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THESIS SUMMARY
Recovery of function following stroke depends, at least in part, on the reorganisation of neurons within the viable tissue immediately surrounding the infarct.
The processes underlying neuronal plasticity are critically influenced by the
responses of microglia and astroglia within this tissue region, also known as the
"peri-infarct" tissue. However, the development of these responses and the nature of
their influence are not well understood. The investigations described in this thesis
aimed to (i) further characterise the changes induced in peri-infarct glial cells, (ii)
develop novel approaches for evaluating key changes in these cells in the brain and
in a cell culture model and (iii) assess the consequences of early treatment with the
anti-inflammatory drug, minocycline, on the peri-infarct glial cell responses and
functional recovery.
In the first part of this thesis, quantitative measures were developed based on the
changes in morphology, proliferation and migration of glial cells that occur after
stroke. These measures were applied to the characterisation of the photothrombotic
model of stroke and enabled the detection of activation in peri-infarct microglia by 3
hours following infarction and the novel observation of a loss of these cells at 24
hours. Using the characterised model, the influence of the early post-stroke glial cell
responses on functional recovery was investigated by time-targeted treatment with
minocycline, a drug widely reported to inhibit microglial activation. Surprisingly,
minocycline treatment had limited effects on the quantitative measures of microglial
activation following stroke. Despite this, the treatment resulted in improved
functional recovery that was associated with increased astroglial reactivity as
assessed by GFAP and vimentin expression. Crucially, the early treatment did not
result in changes to the infarct volume indicative of neuroprotection. These results
provided evidence that minocycline treatment can improve functional recovery after
stroke via non-neuroprotective mechanisms, including the enhancement of aspects of
the astroglial response that are beneficial to recovery. However, the limited effects
on microglial activation suggested the possibility that either microglia were not the
primary targets of minocycline, or there were subtle changes that were not detected
by the measures used.
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In the second part of the thesis, a cell culture model of focal injury was developed
based on a method of inducing cell death by rapid, localised cooling.
Characterisation of the model in primary mixed glial cultures revealed that it
recapitulated key features of the peri-infarct glial cell responses following stroke.
Using the model, the role of microglial activation in the development of astrogliosis
was investigated by (i) depleting microglial cells from the cultures and, (ii) pretreatment with minocycline. Depletion of microglial cells led to an increase in the
baseline astroglial reactivity as measured by nestin expression, but did not prevent
the development of the astroglial response to focal injury. Minocycline treatment did
not result in changes to the microglial and astroglial response. The results suggested
that the development of the astroglial response is not dependent on microglial
activity but may be modulated by it. The lack of effects of minocycline treatment
further suggested that microglia may not be its primary target.
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ORGANISATION OF THE THESIS
This thesis is a report on a series of investigations into the characteristics of the
responses of glial cells, specifically the microglia and astroglia, to infarction as a
result of ischemic stroke and the subsequent functional recovery. The first chapter
provides an introduction to the current understanding of these glial cell responses and
how they influence the mechanisms that underlie the recovery of function following
stroke. This is followed by a chapter describing the common materials and methods
employed in the experiments conducted in the investigations. The next three
chapters, chapters 3, 4 and 5, present the experimental investigations that formed the
core of this thesis. The investigations in chapter 3 were designed to characterise the
glial cell responses following photothrombotic stroke in rats using a quantitative
approach that can applied to subsequent investigations aimed at modifying these
responses. Chapter 4 describes investigations into the effects of modifying the glial
cell responses in the photothrombotic stroke model and the influence of these
changes on functional recovery. In chapter 5, a new cell culture model was
developed for the investigation of glial cell responses to focal injuries such as stroke.
The cell culture model was then applied to the investigation of the influence of
microglial activation on the development of astroglial responses. These three
chapters have been written in a self-contained manner and each include a chapterspecific introduction, methods, results, discussion and conclusions. Finally, chapter 6
concludes the thesis with a brief discussion of the general findings of the
investigations and potential directions for future studies.
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CHAPTER 1
GENERAL INTRODUCTION
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1.1

What is Stroke?

Stroke is a neurological disorder caused by a disruption of blood supply that results
in an injury to the brain. It is the second leading cause of death and third leading
cause of disability worldwide (Feigin et al. 2014; Lozano et al. 2012; Murray et al.
2012). Globally, there were 25.7 million stroke survivors, 10.3 million new strokes
and 6.5 million deaths resulting from stroke in 2013 (Feigin et al. 2015). In Australia,
it has been estimated that more than 50,000 persons each year are affected by stroke
with an associated lifetime cost per patient of more than AUD 80,000 (Cadilhac et al.
2009; Gloede et al. 2014).
Hemorrhagic and ischemic stroke are the two main types of stroke, with ischemic
stroke accounting for approximately 70 % of all stroke cases globally (Feigin et al.
2015). Ischemic stroke is the result of cerebral arterial occlusion due to the formation
of a thrombus or a travelling embolus that leads to ischemia of the brain region
supplied by the blood vessel (Caplan 2006; Flynn, MacWalter & Doney 2008)
(figure 1.1.1). Within the brain, there is very little overlap between the arterial
territories supplying the different brain regions. As a result, the initial functional
impairments reflect the neuronal dysfunction due to restriction in blood supply to the
territory of the occluded artery. However, if the blood supply is not restored rapidly,
infarction which is the death of essentially all cells within the affected tissue occurs.
This results in permanent damage and long-term loss of function associated with the
infarcted brain region.
The development of the infarct in focal ischemic stroke has been investigated in
many studies using animal models (Chen, F et al. 2007; Chen, H et al. 1993;
Chiamulera et al. 1993; Clark et al. 1993; Garcia et al. 1993; Liu, F, Schafer &
McCullough 2009; Zhang, X et al. 2015) as well as in human patients (Back &
Schuler 2004; Baird et al. 1997; Karonen et al. 2000). The results of the animal
studies revealed that maturation of the infarct is essentially complete by 1 – 3 days
after stroke, where the infarct core can be clearly distinguished from the "periinfarct", the region of surviving tissue immediately surrounding the infarct, in
magnetic resonance imaging (MRI) and histological examinations (Chen, F et al.
2007; Garcia et al. 1993). MRI data in human patients are in general agreement with
the animal studies where the majority of patients exhibit rapid expansion of the
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lesion within the first 2 days but minimal changes in lesion volume afterwards (Baird
et al. 1997; Karonen et al. 2000).

Figure 1.1.1

Ischemic stroke arising from occlusion of the middle cerebral artery.

Blockage of a cerebral artery due a travelling embolus or formation of a thrombus results in
the interruption of blood supply to brain regions downstream of the occlusion. Infarction of
the affected brain tissue eventually results if blood supply is not rapidly restored. The
diagram illustrates an ischemic stroke arising from blockage of a distal branch of the middle
cerebral artery (© University of Washington 2016, reprinted with permission).

