Table
3.1). Seizure activity could be effectively limited in both genotypes after 5 min by

injection with 5 mg/kg diazepam. Higher dosages (>15 mg/kg) caused both

genotypes to progress rapidly to lethal stage 5 seizure (data not shown). At lower
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dosages, Cx36™ mice exhibited more rapid seizure induction than the wild-type mice.
Cx36™7 mice injected with either 10 mg/kg or 15 mg/kg progressed through to stage 3

+/+

seizure faster than Cx36™"" controls (Fig 3.3a). Moreover, a higher percentage of
Cx36™7 mice attained stage 4 seizure activity at lower dosages (i.e., 10 mg/kg) than
Cx36"* mice indicative of enhanced seizure susceptibility (Fig 3.3b). Taken together,
these data demonstrate that Cx36” mice exhibit similar seizure thresholds as wild-
type mice but progress more rapidly to stage 4 seizure.

To further test whether developmental loss of Cx36 alters seizure behaviour
in vitro, we used the zero magnesium and 50 uM 4-AP (0 Mg**4-AP) seizure model
to generate spontaneous interictal-like activity in brain slice preparations (Fig. 3.4a-
h). Whole-cell patch recordings from neurons in the CA1 were made to establish the
extent of the Schaffer collateral glutamatergic input from the CA3a/b to the CA1."
Spontaneous interictal burst firing was higher in Cx36™ slices compared to wild-type
(Fig. 3.4a,b). Burst duration was comparable between genotypes (Fig. 3.4c).
Perfusion with the NMDAR antagonist D-AP5 (40 uM) significantly increased burst
rate in Cx36"" slices without affecting Cx36™ slice response (Fig. 3.4a, also
compared b,d). Application of the AMPAR and kainate receptor antagonist NBQX to
D-AP5-treated slices completely abolished interictal activity in both genotypes (Fig.
3.4a,e). Firing frequencies were restored in both genotypes following antagonist

washout in 0 Mg®"/4-AP (data not shown). These data are in agreement with the

behavioural evidence that the loss of Cx36 increases seizure susceptibility both with

" These studies were performed in collaboration with Dr. David Spanswick. My role
was to prepare the animals, assist in the acute slice preparation, observe the
electrophysiology, assist in the analysis of the data, and interpret the results.
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Behavioural scale

Genotype 1 2 3 4 5 Total number
(Dosage) Mortality of mice

WT 0 (0%) 0 (0%) 3 (4%) 73 (96%) | 0(0%) 73

(15 mg/kg)

Cx36™ [ 0(0%) 0 (0%) 0 (0%) 50 (98%) 1(2%) 51

(15 mg/kg)
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Table 3.1 Sensitivity to KA induced seizures is comparable between Cx36"* and
Cx367 mice.

Seizure intensity was staged using a five-point behavioural scale. The optimal
dosage was found to be 15 mg/kg triggering the stage 4 behavioural response in the
majority of mice, with fewest reaching lethal stage 5 prior. Genotype had no effect
on KA sensitivity.
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respect to rate of seizure induction, sensitivity to KA, and interictal burst frequency.
In addition to interictal excitatory activity, 0 Mg®*'4-AP also induced repetitive
negative-going spontaneous inhibitory potentials (IPSPs) in CA1 neurons
manifested during interictal interburst intervals (Fig. 3.4f). | found that the area but
not frequency of CA1 IPSP activity was reduced in 0 Mg?"'4-AP-treated Cx36™
slices (Fig. 3.4g,h). Taken together, these data support previous reports that the loss
of synchronous interneuron firing in Cx36” mice shapes pyramidal response to
glutamatergic stimulation'® 3% %3 effects partially mimicked in vitro in wild-type slices

by an overall reduction in burst frequency in 0 Mg?"4-AP, and subsequent burst

firing frequency increase after D-AP5 application.

3.3 Enhanced seizure susceptibility is not due to alterations in glutamatergic
receptor protein levels.

Alternatively, the loss of Cx36 over the course of postnatal development could alter
the adult glutamatergic molecular machinery as suggested by recent reports that
hippocampal NR2a/NR2b NMDAR ratios are elevated in the hippocampus of Cx36™
mice®®. To distinguish between these hypotheses, | assessed the molecular
substrates of glutamatergic response in Cx36” and Cx36"* hippocampus (Fig
3.5a,b; uninjured lanes). | did not detect any difference in the relative ratios of
NMDAR subunits NR1, NR2A, and NR2B in the hippocampus between Cx36** or
Cx36™ mice (Fig 3.5a(i-iii),c; uninjured lanes). AMPAR subunits GIuR1, and
GIluR2/3/4 also showed no difference between genotypes (Fig. 3.5b(i-iii); uninjured
lanes). Postsynaptic density marker 95 (PSD95), flotillin (a lipid raft marker, data not
shown), and Na’K'ATPase (a sodium/potassium channel marker) displayed no

differences between genotypes (Fig. 3.5a(i-iii),b(i-iii); uninjured lanes).
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Figure 3.3 Seizure progression and susceptibility in adult Cx36” and Cx36*"* mice.