The mechanisms of infarct development in stroke have been the subject of intense
research over the past decades and various factors have been proposed to contribute
towards infarct expansion. These factors include glutamate excitotoxicity, calcium
influx, mitochondrial dysfunction, activation of intracellular enzymes, reactive
oxygen species (ROS) and nitric oxide (NO) production and inflammatory responses
(Brouns & De Deyn 2009; Doyle, Simon & Stenzel-Poore 2008; Lipton 1999;
Sutherland et al. 2012). The results of these studies have served as the basis of
extensive efforts to develop treatments to protect neurons following stroke.
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1.2 Acute Interventions - Thrombolytics & Neuroprotective
Treatments
Despite the considerable efforts expended in the development of neuroprotective
treatments for ischemic stroke, until recently there has been only one treatment that
has been demonstrated to be effective in humans. Tissue plasminogen activator (tPA)
is a thrombolytic agent that was originally developed for the treatment of acute
myocardial infarction. The observation of the similarities in the cause of myocardial
infarction and cerebral ischemia prompted investigations into the use of tPA for the
treatment of acute ischemic stroke (Levine & Brott 1992). Indeed, acute treatment
with intravenous tPA has been shown to improve outcome at 3 to 6 months after
stroke onset and is currently the only approved treatment in most countries for acute
ischemic stroke up to 3 – 4.5 hours following onset ('Tissue plasminogen activator
for acute ischemic stroke. The National Institute of Neurological Disorders and
Stroke rt-PA Stroke Study Group' 1995; Wardlaw, JM et al. 2014). However, the
usefulness of tPA treatment is limited by its narrow therapeutic window and
increased risk of hemorrhagic transformations (Moretti, Ferrari & Villa 2015;
Tsivgoulis, Katsanos & Alexandrov 2014). In fact, the effectiveness of treatment
using tPA beyond 3 hours after stroke onset remains controversial (Alper et al.
2015a, 2015b; Shy 2014; Wardlaw, J & Berge 2015).
In recent years, newer treatments based on mechanical thrombectomy have been
demonstrated to be highly effective with an extended treatment window of 6 to 8
hours in clinical trials (Balami et al. 2015; Chen, CJ et al. 2015; Goyal et al. 2016;
Palaniswami & Yan 2015). However, despite the wider therapeutic window
compared to tPA thrombolysis, the thrombectomy approach is currently only viable
in strokes involving the large arteries of the anterior cerebral circulation, such as the
proximal middle cerebral artery (Goyal et al. 2016; Przybylowski et al. 2014).
Numerous other pharmacological agents have also been investigated or are currently
undergoing evaluation as potential neuroprotective agents in animal models as well
as clinical trials (Ginsberg 2008, 2009; Minnerup et al. 2012; Moretti, Ferrari & Villa
2015). These agents include calcium channel blockers, antioxidants and glutamate
antagonists amongst many others that are designed to protect potentially salvageable
neurons by modifying various aspects of the biochemical cascade that follows from
ischemic stroke (Ginsberg 2009; Minnerup et al. 2012; Turner et al. 2013). Despite
4

the large number of studies, none of the agents found to be neuroprotective in animal
studies have so far been demonstrated to be effective in clinical trials (Ginsberg
2009; Minnerup et al. 2014; Moretti, Ferrari & Villa 2015; Sutherland et al. 2012;
Xu, SY & Pan 2013). It is instructive to note that very few of the prospective
neuroprotective agents have been found to be effective when administered beyond 6
hours following stroke onset in the animal studies whereas the overwhelming
majority of clinical trials have utilised treatment windows in excess of 6 hours
(Ginsberg 2008, 2009; Moretti, Ferrari & Villa 2015).
There are various factors that may explain the lack of success of the neuroprotective
approach in the treatment of ischemic stroke (Ginsberg 2009; Hossmann 2012;
Minnerup et al. 2014; Moretti, Ferrari & Villa 2015; Turner et al. 2013). These
factors include potentially critical differences in the preclinical animal studies and
human clinical trials and include the inability to achieve adequate dosing in humans,
use of different primary outcomes in the animal studies and clinical trials and the
frequent presentation of multiple co-morbidities in human patients. Perhaps most
important amongst the factors are the use of animal stroke models that are not
clinically relevant in many preclinical studies and the use of an excessively wide
treatment window in most clinical trials (Ginsberg 2009; Hossmann 2009, 2012).
However, regardless of translational success, the fact that a significant number of
stroke patients may not be able to access treatment within a limited time window is
likely to remain a crucial limitation on the effectiveness of neuroprotective therapies.
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1.3

Spontaneous Recovery After Stroke

Some spontaneous recovery of function usually occurs in the days and weeks
following stroke even in the absence of treatment (Cramer 2008b; Murphy, TH &
Corbett 2009). This spontaneous functional recovery is highly variable between
patients and may be dependent on the location and severity of the infarct (Cramer
2008b; Starkey & Schwab 2014). Although the largest extent of recovery has
generally been observed to occur within the first 3 months following stroke,
continued improvements may occur even out to a year and longer (Cramer 2008b;
Kotila et al. 1984; Murphy, TH & Corbett 2009; Skilbeck et al. 1983).
Most of the recovery over the first few days following stroke is likely to be due to the
resolution of oedema and restoration of perfusion and function to hypo-perfused
tissue. Other mechanisms during this early recovery phase may also include the
strengthening of alternative parallel neuronal pathways and the unmasking of preexisting but inactive or latent connections (Chen, R, Cohen & Hallett 2002; Cramer
2008b; Dancause & Nudo 2011; Hallett 2001). However, recovery over longer
periods is likely to involve the establishment of new connections by the surviving
neurons through neurite outgrowth and synaptogenesis.
It is now widely accepted that spontaneous recovery following stroke is due, in part,
to neuroplasticity in surviving neurons that reorganise their connections to
compensate for the neurons that do not survive (Carmichael 2003; Chen, R, Cohen &
Hallett 2002; Murphy, TH & Corbett 2009; Nudo 2007; Starkey & Schwab 2014;
Winship & Murphy 2009). Evidence supporting post-stroke neuroplasticity has come
from longitudinal studies using functional mapping techniques in rats (Jablonka et al.
2010; van der Zijden et al. 2008), mice (Clarkson et al. 2013; Harrison et al. 2013)
and monkeys (Dancause et al. 2005; Xerri et al. 1998) as well as in humans (Jaillard
et al. 2005). Further evidence was provided in a series of studies by Murphy and coworkers who demonstrated that synaptic plasticity within the tissue regions
immediately adjacent to the infarct was enhanced in the subsequent weeks after
stroke using in vivo imaging techniques in live animals (Brown et al. 2009; Brown,
Boyd & Murphy 2010; Harrison et al. 2013; Sigler & Murphy 2010). These studies
have revealed that spontaneous functional recovery after stroke is associated with a
remapping of activity from the injured brain regions to adjacent intact regions.
Consistent with these findings are studies that have found increases in the expression
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of proteins associated with neuronal growth and synaptogenesis within the same
tissue regions (Li, S et al. 2010; Li, Y, Jiang, et al. 1998; Stroemer, Kent &
Hulsebosch 1995; Ueno et al. 2012).
Although it is likely that the most important changes are occurring within the periinfarct tissue, the region of intact tissue nearest to the infarct (Carmichael 2006;
Cramer 2008b; Johnston et al. 2013; Starkey & Schwab 2014), other studies have
suggested that changes in neuronal connectivity occurring in distant regions,
including the contralateral hemisphere (Butefisch et al. 2005; Gerloff et al. 2006;
Riecker et al. 2010; Takatsuru, Nabekura & Koibuchi 2014) and the lower motor
pathways (Liu, Z et al. 2013; Sist, Fouad & Winship 2014; Starkey et al. 2012) may
also contribute to functional recovery.
The occurrence of spontaneous recovery after stroke points to an alternative to the
neuroprotective approach in the treatment of stroke with a greatly extended
therapeutic window. There is now an increasing interest in the development of
neurorestorative therapies that can improve the outcome of stroke even when
initiated long after maturation of the infarct by augmenting the intrinsic mechanisms
underlying spontaneous recovery. Of particular interest in the present study, are the
mechanisms of glial cell responses to stroke that can influence functional recovery
and are therefore potential therapeutic targets.
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1.4

Post-Stroke Peri-infarct Glial Cell Responses

Normal neuronal function is supported by glial cells that greatly outnumber neurons
within the brain (Jha, Kim & Suk 2014). Two of the major types of glial cells, that
are also the most studied in stroke, are astroglia and microglia. Astroglial cells make
up the largest population of glia within the central nervous system (CNS) and over
the past decades have been discovered to serve wide-ranging functions including
providing metabolic support to neurons, regulation of fluid, pH and ion homeostasis,
modulation of synaptic transmission and regulation of neurogenesis and
synaptogenesis (Barker & Ullian 2010; Newman 2003; Pekny & Pekna 2014;
Sofroniew & Vinters 2010). Microglial cells are the resident immune cells of the
CNS that share a common lineage with other tissue-resident macrophages and are
closely related to blood monocytes (Chan, Kohsaka & Rezaie 2007; Cuadros &
Navascues 1998; Dey, Allen & Hankey-Giblin 2015; Ginhoux et al. 2013;
Katsumoto et al. 2014). In addition to mediating immune responses, microglia have
also been found to play important roles in the surveillance and regulation of the brain
microenvironment, shaping and maturation of neuronal circuits during development,
as well as plasticity in the mature brain (Ginhoux et al. 2013; Graeber & Streit 2010;
Hanisch & Kettenmann 2007; Tremblay et al. 2011).
Following a stroke event, coincident with the neuronal changes involved in plasticity,
striking changes can also be observed in glial cells within the same critical region of
the post-stroke peri-infarct tissue. Astroglial cells respond to the infarction in a
process termed reactive astrogliosis that is characterised by cellular hypertrophy,
proliferation and increased expression of cytoskeletal proteins including GFAP,
vimentin and nestin (Duggal, Schmidt-Kastner & Hakim 1997; Hol & Pekny 2015;
Katsman et al. 2003; Li, Y & Chopp 1999; Sofroniew 2009) (figure 1.4.1).
Prolonged reactive astrogliosis eventually leads to the formation of a glial scar along
the border of the lesion that isolates the infarct core from the surrounding healthy
tissue.
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Figure 1.4.1 Expression of cytoskeletal proteins are upregulated in peri-infarct
astroglia following stroke.
GFAP, vimentin and nestin expression is upregulated in reactive astroglial cells surrounding
an infarct. The images were taken from immunolabelled brain sections of a rat at 7 days after
photothrombotic stroke (scale bar = 1 mm).

In contrast to astrogliosis that may take one to two days to develop observable
morphological changes, the activation of microglia in response to stroke can be
detected within hours following infarction. Microglial activation is characterised by a
rapid and dramatic change in morphology where the normally highly ramified cells
retract their processes and assume an amoeboid form (Kettenmann et al. 2011; Streit
2000). Activated microglia proliferate and migrate towards the infarct where they are
involved in the clearance of dead cells and cellular debris (Napoli & Neumann 2009;
Schilling, M et al. 2005; Schroeter et al. 1997).
In addition to these stereotypical glial responses to injury, reactive astroglia and
activated microglia also exhibit extensive changes in gene expression that can affect
the stroke outcome by influencing neuroplasticity within the surviving tissue.

9

1.4.1 Astroglial Responses
As mentioned above, the long term effect of reactivity in astroglial cells after stroke
is the formation of a glial scar that surrounds the infarcted tissue. It has long been
recognised from studies of spinal cord injury that the glial scar is inhibitory to axonal
regeneration and is likely to be an important factor in limiting functional recovery
after stroke (Fitch & Silver 2008; Silver & Miller 2004; Sofroniew & Vinters 2010;
Yiu & He 2006). However, glial scar formation is also thought to serve the beneficial
function of isolating the infarct and limiting the spread of injury and invasion of
blood-borne inflammatory cells into the healthy tissue (Pekny & Pekna 2014;
Sofroniew 2015). It reflects the reparative response of the brain to establish a new
glia limitans that defines the altered boundary of the CNS after injury (Kawano et al.
2012; Li, Y et al. 2012; Shearer & Fawcett 2001; Sofroniew 2015) (figure 1.4.2).

Neural
Parenchyma

Astrocyte
functional
barrier
(Glia limitans)
Parenchymal
Basement
Membrane
Non-neural
Tissue

Figure 1.4.2

Structure of the glia limitans at the meningeal and lesion boundaries.