(a) Temporal kinetics of seizure progression in mice injected with 10 mg/kg and 15
mg/kg KA. (b) Percentage of mice that reached stage 4 seizure with 10 mg/kg and
15 mg/kg KA. Data represents the average time + standard error of measurement
(SEM) taken from mice to exhibit behavior characteristic of each seizure stage.
Statistical analysis: Two-way Anova post hoc Holm Sidak’s multiple comparisons:
**P<0.005, *P<0.05. At 10 mg/kg n=5 for Cx36"* and n=6 for Cx36" mice. At 15
mg/kg n=73 for Cx36*"* and n=51 for Cx36™ mice.
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Figure 3.4 Interictal burst frequency is increased and the magnitude of repetitive
negative-going spontaneous inhibitory potentials is decreased in Cx36™ mice.

Data from brain slices of Cx36"* and Cx36™ mice are shown. Whole-cell patch
recordings from neurons in the CA1 are depicted. (a) Representative traces of
neuronal bursts in slices bathed with Mg?* free 4-AP, +D-AP5, and + NBQX. (b,c)
Statistical analysis of (b) burst firing frequency and (c) average burst duration in
slices bathed with Mg®* free 4-AP. Statistical analysis of burst firing frequency in
slices bathed with (d) Mg?* free 4-AP and D-AP5, and (e) +NBQX. (f)
Representative traces of negative-going spontaneous burst activity (IPSPs) in slices
bathed with Mg?* free 4-AP. (g) Statistical analysis of area under the curve of IPSPs
in slices bathed with Mg** free 4-AP. (h) Statistical analysis of IPSP frequency in
slices bathed with Mg** free 4-AP. Statistics were Students t-test (b, g) or one way
ANOVA (d, e, comparing all four conditions in b and d, or b and e as indicated by
linking lines) with Tukey multiple comparisons post hoc tests. *p<0.05, **p<0.001.
Data shown are mean = SEM.
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3.4 CA3a/b pyramidal neurons are protected from excitotoxic death in Cx36-/-
mice.

To assess excitotoxic cell death in wild-type and Cx36” mice, seizures were
induced by systemic administration of KA (15 mg/kg), and neuronal survival was
compared in the CA3a/b at several time-points post-seizure. The viability of neurons
in the CA3a/b was initially assessed by histological analysis of coronal sections
though the hippocampus with hematoxylin and eosin (H&E) histology in parallel with
immunofluorescence analysis of NeuN, a marker for newly born (terminally
differentiated) and mature neurons (Fig. 3.6a-c). One week following seizure, there
was a significant loss in the number of NeuN-positive cells in the CA3 in both wild-
type and Cx36” mice (Fig. 3.6b,c), coinciding with tissue damage visualized by H&E
staining in both genotypes (Fig. 3.6¢). However, four-weeks following KA-induced
seizure, NeuN labelling was restored to uninjured levels in Cx36™ mice, but
remained lower in wild-type mice. There was no significant change in the number of
NeuN-labelled neurons in the DG at any time point post-seizure (data not shown).

While the loss of NeuN immunoreactivity in the CA3a/b might reflect neuron
loss, brain injury characterized by metabolic perturbations, such as ischemia, has
previously been reported to result in significant loss of NeuN antigenicity without
actual neuronal cell loss®. To assess neuronal viability we used terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) to detect DNA
fragmentation in dying cells (Fig. 3.7a,b). TUNEL analysis of the CA3 from Cx36™
and wild-type mice following KA-seizure clearly demonstrates that Cx36 deletion
almost completely protects cells from excitotoxic death (Fig. 3.7a,b). Wild-type mice

exhibited significantly more TUNEL-labeling in the CA3 one week post-
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Figure 3.5 lonotropic glutamate receptor protein expression levels are comparable
in uninjured mice and four weeks post KA-injury in both genotypes.

lonotropic glutamate receptor expression was assessed at the protein level in
hippocampal lysates prepared from uninjured mice and four weeks post KA-induced
seizure. Representative immunoblots are shown (a-b). Quantitative densitometric
analysis of NMDA and AMPA receptor blots (a,b) are presented (a(i-iii), b(i-iii)).
Quantitative densitometric analysis of the NR2A/NR2B protein ratio is presented in
(c). Protein levels were standardized to the Na'K'ATPase control band and
normalized to the values in the uninjured Cx36** controls. Statistical analysis: Two
way ANOVA, post hoc Holm Sidak (c). Each group contained n=3 mice. Data shown
are mean + SEM.
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injury, while virtually no cells were labeled in the CA3 of Cx36” mice. No changes

in NeuN or TUNEL labeling was observed in the DG in either group (data not shown).