Astroglia form structural borders (glia limitans) along all interfaces between CNS and nonneural tissue, including the meninges and blood vessels. Following an injury, such as stroke,
an astroglial scar forms around the lesion boundary that is similar in appearance,
organisation and function to the glia limitans in the intact CNS and similarly restricts entry
of peripheral immune cells into the adjacent CNS parenchyma (Adapted by permission from
Macmillan Publishers Ltd: Nature Reviews Neuroscience, Sofroniew 2015, ©2015).
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The major inhibitory component of the glial scar are the chondroitin sulfate
proteoglycans (CSPGs) that are upregulated in reactive astroglial cells (McKeon,
Jurynec & Buck 1999; Sharma, Selzer & Li 2012; Siebert, Conta Steencken &
Osterhout 2014; Wiese, Karus & Faissner 2012) and can be detected even during the
early stages of scar formation (Asher et al. 2000; Morgenstern, Asher & Fawcett
2002). In particular, upregulation of neurocan can be detected within the peri-infarct
tissue within days following stroke in rat models (Deguchi et al. 2005; Shen et al.
2008).
Although inhibitory signalling by CSPGs may be an impediment to axonal
regeneration following stroke they play a critical role in axonal guidance during CNS
development (Bandtlow & Zimmermann 2000) and are involved in the regulation of
synaptic plasticity and maintenance of stable neuronal connections in the adult CNS
(Brakebusch et al. 2002; Bukalo, Schachner & Dityatev 2001; Levy, Omar &
Koleske 2014). Furthermore, quite apart from merely being an impediment to
recovery after stroke, the upregulation of CSPGs within the infarct core and glial scar
may serve to prevent the futile re-extension of axons into the infarct where there are
few if any surviving neurons (Liu, Z & Chopp 2015; Liu, Z et al. 2014; Liu, Z, Xin
& Chopp 2014).
In addition to the production and secretion of CSPGs, other aspects of the astroglial
responses to tissue infarction can also influence the stroke outcome long before the
maturation of the glial scar. As discussed below, a few studies based on different
approaches to manipulate the post-stroke response of astroglial cells have revealed
that, in general, suppression of astroglial reactivity appeared to inhibit plasticity and
functional recovery.
Of particular note is a series of studies based on genetically modified mice lacking
both GFAP and vimentin intermediate filaments (GFAP-/-/Vim-/-). Astroglial
reactivity and glial scar formation is suppressed in these mice following focal
ischemia and traumatic CNS injuries (Li, L et al. 2008; Pekny et al. 1999;
Wilhelmsson et al. 2004). However, using a photothrombotic stroke model in which
cortical infarction is induced by light irradiation following injection of a
photosensitive dye (Watson et al. 1985), Liu, Z et al. (2014) observed that poststroke functional recovery was significantly impaired in GFAP-/-/Vim-/- mice
compared to their wild-type counterparts. Similar results were observed in a study
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using fluorocitrate to inhibit the metabolic activity of astroglial cells in another
stroke model in which infarction was induced by temporary occlusion of the middle
cerebral artery (MCA) with a nylon filament. Fluorocitrate treatment following
stroke was found to impair functional recovery along with decreased expression of
markers associated with neuroplasticity (Hayakawa et al. 2010).
Interestingly, some studies using interventions aimed at improving functional
outcome, including environmental enrichment (Komitova et al. 2005; Komitova et al.
2006), skilled reaching training (Keiner et al. 2008) and a combination of antiinflammatory drug treatment with skilled reaching training (Liebigt et al. 2012), have
observed improved functional recovery together with increased survival of newly
proliferated astroglial cells.
These observations may be explained by other studies that have identified the
reactive astroglia as a source of molecules that may facilitate neuroplasticity and
promote functional recovery after stroke (Liberto et al. 2004; Liu, Z & Chopp 2015;
Zhao, Y & Rempe 2010). These molecules include thrombospondins, clusterin,
matrix metalloproteinase (MMP) and various trophic factors such as CNTF, GDNF,
BDNF, VEGF and bFGF.
Thrombospondins-1 and 2 are extracellular glycoproteins expressed by astroglial
cells that have been found to promote synaptogenesis (Christopherson et al. 2005).
By using transgenic mice with homozygous deletion of both thrombospondin-1 and 2
genes, Liauw et al. (2008) demonstrated that a deficiency of these glycoproteins
resulted in impaired functional recovery after stroke along with decreased synaptic
density and axonal sprouting within the peri-infarct tissue. Similarly, clusterin is
another glycoprotein upregulated in reactive astroglia following stroke that has been
proposed to play a role in facilitating neuronal remodelling (Charnay et al. 2012;
Imhof et al. 2006).
The upregulation of matrix metalloproteinases (MMPs) has long been implicated as a
detrimental factor that exacerbated the injury in acute stroke, but there is now
evidence to suggest that MMPs may have an opposing beneficial function in
facilitating neuroplasticity in the post-acute phase of stroke (Morancho et al. 2010;
Phillips et al. 2014; Rosell & Lo 2008; Sood et al. 2008). In support of this, Zhao,
BQ et al. (2006) observed that delayed treatment at seven days post-stroke with
MMP inhibitors suppressed neurovascular remodelling and resulted in impaired
12

functional recovery. The authors attributed the results, in part, to the expression of
MMP-9 in peri-infarct astroglial cells that may be involved in the processing of proand matrix-bound VEGF into active molecules.
Astroglial cells are also a rich source of trophic factors, many of which have been
found to be upregulated following stroke and are likely to be important regulators of
neuroplasticity. BDNF is a neurotrophic factor that is usually expressed by neurons
and is involved in learning and memory formation in the normal adult brain (Binder
& Scharfman 2004). It has also been found to be strongly upregulated in astroglial
cells within the peri-infarct tissue during the post-acute phase following ischemic
stroke (Bejot et al. 2011). Although various studies have found that manipulation of
BDNF levels after stroke can influence neuroplastic changes and functional recovery,
it has only more recently been demonstrated that endogenous production of BDNF
by neural cells, including astroglia, is involved in the facilitation of spontaneous
post-stroke neuroplasticity (Madinier et al. 2013).
Similar to BDNF, GDNF is also a neurotrophic factor that has been found to be
upregulated in the peri-infarct tissue following stroke. Studies using animal models
of stroke have observed that GDNF is expressed in neurons early following ischemia
but becomes strongly localised to astroglial cells during the post-acute stages (Kuric,
Wieloch & Ruscher 2013; Wei, Wu & Cao 2000). More significantly, the timing of
the upregulation of astroglial GDNF appeared to coincide with the period of
maximum spontaneous functional recovery following photothrombotic stroke in rats
(Horinouchi et al. 2007). This coincidence of timing suggests that astroglial
production of GDNF may play an important role in the recovery of function after
stroke.
Unlike BDNF and GDNF, CNTF expression appears to be highly specific to reactive
astroglial cells in the CNS. Studies have found that CNTF appear to be expressed at
low or undetectible levels in control animals but becomes rapidly induced in
astroglial cells following focal ischemia (Kang et al. 2012; Lin et al. 1998). In the
studies, CNTF immunolabelling and mRNA expression was observed to be the most
intense within the peri-infarct tissue and both protein and mRNA expression
continued to increase over the first two weeks following stroke. A possible
involvement of CNTF in the facilitation of neuronal plasticity has been suggested
from studies using traumatic injury models where astroglial expression of CNTF has
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been found to be correlated with axonal sprouting following injury (Askvig, Leiphon
& Watt 2012; Guthrie et al. 1997).
VEGF and bFGF are trophic factors involved in angiogenesis and are thought to
promote neovascularisation in ischemic tissue (Greenberg & Jin 2013; Hermann &
Zechariah 2009). Both VEGF and bFGF have been found to be upregulated in periinfarct astroglial cells after stroke in animal models (Chen, HH, Chien & Liu 1994;
Cobbs et al. 1998) as well as in humans (Issa et al. 2005; Margaritescu, Pirici &
Margaritescu 2011). However, although treatment using both trophic factors
appeared to improve functional recovery following stroke, the neuroplastic changes
accompanying recovery were observed to occur predominantly in the intact
contralesional hemisphere (Kawamata et al. 1997; Reitmeir et al. 2012). These
results suggest that peri-infarct astroglia-derived VEGF and bFGF may play only a
limited role, if any, in functional recovery after stroke.
Although the studies cited earlier involving the direct inhibition of astroglial
reactivity either by genetic (Liu, Z, Xin & Chopp 2014) or pharmacological
manipulation (Hayakawa et al. 2010) provided evidence for an overall beneficial role
of astrogliosis, there have also been other studies that appear to suggest the opposite.
These studies reported a reduced or suppressed astroglial response following
treatments that resulted in improved stroke outcomes (Brunkhorst et al. 2013; LopezValdes et al. 2014; Schabitz et al. 2004). These contrasting studies serve to highlight
the fact that the astroglial response to injury may either inhibit or promote
neuroplasticity and that the balance of this response is likely to shift over time
following stroke and vary depending on brain region and proximity to the infarct.
Heterogeneity of the astroglial response can also further contribute to the complexity
of their influence on neuroplasticity. In two separate studies, investigators found that
CSPG expression in the brain of adult mice was associated with only a subpopulation
of astroglial cells (Hayashi et al. 2007; Liu, Z et al. 2014). Furthermore, Liu, Z et al.
(2014) found using GFAP-/-/Vim-/- mice that the attenuated astroglial response to
focal ischemic injury due to the lack of the two intermediate filaments differentially
modulated CSPG expression depending on the brain region and distance from the
infarct. In fact, evidence for the presence of different reactive astroglial phenotypes
can be found in earlier studies that observed that reactive astroglia are not always
inhibitory to axonal growth and that there are regional differences in the astroglial
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response to injury (Bovolenta, Wandosell & Nieto-Sampedro 1991; Ridet et al.
1997). Zamanian et al. (2012) further demonstrated that even astroglial cells located
in close proximity to each other can exhibit differential expression of reactive genes
in mouse models of stroke and neuroinflammation.
There is much that is unknown at present about the diversity of the reactive astroglial
phenotypes and how they may evolve over time following injury. An improved
understanding will greatly benefit future efforts to develop treatments to enhance
functional recovery after stroke.

1.4.2 Microglial Responses
In the normal adult brain, the microglia exhibit a highly ramified form and have in
the past been frequently described as “resting” or “quiescent”. These terms are
misleading as studies have more recently shown that the ramified microglia exhibit
highly motile processes that are constantly surveying the microenvironment (Davalos
et al. 2005; Nimmerjahn, Kirchhoff & Helmchen 2005; Wake et al. 2009). These
studies have also shown that even while in their ramified form the microglia may
respond to local injury almost instantly by extending their processes toward the
injured site to shield it from the healthy tissue.
Following more extensive injuries such as those caused by stroke, signals released by
dying and injured cells within the ischemic core trigger a marked morphological
transformation in the microglial cells. Microglia activated by the signals, also known
as danger-associated molecular patterns (DAMPs) (Famakin 2014; Kigerl et al. 2014;
Savage et al. 2012), retract their processes and transform into amoeboid forms
resembling peripheral macrophages (figure 1.4.3). Within the peri-infarct tissue,
microglial activation can be detected within a few hours following infarction (Ito et
al. 2001; Rupalla et al. 1998).
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Ramified microglia

Amoeboid microglia

Activation
Figure 1.4.3

Morphological transformation of microglia during activation.

The unactivated microglia exhibits a ramified morphology with several long, thin and highly
branched processes extending from its cell soma. Following activation, the microglia retracts
its processes and assumes an amoeboid form. Hypertrophy of the cell soma can also be
observed over the course of activation. Representative images (60 × 60 µm) of microglia at
various stages of activation in rat brain sections immunolabelled for Iba1 following
photothrombotic stroke are shown.

Along with the striking morphological transformation, microglial activation also
results in the upregulation of expression of a host of molecules including
chemokines, cytokines, proteases, ROS, prostanoids, NO and various trophic factors
(Iadecola & Anrather 2011; Kriz 2006; Stoll, Jander & Schroeter 1998, 2002; Taylor
& Sansing 2013; Tuttolomondo et al. 2008). Many of these molecules are potentially
neurotoxic or may mediate an inflammatory cascade that exacerbates the injury in
stroke and other neurological disorders (Amor et al. 2010; Kim, JY, Kim & Yenari
2015). Indeed, various studies based on the pharmacological inhibition of microglial
activation have observed beneficial effects in acute stroke (Hailer 2008; Yrjanheikki
et al. 1999).
These observations would appear to suggest a detrimental role for microglial
activation in acute stroke. However, a few studies based on direct manipulation of
the microglial population have obtained results that suggested the contrary. These
studies have observed that the depletion of brain resident microglia led to
exacerbated injuries whereas the transplantation of exogenous microglial cells
provided neuroprotection following stroke in animal models (Kitamura et al. 2004;
Kitamura et al. 2005; Lalancette-Hebert et al. 2007; Szalay et al. 2016) and oxygenglucose deprivation (OGD) in organotypic hippocampal slice cultures (Montero,
Gonzalez & Zimmer 2009; Neumann et al. 2006). In particular, the study by Szalay
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and co-workers (2016) provided a striking demonstration of the neuroprotective
potential of microglial cells in stroke, In the study, microglia was depleted in mice by
treatment with a colony-stimulating factor 1 receptor (CSF1R) kinase inhibitor.
Microglia-depleted mice exhibited a 60 % increase in infarct size compared to
control animals with normal microglial population 24 hours after MCA occlusion.
When stroke was induced after microglia was allowed to repopulate the brains of
microglia-depleted mice, following withdrawal of the CSF1R kinase inhibitor
treatment, the infarct sizes were similar to control animals.
A mechanism that may underlie the neuroprotective potential of microglia was
proposed in a study by Neumann et al. (2008). In their study, Neumann and coworkers observed that externally applied polymorphonuclear neutrophils (PMNs)
resulted in marked increases in neuronal death in organotypic hippocampal slice
cultures that were subjected to oxygen-glucose depletion. However, this increased
neurotoxicity was counteracted by additional application of primary microglia that
were grown in culture. Furthermore, using time-lapse microscopy, the investigators
also observed that microglia were capable of phagocytosis of active PMNs. Based on
these results and observations from an earlier study (Neumann et al. 2006), the
authors suggested that activated microglia may provide neuroprotection through the
direct engulfment of invading peripheral immune cells that can exacerbate injury by
releasing neurotoxic molecules. Overall, although the inhibition of microglial
activation appears to be a promising approach for the treatment of acute stroke, the
contrasting outcomes in some studies suggest that there are aspects of the early
microglial response that are beneficial.