3.5 In Cx36""* mice a population of GABAergic interneurons are lost in the
stratum oriens and CA3a/b regions of the hippocampus post KA-injury.

| further assessed survival of Cx36-expressing parv-positive interneurons in
Cx36"* and Cx36™ mice following seizure. Cells were stereologically counted in the
CA3a/b, CA3c, CA2, CA1, DG, hilus, stratum lucidum, stratum radiatum, and
stratum oriens of the dorsal hippocampus (bregma -0.90 mm to bregma -2.40 mm)
in uninjured mice and mice 28 days post KA seizure (Fig. 3.8a-e). Statistically
reduced Parv’ counts were observed in the CA3a/b, and stratum oriens of injured

+/+

Cx36"* mice compared to the uninjured Cx36*"* group (Fig. 3.8f, g). No significant
difference was found in Parv* cell numbers of all other hippocampal regions counted

between injury conditions (data not shown).

3.6 Cx36 mRNA and protein are downregulated 3.5 days and restored one-
week after seizure localizing to a glial-like cell type.

+/+

To establish whether the kinetics of cell loss in Cx36™" matched changes in
Cx36 mRNA and protein expression, | used in situ hybridization and western blot
analysis to assess mMRNA and protein levels 0.5 and 1 week post KA-injury (Fig.
3.9a-g). In the DG, Cx36 mRNA was downregulated 3.5 days (0.5 wks) after
seizure (Fig 3.9a,b) and cellular levels restored one-week post seizure (Fig 3.9a,c).
Cellular localization was comparable in uninjured and one-week post seizure (Fig
3.9a,c¢). Kinetics were comparable in the CA3a/b layer but localization was markedly

different (Fig 3.9d-f). Interestingly, mRNA expression was detected in a

morphologically different, glial-like cell type in the CA3a/b region 7 days after seizure
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Figure 3.6 NeuN" cell counts are reduced one-week post injury in both genotypes
and restored 4 weeks post injury only in Cx36™ mice.

(a) Schematic highlighting the CA3a/b region of the hippocampus analyzed in (b-c).
(b) NeuN™ CA3a/b cell counts in uninjured, and 0.5, 1, and 4-week time points post
KA-induced injury. (c) H&E staining and NeuN" images representing the CA3a/b
region in Cx36"* and Cx36™ mice at the various post injury stages. Scale bars: 50
um. Statistical analysis: Anova, post hoc Tukey: **p<0.01, *p<0.05 indicate
statistically significant reduction in cell number relative to uninjured animals (0 wk).
#p<0.05. Asterisks indicate a statistically significant reduction between Cx36** and
Cx36™ mice at a given time point.
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Figure 3.7 TUNEL" cells are detected in CA3a/b cell one-week and four-weeks post
injury in Cx36** but not Cx36-/- mice.

Quantification of TUNEL" cell counts in the CA3a/b region of adult Cx36"* and
Cx36™7 mice over a time course post KA induced injury. (a) Image of the CA3a/b
region in Cx36"* and Cx36” mice one-week post injury. (b) TUNEL" cell counts in
the CA3a/b region of uninjured mice, and KA injured mice 0.5, 1, and 4 weeks post
injury. Scale bars: 50 um. Statistical analysis: ANOVA, post hoc Tukey: *p<0.05,
#p<0.05. Asterisks indicate a statistically significant increase in TUNEL® cells
relative to uninjured animals (0 wk). # indicate a statistically significant difference
between genotypes.
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Figure 3.8 Parv’ counts were reduced in the Cé3a/b and Stratum oriens of injured

Cx36*"* mice compared with the uninjured Cx36""* group.