1.4.2.1 Microglial Influence on Post-Stroke Functional Recovery

Although there is a large body of literature regarding microglial activation and its
effects in stroke, most of the research has focussed on the acute microglial responses
and the influence of these cells on the development of injury. However, a small but
increasing number of studies are finding evidence for the involvement of microglial
cells in promoting functional recovery following stroke and other injuries of the CNS
(Aldskogius 2001; Kriz & Lalancette-Hebert 2009; Lloyd-Burton et al. 2013;
Peruzzotti-Jametti et al. 2014).
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An early study that suggested a potential role for microglia in post-stroke functional
recovery observed that thymosin β4 (tβ4), a trophic factor that is thought to promote
neurite outgrowth, is highly expressed in macrophages and microglia within the
infarct and peri-infarct tissue at 7 days after stroke (Vartiainen et al. 1996). The
beneficial effects of tβ4 were demonstrated in a more recent study where treatment
using tβ4 starting at 24 hours after stroke improved functional recovery without
affecting the infarct size in an embolic stroke model in which infarction was induced
by the injection of a blood clot at the origin of the MCA (Morris et al. 2010).
Evidence from the study also suggested that tβ4 facilitated functional recovery by
promoting angiogenesis and the re-myelination of axons.
Although most studies have only investigated the involvement of neuron or astrogliaderived neurotrophic factors in facilitating functional recovery, there is some
evidence that activated microglia may also produce neurotrophic factors such as
BDNF and GDNF following CNS injury. Batchelor et al. (2002) observed that
sprouting neurites in the peri-lesional tissue were closely associated with activated
microglial cells following traumatic injury to the striatum in a mouse model. Using
in situ hybridisation for BDNF and GDNF, the authors determined that the
regenerating axons were sprouting along a BDNF/GDNF trophic gradient that was
generated by the expression of the neurotrophic factors in activated microglia and
macrophages. Another group of researchers found that the inhibition of acute
microglial activation led to a chronic decrease in the expression of proteins
associated with neuronal plasticity in a photothrombotic stroke model (Madinier et
al. 2009). The decreased neuroplasticity was associated with a significant decrease in
tissue BDNF levels that was attributed to the suppression of microglial BDNF
production.
Interestingly, some studies have also found evidence suggesting that IL-6 and TNFα, cytokines produced by activated microglia that are associated with deleterious
effects in acute stroke (Hallenbeck 2002; Planas, Gorina & Chamorro 2006;
Tuttolomondo et al. 2008; Tuttolomondo, Pecoraro & Pinto 2014), may actually
facilitate recovery in the later stages of stroke (Lippoldt, Moenning & Reichel 2005).
IL-6 expression is upregulated in peri-infarct microglia and neurons following stroke
(Suzuki et al. 1999) and is thought to mediate inflammatory responses that
exacerbates the extent of injury. However, there is increasing evidence suggesting
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that IL-6 may also play an important role in facilitating neurotrophic and tissue
remodelling processes (Suzuki, Tanaka & Suzuki 2009). In particular, Gertz et al.
(2012) showed that IL-6 knockout mice exhibited significantly worse functional
outcome than wild type controls at 4 weeks after stroke. Similar results were
observed in another study using IL-6 knockout mice in a traumatic brain injury
model (Swartz et al. 2001). In both studies, the impairment in functional recovery
was associated with an impaired angiogenic response in the IL-6 knockout animals.
In addition, Swartz et al. (2001) also observed that mice genetically altered to overexpress IL-6 exhibited enhanced re-vascularisation and repair of the injured tissue.
Much like IL-6, TNF-α expression has also been found to be upregulated in periinfarct microglial cells following stroke (Gregersen, Lambertsen & Finsen 2000;
Lambertsen et al. 2005) and associated with neurotoxic effects following stroke in
many studies (Lambertsen, Biber & Finsen 2012). However, results from other
studies have suggested a potential role for TNF-α in facilitating recovery following
CNS injury. Oshima et al. (2009) observed that TNF-α knockout mice exhibited
impaired functional recovery compared to wild type mice following traumatic brain
injury. An earlier work by Arnett et al. (2001) suggested that TNF-α may be involved
in neurorestorative processes following CNS injuries through promoting the
proliferation of oligodendroglial cells and re-myelination of axons. Interestingly,
there is also evidence that suggests TNF-α may promote survival and proliferation of
neural progenitor cells following stroke (Bernardino et al. 2008; Heldmann et al.
2005).
Microglia within the infarct and peri-infarct tissue have also been observed to rapidly
upregulate TGF-β following stroke (Doyle et al. 2010; Lehrmann et al. 1998; Pal et
al. 2012; Yamashita, K et al. 1999). Although the expression of this cytokine in periinfarct microglia has been found to persist for up to a month or longer after stroke,
most of the existing studies have only focussed on its neuroprotective effects during
the acute phase. The timing and duration as well as the region of expression of this
protein following stroke suggests a potentially significant influence on functional
recovery. Indeed, studies based on other disease models have found that TGF-β has
anti-inflammatory effects and can promote angiogenesis and synaptogenesis
(Dobolyi et al. 2012) suggesting a beneficial influence of peri-infarct microglial
TGF-β on post-stroke recovery (Amantea, Diana et al. 2015; Yamashita, K et al.
1999).
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Much of our current understanding of the influence of microglial responses on poststroke functional recovery is confounded by the rapid and early activation of
microglia following stroke and a heterogeneity of activated phenotypes that continue
to evolve over a prolonged duration. In particular, as discussed previously,
expression of molecules such as the cytokines IL-6, TNF-α and TGF-β are all
induced in microglia in the early post-stroke phase where they may influence
neuronal survival, but all three cytokines can also be detected in microglia during the
later stages where they may also influence the regenerative processes.

1.4.2.2 Classical and Alternative Activation of Microglia in Stroke

In recent years there has been an increasing use of the terminology of M1 and M2,
otherwise known as “classical” and “alternative” activation to describe different
microglial phenotypes that may be induced in stroke and other neurological disorders
(Cherry, Olschowka & O'Banion 2014). This is a concept that has been borrowed
from studies of peripheral macrophages where M1 refers to a pro-inflammatory
neurotoxic phenotype and M2 refers to an anti-inflammatory pro-regenerative
phenotype (Boche, Perry & Nicoll 2013; Dey, Allen & Hankey-Giblin 2015;
Mantovani et al. 2013). Despite the trend, there is at present very little that is known
regarding the microglial expression of M1/M2 markers following stroke and their
actual influence on the regenerative processes underlying functional recovery.
However, some studies have started to address this deficiency by examining the
expression of various putative M1/M2 markers after stroke. Perego, Fumagalli and
De Simoni (2011) investigated the spatiotemporal expression of a few specific
M1/M2 markers, including CD68, Ym1 and CD206 by immunohistochemical
labelling, in a permanent MCA occlusion model of stroke in mice. However, the
study focussed primarily on the changes occurring within the infarcted tissue and
furthermore did not include time points between 48 hours and 7 days. The gap in the
time points investigated is particularly salient as another study has observed that the
expression of many of the M1/M2 markers may peak during this time period (Hu et
al. 2012).
In that study, Hu et al. (2012) quantified the changes in the expression of multiple
M1/M2 markers over several time points up to 14 days after stroke induced by
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temporary MCA occlusion in mice. However, the authors performed the bulk of their
investigations using real-time polymerase chain reaction (RT-PCR) with whole brain
samples that does not distinguish between changes occurring within and outside of
the infarct core. Although the data from RT-PCR was complemented with
immunohistochemical labelling for CD16/32 and CD206, the authors only looked at
changes in expression of these markers within the infarct core using this approach.
Nonetheless, the results from the study revealed that, within the infarct core, the
expression of all of the M2 markers that were investigated peaked at 3 to 5 days
whereas expression of most of the M1 markers continued to increase beyond 7 days
after stroke.
Very few studies have investigated the changes in M1/M2 expression in microglia
within the peri-infarct tissue where they are more likely to influence the processes
involved in functional recovery. Where studies have looked at changes in this tissue
region, they have generally only focussed on specific markers at limited time points.
For example, Verma et al. (2014) investigated microglial/macrophage responses
within the peri-infarct tissue in a mouse stroke model, but only looked at the changes
in a single M2 marker, Arginase-1 (Arg-1), and only at 6 weeks post-stroke.
Similarly, Brifault et al. (2015) also investigated the changes in microglial expression
of Arg-1 at a single time point (7 days).
Of particular note however, is a study by Zarruk et al. (2012) that investigated the
effect of treatment using a cannabinoid type 2 receptor (CB2R) agonist on the
expression of a large number of M1/M2 markers within the peri-infarct tissue
following permanent MCA occlusion in mice. The authors reported increases in the
mRNA and protein expression of all of the measured M1 and M2 markers within the
peri-infarct tissue at 15 and 24 hours post-stroke. Treatment with the CB2R agonist
resulted in a reduction of the infarct volume and improved functional outcome at 48
hours. Interestingly, the improved outcome was associated with a general decrease in
the expression of both the M1 and M2 markers within the peri-infarct tissue at 15 and
24 hours post-stroke. However, because the improved outcome was accompanied by
a reduction in the infarct volume and furthermore the study only looked at the
changes occurring within the first 24 hours, the data from the study provided little
information on the relationship between the expression of the M1/M2 markers and
the neuro-regenerative processes underlying long-term functional recovery.
Similarly, Xu, Y et al. (2012) also reported stroke-induced increases in the
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expression of M1 and M2 markers within the peri-infarct tissue but only investigated
these changes at 24 hours post-stroke.
Of greater relevance is a study by Jin et al. (2014) where the authors investigated the
effects of delayed metformin treatment following temporary MCA occlusion in mice.
Although only a limited number of markers were examined, specifically CD16/32
(M1) and CD206 (M2), within the peri-infarct tissue, the changes in expression of
these markers were quantified at time points (3 and 14 days post-stroke) that are
more relevant to neuroregenerative processes. Their results revealed that the
experimental stroke induced upregulation in the expression of both CD16/32 and
CD206 within the peri-infarct tissue in immunohistochemically labelled brain
sections. Metformin treatment at 24 hours improved functional recovery at up to 28
days after stroke and was associated with decreased expression of CD16/32 and
increased expression of CD206 at 3 and 14 days. Crucially, the delayed treatment
with metformin did not lead to changes in the infarct volume that can complicate
interpretation of the results.
Most of the M1/M2 markers that have been used in stroke studies have come from
the study of peripheral macrophages and very few have been well characterised for
microglia in the context of CNS disorders. At present, the evidence is limited or in
some cases ambiguous for an association with either an inhibitory or proregenerative phenotype for most of the M1/M2 markers that have been used in stroke
studies. For example, IL-6 and TNF-α are markers that are commonly regarded to be
indicative of the M1 or pro-inflammatory phenotype but, as discussed previously,
there is evidence to suggest that they may also be involved in facilitating functional
recovery after stroke. It is likely that other markers may also reflect similarly
complex and evolving functions of microglia during the different stages following
stroke.
It has been recognised for some time now that the concept of M1/M2 polarisation is
an oversimplification and that there is a continuum of phenotypes reflecting the
diverse roles and functions of microglia and macrophages (Gertig & Hanisch 2014;
Hanisch 2013; Hu et al. 2015; Mosser & Edwards 2008). It is also apparent that the
markers by themselves are insufficient to define the role of microglia without an
understanding of the context in which they are expressed, whether it is during the
acute or post-acute stages of disease, and its location within the brain and in relation
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to the infarcted tissue (Gertig & Hanisch 2014; Hu et al. 2015; Kriz 2006; Stoll,
Jander & Schroeter 2002). Further studies designed with these distinctions in mind
are clearly necessary to identify and properly characterise potentially useful markers
for the investigation of microglial responses in stroke.

1.4.2.3 Infiltrating Immune Cells vs. Brain Resident Microglia

Although it is now known that the brain resident microglia are derived during
development from cell populations that are distinct from those giving rise to the
blood monocytes and other peripheral immune cells, it remains a matter of debate if
the peripheral cell population may contribute to the microglial pool in the normal
adult brain (Chan, Kohsaka & Rezaie 2007; Dey, Allen & Hankey-Giblin 2015).
However, it is clear that the two populations express many common cellular markers
that make it difficult to distinguish between them in immunohistochemical
investigations. For example, essentially all of the commonly used microglial markers
such as Ionised-calcium binding adapter molecule 1 (Iba1), CD11b, CD68 and
Isolectin B4 also label peripheral immune cells such as macrophages and neutrophils
(Guillemin & Brew 2004; Matsumoto et al. 2007; Patel et al. 2013).
Under normal conditions, this does not present a problem as microglia are separated
from the peripheral immune cell population by the blood brain barrier within the
intact brain. However, in neuropathological conditions resulting in the breakdown of
the blood brain barrier such as stroke and traumatic brain injury, immune cells are
rapidly recruited from the blood circulation to the site of injury and may invade into
the peri-lesional tissue.