Data represents parv counts of Cx36** and Cx36™ mice in various regions of the
hippocampus in uninjured and four-weeks post injury. (a) Schematic indicating
regions of the hippocampus quantified. (b-e) Representative images of parv labeling
in Cx36"* and Cx36 uninjured and brain sections of mice 4-weeks post KA-injury.
Parv® cell counts in (f) the CA3a/b region, and (g) the stratum oriens. (h) Parv® cell
counts representing all regions of the hippocampus, genotypes and injury conditions.
Statistical analysis as follows: Mann-Whitney test, *p<0.05 (f, g). Scale bars 50 um.
n=3 mice per condition.
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(Fig. 3.9f). These kinetics were confirmed at the protein level by immunoblotting (Fig

3.99).

3.7 Cx36 is acutely and transiently expressed by activated microglia following
kainate seizure.

The morphology of Cx36-positive cells detected by in situ hybridization in the
CA3a/b (Fig 3.9a) suggested de novo expression by activated microglia. Microglia
express the protein Ibal. To determine whether Cx36 is upregulated in activated
microglia infiltrating degenerating CA3a/b neuronal fields, | looked at Cx36 and Iba1
expression in uninjured and injured tissue of Cx36™ and Cx36"* mice. In uninjured
tissue, Cx36 protein expression was nearly devoid in Iba1-positive microglia (Fig.
3.10b). Cx36” mice served as a negative control to confirm antibody specificity (Fig.
3.10c). Seven days post KA-injury, a time where many TUNEL" cells were observed
in the CA3a/b region of wild-type mice, | detected de novo protein expression of
Cx36 in Iba1-positive cells (Fig. 3.10d, arrows). Notably, Cx36 protein expression
was detected in cells in close proximity to larger neuronal-like nuclei (Fig. 3.10d
yellow arrows represent Cx36 protein expression, and yellow arrowhead represents
neuron-like nuclei). Further, Cx36 protein expression was found in Iba1 extensions
surrounding nuclei consistent with the size of pyramidal cells (Fig. 3.10 inset d i,
arrows represent Cx36 expression, arrowhead represents neuron-like nuclei). Cx36
expression was also found in Iba1 processes surrounding fragmented nuclei,
indicative of a degenerated cell (Fig. 3.10d, orange arrows represent Cx36 protein
expression in processes, and asterisk (*) indicate fragmented nuclei). Cx36-positive
microglial processes were detected in distal processes (Fig. 3.10d,ii arrows). Iba1-

positive cells were seen infiltrating the CA fields one-week post seizure in post-
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Figure 3.9 Cx36 expression is downregulated 0.5 weeks, and restored 1-week post
injury; CA3a/b Cx36 mRNA appears to localize to glial cells following seizure.

Photomicrographs depict representative Cx36 mRNA expression detected by in situ
hybridization in the GrDG (A-C) and the CA3a/b region (D-F). Protein levels

assessed by Western blotting (G). Scale bars: 50 um. Inset Scale bars: 10 um.
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seizure in both genotypes (data not shown). Four weeks after seizure, | found Cx36
localizing to remaining interneurons but not microglia in wild-type mice (data not

shown).

3.8 Surviving neurons of the CA3 a/b region of the hippocampus in Cx36™
mice are functional.

While these data provide converging evidence to indicate that CA pyramidal
neurons and interneurons degenerate but do not die following KA-induced seizure in
Cx36™7 mice, they do not assess functionality. To determine whether the surviving
CA3 neurons in Cx36™ mice are functional, | examined hippocampal circuit integrity,
by evaluating burst activity in the CA1 as a measure of the Schaeffer collateral
output of surviving cells in the CA3a/b to the CA1 (Fig. 3.11a,b)*® and | compared
behavioural indices of hippocampal learning and memory using the Morris Water
maze (Fig. 3.12). For electrophysiology experiments, | used the same zero
magnesium and 50 uM 4-AP (0 Mg?4-AP) in a brain slice model to generate
spontaneous interictal-like activity in hippocampal slices obtained from mice 4-
weeks following seizure as described above (Fig 3.11a). As reported above,
spontaneous interictal burst firing was lower in Cx36""* slices compared to Cx367,
but increased following NMDAR antagonism with D-AP5 in keeping with the
inhibition of NMDAR-dependent repetitive spontaneous inhibitory potentials
mediated by the synchronous input from Cx36-positive GABAergic interneurons on
pyramidal neurons (Fig. 3.4a,b,d and Fig 3.11b,c,d). Four weeks following seizure,
interictal burst frequency was elevated in Cx36"* slices perfused with 50 uM 4-AP (0
Mg?*'4-AP) (Fig 3.11c) consistent with the loss of interneurons in the Ca3a/b and

stratum oriens (Fig 3.8f, g). There was no difference in Cx36” slices pre and post
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seizure (Fig 3.11c). Following perfusion with D-AP5, burst frequency significantly
decreased in Cx36"" slices but not Cx36™ (Fig 3.11c). Activity was completely
abolished in all slices by further addition of NBQX and restored following washout of
all antagonists (Fig. 3e, f). Taken together these data suggest that, in uninjured
Cx36"* animals, the non-NMDAR component of pyramidal cell glutamatergic
activation is sufficient to maintain firing rate in face of NMDAR antagonism but that
following kainate seizure this input is impaired, likely as a result of the loss of
CA3alb neurons. This deficit is not observed in Cx36™ where neuronal loss is not
detected. To establish whether these differences reflect the specific loss of CA3a/b

+/+

neurons in Cx36"" mice or a change in overall glutamate receptor expression,
Western analysis was performed. No significant difference in NMDAR or GIuR
component was detected in whole hippocampal lysates nor were overall levels of
pre and postsynaptic markers altered consistent with the specificity of this lesion to
the CA3a/b (Fig 3.5). A more detailed look at the CA3a/b region of the hippocampus
as opposed to the entire hippocampus may have proven more beneficial as this is
where the neuronal loss is occurring in KA-treated wild-type animals.

To further address the functionality of protected CA3a/b neurons in Cx36"
mice post excitotoxic injury, learning and memory was assessed behaviourally using
the MWM test. There was a significant main effect of treatment on average escape
latency per session (F(3,36) = 5.433 p<0.01 two way ANOVA) (Fig 3.12a). A post
hoc Dunnett's multiple comparisons test showed that injured wild-type mice were
significantly impaired, exhibiting higher escape latencies, compared to uninjured

wild-type mice, but notably no significant difference was found between the

uninjured wild-type and either the KA-injured Cx36” or uninjured Cx36” group.
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There was a main effect of treatment on swim velocity (F(3,36) = 6.954 p<0.01 one
way ANOVA) (Fig 3.12b). A Dunnett’'s post hoc comparison test showed significant
differences between uninjured wild-type and injured wild-type groups (p<0.001)
collapsed over the eight-day test period. Neither the performance of the uninjured
Cx36™ nor the injured Cx36™ groups were statistically different from uninjured
controls (p>0.05). There was no observed effect of treatment on distance moved
(F(3,36) = 0.979 one way ANOVA) (Fig. 3.12b).

To further assess spatial learning and memory, after 9 days of testing the
platform location was moved 180° and mice were required to use their previous
memory of the spatial cues to adapt to the new position. During the reversal phase,
injured Cx36"* mice failed to adapt as effectively to the new platform location than
uninjured Cx36"*, uninjured Cx36™, or injured Cx36™ mice on the second day of
testing (F(7,72) = 3.588 p<0.05 one way ANOVA) (Fig 3.12a). Differences in

+/+

behavioral performance between injured Cx36~" mice and all other groups were
likely due to their CA3a/b lesion and not motor deficits given that average swim
distances were the same between all four groups, although swim speed was lower
in the Cx36*"* injured cohort ((F(3,36) = 6.954 P<0.05 one way ANOVA) (Fig. 3.12b).
Together, these data provide converging electrophysiology and behavioural

evidence that CA3a/b neurons are functionally protected from excitotoxic injury in

Cx36™ mice.
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Figure 3.10 Dramatic upregulation of Cx36 protein expression is found in the
CA3a/b region four weeks post KA-injury in Cx36*"* mice.

Double immunofluorescence labeling of Ibal and Cx36. (a) Schematic of the
hippocampus, specifically the CA3a/b region where the microglial images (b-e) were
shot. (b) Cx36 protein labeling is nearly devoid in Ibal expressing microglia in
uninjured Cx36*"* mice. (c) Cx36 protein expression is absent in uninjured Cx36™
mice. (d) De novo Cx36 protein expression is found in Iba1 expressing microglia in
Cx36"* mice one week post KA-injury. Arrows indicated Cx36 protein expression.
Arrowheads indicate neuron-like nuclei. Asterisk (*) indicate fragmented nuclei. Inset
(d i) represents Cx36 expressing Iba1 extensions (arrows) surrounding a neuron-like
nuclei (arrowhead). Inset (d ii) represents a distal process of a Cx36 protein
expressing Iba1 extension. (e) Cx36 protein is absent in Cx36” mice one-week post
KA-injury. Scale bars: 10 um. Inset Scale bars: 5 um.
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Figure 3.11 Four weeks post injury Cx36"* but not Cx36” mice exhibit impairments

in glutamatergic input to the CA1.

Data represents electrophysiological trace recordings from brain slices obtained
from Cx36"* and Cx36™ mice that were KA injured (4-weeks post) and uninjured.
Neuron whole cell patch clamp recordings were done through the CA1 region to
assess total functional output of the CA3a/b through the Schaeffer Collateral
pathway. (a) Representation of patch clamp recording sites of CA1 neuron and
functional pathways of the hippocampus (adapted from Aimone, et al 2006)%. (b)
Representative trace recordings of pyramidal neurons in slice preps bathed in aCSF
and Mg?* free 4-AP, +D-AP5, and +NBQX. Burst firing frequency in slices bathed
with (c) Mg®* free 4-AP, (d) +D-AP5, (e) + NBQX, and (f) Mg** free 4-AP wash.
Statistical Analysis: one way ANOVA, post hoc Tukey multiple comparisons test.
*p<0.05. Data shown are mean + SEM. Total numbers of neurons tested: n=14
uninjured Cx36"*, n=16 uninjured Cx36™, n=16 KA-injured Cx36"*, n=14 KA-injured
Cx36™.
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Figure 3.12 Behavioural impairment in learning and memory is only evident
following KA-injury in Cx36*"* but not Cx36” mice.

Escape latency analysis of the MWM assessment of learning and memory. (a)
Escape latency with reversal depicting all genotypes and injury conditions. (b)
Velocity (cm/sec), and (c) distance moved (cm) over the first eight days of testing.
Statistical analysis as follows; Escape latency, two way ANOVA, post hoc Dunnet’'s
multiple comparisons test. Reverse escape latency, velocity, and distance moved,
one way ANOVA, post hoc Dunnett’s multiple comparisons test. **P<0.01, *P<0.05.
Data shown are mean = SEM.

78



4. Chapter 4 — Discussion

4.1 Summary.

In this thesis, | show that Cx36 is required for CA3a/b neuronal excitotoxic
death in mice following KA-induced seizure. The data indicate that, following KA
induced excitotoxic injury, focal CA3a/b hippocampal cell death occurs in the
presence of Cx36, but in its absence this damage is abrogated. Surprisingly, death
is not mediated by the opening of intrinsic Cx36 GJ or hemichannels in pyramidal
neurons. Cx36 protein was not detected pre- or post-injury in pyramidal cells, but
localized to parv® interneurons in uninjured mice and activated microglia in injured
mice. Moreover, one-week post seizure, when TUNEL-reactivity in CA3a/b neurons,
is maximal, Cx36 expression in microglia is dramatically upregulated. Further, these
Cx36 expressing microglia are found in close proximity to, and in close contact with
non-lba1 expressing cells with neuron-like morphology. Cx36 expressing microglial
extensions are found surrounding these non-lba1 expressing neuron-like cells. In
the absence of Cx36, neuronal survival is enhanced in the CA3a/b region of Cx36™
mice 4-weeks post KA-injury and surviving neurons are functional as determined by
electrophysiological and behavioural assessment. Taken together, these data
suggest a novel neuron-glial nexus important for completion of a delayed neuronal

death program in vivo.

4.2 Connexin-mediated microglia-neuronal interactions represents a novel cell
death mechanism underlying excitotoxicity.

The finding that the absence of Cx36 is neuroprotective in excitotoxic

conditions is consistent with previous reports that, under conditions of NMDAR
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hyperfunction, neurons are protected when they do not express Cx36*. Further,
during excitotoxic conditions created due to ischemia, mice with Cx36 null mutation
were shown to have significantly reduced cortical infarct volume®" ¥. However,
these authors postulated that Cx36-dependent ischemic cell death was due to the
“bystander effect,” or cortical spreading depolarization, through Cx36 gap junctions
between target neurons. These cortical observations post ischemia, do not account
for the fact that Cx36 expression has only been observed in interneurons, at least in
the hippocampus, and not throughout all neuronal cell types which are dying during
ischemic conditions® % 8. Wang et al. 2012 postulates that observed elevations of
Cx36 expression 2 hours post ischemia increases GJ coupling through the cortex
leading to the spread of ischemia mediated neuronal death®'. This study, however,
does not show cell pyramidal cell type expression of Cx36 pre or post injury.

Here, | show that despite the lack of Cx36 expression, in target cells, the loss
of pyramidal neurons, likely those expressing AMPAR/KAR in the CA3a/b region is
abrogated by Cx36 null-mutation. In the murine hippocampus Cx36 has classically
been shown in inhibitory interneurons® '°. There are recent reports suggesting that,
in the rat, Cx36 is expressed in pyramidal cells®®* *. However, by both in situ
hybridization and immunofluorescence, | show that expression of Cx36 is
undetectable, or below the level of detection in pyramidal neurons and shifts from
GABAergic interneurons of the CA3a/b in uninjured mice to activated microglia post
KA-induced excitotoxicity. These localization data are supported by
electrophysiological assessment wherein the Cx36” phenotype is consistent with a
loss of synchronous interneuron firing shaping pyramidal response to glutamatergic

stimulation recapitulated in vitro in wild-type slices by an overall reduction in 4-AP-
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induced interneuron activation after D-AP5 application, and following injury by the
loss in Cx36 interneurons. Together, these data suggest that observed CA3a/b cell
death is not through the “bystander effect” wherein dying pyramidal neurons pass
toxic second messengers to coupled pyramidal neurons but rather through de novo

expression of Cx36 in microglia, and a microglia-neuron interaction.

4.3 Mechanism of neuronal death in KA-injured Cx36*"* mice.

The observed expression of Cx36 in microglia in vivo is consistent with
previous reports in vitro®. | postulate that de novo expression of Cx36 in activated
microglia during excitotoxic CA3a/b injury is forming GJIC with interneurons through
a Cx36-Cx36 homotypic channel, and with pyramidal neurons through a Cx36-Cx45
heterotypic GJ*' %°. Previous studies in the mouse have reported that pyramidal
cells express Cx45'® and Cx36 and Cx45 can form compatible heterotypic
channels®®. Microglia-neuron GJIC have previously been reported in vitro, and
microglia have reportedly formed GJIC with neurons in co-cultures®. It is possible,
even likely, that activated microglia can release death signals to neurons through
GJs such as Ca?*, NO, superoxide radical, prostanoids, and cytokines, initiating cell
death pathways, such as mitochondrial dysfunction, cytochrome c release initiating
the apoptosome complex, leading to caspase 3 activation creating nuclear
condensation and subsequent apoptosis, or activating necrotic cell death pathways
such as lipid peroxidation causing damage to the cell membrane as described in
Wang et al. 2005°"%% 7 Eichhoff et al 2011, demonstrated that activated microglia
were found to locate and kill damaged neurons through the release of intracellular

Ca®* stores, signaling focal destruction of the damaged cells in their vicinity”*. They
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further report that microglia do not become activated under normal physiological
conditions, or conditions of strong neuronal activity, rather they become activated
only in times of neuronal damage’. It is possible that microglia Ca®" signaling is
highly sensitive and specific for the identification of damage in the microglial
environment through Cx36, and subsequently destroys these damaged cells through
Ca?* delivery through Cx36-Cx45 GJ in pyramidal cells, or Cx36-Cx36 in
interneurons (Fig. 4.1a).

Alternatively, in KA-injured Cx36"* mice, activated microglia in the CA3a/b
region could be releasing Ca?* into the extracellular space through Cx36
hemichannels. The hemichannel of death hypothesis is supported by evidence that
Cx36 can form functional single membrane channels in non-junctional membranes?".
Activated microglial have been implicated in causing neuronal death in vitro through
the release of toxic factors though hemichannels**. Thus, another possible
mechanism of observed neuronal cell death is that activated microglia are recruited
to the injured CA3a/b hippocampal area and are releasing Ca?* into the extracellular
space. Excess Ca®" can be taken up by neurons through voltage gated calcium
channels, pannexin1 channels, activated NMDARs, Cx45 hemichannels (pyramidal

cells), and/or Cx36 hemichannels (interneurons) (Fig. 4.1b).

4.4 Mechanism of neuronal survival in KA-injured Cx36™ mice.

It is further possible, that, in KA-injured Cx36” mice, microglia are providing
neurotrophic support to CA3a/b neurons. In the absence of Cx36, microglia may not
become activated post KA-injury as they do in injured wild-type mice. Here, |

qualitatively observed the same degree of microglial infiltration in the CA3a/b zone
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1-week following seizure, however morphology (activated or resting) has yet to be
assessed. Ramified microglia have previously been reported, under excitotoxic
conditions, to aid in neuronal survival by release of neurotrophins64. Hence, it is
possible that in the absence of frank microglial activation neurons in KA-injured

Cx36™ mice are rescued.

4.5 Surviving neurons in KA-injured Cx36-/- mice are functional.

Finally, the discovery that the absence Cx36 prevents functional KA-induced
excitotoxic damage is indeed an exciting one. Here, converging electrophysiological
and behavioural measures confirm compelling functional protection. Pyramidal
neurons, and interneurons of the CA3a/b express AMPAR/KARs®, and are lost in

the CA3a/b region of the hippocampous post KA-injury®® 1%% 101

. In fact, pyramidal
neurons are known to express highest levels of the KAR subunit GIuR6, which is
highly sensitive to KA®® %2 In support of selective neuronal loss, | found that an
AMPAR/KAR component is lost post KA-injury through electrophysiological
assessment. The loss of a CA3a/b AMPAR component is consistent with structural
synaptic reorganization following neuronal loss®®. AMPAR are important in learning
and memory'®. The loss of an AMPAR component speaks to a functional loss in
Cx36"* mice, and the fact that this component is not lost in injured Cx36™ mice
highlights the functionality of the CA3a/b region post injury.

These findings are supported by, and help to explain the deficit in learning
and memory observed in MWM in injured Cx36"* mice. It is important to note that

the impaired escape latency in Cx36** mice is not due to motoric impairment. The

KA-injured cohort of wild-type mice did exhibit a significantly lower swimming
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velocity than the uninjured wild-type group of animals, yet were still capable of
traversing the same distance as uninjured Cx36"* and Cx36” mice. KARs, have
only been reported in neuromuscular junctions of invertebrates, and not mammals,
thus peripheral CNS impairment is likely not the cause of the deficits observed in
injured wild-type animals in the MWM'% 1% More exciting is the finding that injured
Cx36™ mice are behaviorally comparable to uninjured animals thus neurons are
functionally spared. Taken together, theses findings potentially identify Cx36 as a

therapeutic target for excitotoxic conditions.

4.6 Significance of research: A therapeutic target for excitotoxic conditions.
Ultimately, in this thesis, | have shown that Cx36 plays a primary role in
transducing KA-induced excitotoxic damage in mice, and that toxicity is likely due to
connexin-mediated neuronal-glial interactions dependent on microglial Cx36
expression and not on intrinsic Cx36 expression by pyramidal neurons. This
provides a novel and therapeutically targetable mechanism for excitotoxic damage.
With limited therapeutics available in excitotoxic diseases such as temporal
lobe epilepsy (TLE), it is very important to discover new drug therapies.
Approximately 35% of patients with TLE are resistant to antiepileptic drugs (AED)"%.
In severe conditions patients require hippocampal resection surgery'®. Other
therapies when AEDs are not effective include vagus nerve stimulation (VAS), which
can half seizure instances in one third of patients'®’. Cell replacement therapies are
in preliminary phases and still require much study in animal models before they can

be tested clinically. These are examples of treatments when AEDs are not possible.

Current AEDs treat the occurrences of seizure thereby attempting to limit the
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severity of seizure during occurrences. These drugs include sodium channel
blockers, calcium channel blockers, GABA receptor agonists, GABA transaminase
inhibitors, GABA reuptake inhibitors, glutamic acid decarboxylase (GAD) enhancers,
potassium channel openers, glutamate blockers, and carbonic anhydrase
inhibitors'®. Now with the development of third generation, or novel AEDs,
potentially more beneficial treatments are being discovered'®. However, more
studies are required to see if new antiepileptic drugs are able to effectively manage
refractory, or drug resistant forms of epilepsy'®. Current drugs that are effective in
managing the occurrences, or severity of seizure in epilepsy, are also beneficial in
treating other excitotoxic related disease conditions such as migraines (related to
seizure), PD, AD, and ischemia'® "% """ |t remains clear that new drugs need to be
discovered through animal models and screening methods in order to progress the

advancement of patient well being and the human condition®* %

. Currently
antiepileptic drug treatments are not fully known to be neuroprotective in excitotoxic
seizure conditions''?. To date there are no drugs on the market that can protect
neurons from cell death post excitotoxic injury in the epileptic condition, or prevent
the generation of ectopic hyperexcitable circuitry causing recurrent seizures''® ',
Therefore, this study highlights Cx36 as a novel target for seizure induced

excitotoxicity, and can possibly be applied to other models of excitotoxicity.
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Figure 4.1 Mechanisms of microglial induced neuronal death.

Mechanism of observed neuronal death in Cx36"* mice post KA-injury in the
CA3a/b region of the hippocampus. (a) Through a Cx36 involving microglia-neuron
GJ interaction initiating cell death pathways; Cx36-Cx45 microglia-pyramidal cell GJ,
and Cx36-Cx36 microglia-interneuron GJ. (b) Through hemichannel activation in
Cx36 expressing microglia, releasing death factors and initiating cell death pathways
in damaged neurons.
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