Furthermore, microglia activated by the insult adopt

amoeboid forms that are morphologically identical to the infiltrating peripheral
macrophages. Consequently, it is difficult, if not impossible, to distinguish between
the infiltrating cells and the resident microglia and their respective involvement in
the development of such conditions.
Various attempts have been made to address this problem using different approaches,
highlighted by studies using bone marrow chimeras and parabiotic animals.
However, there were two studies that were notable early attempts that utilised only
immunohistochemical approaches to clarify the nature of the peripheral immune cell
infiltration in permanent MCA occlusion (Schroeter et al. 1994) and photothrombotic
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stroke (Jander et al. 1995). In the two studies, the invading immune cells were
identified immunohistochemically by using a host of antibodies directed against
markers specific for different subsets of the peripheral immune cells. Although there
were some differences in the timing and pattern of infiltration by macrophages in the
two different models, it was observed in both models that the macrophages were
mostly localised to the infarct core and boundary region of the peri-infarct tissue
even at peak response. Although the investigators did not look specifically at the
local microglial response, their observation that few peripheral macrophages invaded
into the peri-infarct tissue suggested that the microglia would be the predominant
immune cell type within that region.
Later studies conducted using green fluorescent protein transgenic bone marrow
chimeric mice provided greater clarity on the relative contributions of the peripheral
immune cells and microglial cells to the immune response around the infarct after
stroke (Schilling, M et al. 2003; Schilling, M et al. 2005; Tanaka, R et al. 2003). In
these studies bone marrow from green fluorescent protein (GFP) transgenic mice was
transplanted into wild-type mice that had been exposed to sub-lethal irradiation.
These mice exhibit bone marrow chimerism in which their bone marrow derived
cells, including the peripheral macrophages, express GFP whereas the brain resident
microglial cells do not.
Using the bone marrow chimeric mice in a temporary MCA occlusion model of
stroke, Schilling, M et al. (2003) observed that, within the infarct, microglial cells
greatly outnumbered the infiltrating macrophages across all the time points
investigated. In the study, the peripheral macrophages and microglia were identified
in brain sections by immunolabelling with an anti-F4/80 antibody that targeted a
receptor protein expressed by both cell populations. Infarcted tissue was visualised
by the loss of NeuN immunolabelling. The investigators reported that infiltrating
macrophages, identified by both F4/80 and GFP expression, were first detected in
significant numbers within the infarct only at 4 days after stroke. Their numbers
peaked at 7 days and declined thereafter. However, microglial cells that were F4/80positive and GFP-negative were always present in far greater numbers than the
infiltrating macrophages. Although the relative cell numbers within the peri-infarct
tissue were not quantified in the study, very few GFP-positive cells can be seen
outside of the infarcted regions in the 7 day images provided in the paper.
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Similarly using bone marrow chimeric mice, Tanaka, R et al. (2003) investigated the
infiltration of peripheral macrophages into the stroke infarct following permanent
MCA occlusion. In this study, the peripheral macrophages and microglia were
identified by immunolabelling for Iba1 and the infarct was visualised by loss of
immunolabelling for microtubule associated protein-2, a neuron specific marker. In
contrast to the study by Schilling, M et al. (2003), the authors reported that
infiltrating macrophages can be detected within the infarct by 24 hours and continued
to increase in numbers up to 14 days after stroke, by which time they vastly
outnumbered the microglia cells. Furthermore, it was also observed that the
macrophages can similarly be detected within the peri-infarct tissue by 24 hours and
reached numbers comparable to the resident microglial cells by 7 day after stroke.
The disparity in the results between the two studies using bone marrow chimeras
described above was discussed in a later study by Schilling, M et al. (2005). In their
study, Schilling and co-workers utilised an Iba1 antibody identical to that used by
Tanaka, R et al. (2003) and confirmed the results of their earlier study using an F4/80
antibody (Schilling, M et al. 2003) that identified microglia as the predominant
immune cell type within the infarct and peri-infarct regions after stroke. The authors
suggested that the duration of occlusion used in stroke induction in MCA occlusion
models may have a major influence on the kinetics of the responses of the different
immune cell populations. Therefore, the use of different MCA occlusion models (i.e.
temporary vs. permanent occlusion) may have resulted in the differences observed
between the two earlier studies.
A later study by Li, T et al. (2013) provided evidence that following photothrombotic
stroke, similar to the observations from studies using temporary MCA occlusion,
microglial cells are the predominant immune cell type recruited to the infarct. In the
study, the blood circulation of GFP transgenic mice were joined surgically via
anastomoses to wild-type mice to generate parabiotic pairs exhibiting GFP
chimerism in their circulating blood cells. The investigators reported that by 13 to 14
days following parabiotic surgery, at which time the animals were used in the stroke
experiments, nearly half of all monocytes within the blood circulation of the wildtype mice were GFP-positive. It was observed that the immune cell population
recruited to the infarct, as identified by Iba1 immunolabelling, increased over the
first 7 days following photothrombotic stroke. Over the same time period, in the
wild-type mice, infiltrating cells that can be distinguished by GFP expression
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increased in numbers up to day 5 and declined on days 6 and 7. Most importantly,
the investigators reported that at the infarct boundary, microglial cells outnumbered
the infiltrating immune cells by 30 fold even at peak infiltration. Similar results were
observed regardless of whether only the wild-type or both animals in each parabiotic
pair were subjected to stroke.
In recent years, investigations using mouse transcriptome datasets have identified a
microglia-specific transmembrane protein, TMEM119, that may potentially be used
to differentiate microglial cells from peripheral immune cells (Butovsky et al. 2014;
Satoh et al. 2016). Based on these studies, Bennett, ML et al. (2016) have developed
antibodies against TMEM119 that were demonstrated to be highly specific to
microglia in human and mouse brain tissue. Although further validation of these
reports will be required, microglial markers based on TMEM119 will provide a
powerful approach in future investigations to clarify the roles of microglia and
infiltrating immune cells in the development of and recovery after stroke.
To date, the lack of a unique identifying marker for microglia has been an obstacle in
investigations of the relative contributions of the peripheral immune cells and
microglia to the immune responses following stroke. Nonetheless, the sum of
evidence from the different studies suggest that, in most cases, locally recruited
microglia are the major source of immune cell activity within the brain following
stroke. This is especially true in the case of the peri-infarct regions where microglial
cell numbers predominate over the infiltrating immune cells across all the time points
investigated in the studies utilising either the temporary MCA occlusion or
photothrombotic stroke models. As a result of these observations, all the cells that
were identified by the Iba1 marker in the investigations described in the subsequent
chapters of this thesis will be collectively referred to as microglia or microglial cells.
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1.5 Modulating Glial Cell Responses to Promote Functional
Recovery
Although spontaneous recovery of function occurs in almost all cases following
stroke, the extent of recovery is usually limited (Cramer 2008a; Di Giovanni 2009).
As discussed in the preceding sections, glial cells play important roles in supporting
the processes underlying spontaneous recovery following stroke and present potential
therapeutic targets for enhancing the functional outcome in stroke. This potential has
been investigated in various studies that have utilised interventions aimed at
manipulating the post-stroke astroglial and microglial responses. In addition, there is
increasing evidence that the beneficial effects observed in other interventions such as
stem cell transplantation may also be mediated, at least in part, through the
modulation of glial cell responses.

1.5.1 Anti-inflammatory agents
Activation of the brain resident immune cells, the microglia, is generally viewed to
have detrimental consequences on the stroke outcome (Biber, Owens & Boddeke
2014; Hailer 2008; Hellwig, Heinrich & Biber 2013). As a result, there have been
many studies investigating the use of anti-inflammatory and immunosuppressive
agents such as minocycline, rapamycin, cyclosporine A and FK506 to suppress
microglial activation for the treatment of stroke (Hailer 2008; Liguz-Lecznar &
Kossut 2013). However, the major focus of these studies has been on the
neuroprotective potential of these drugs in acute stroke. Although it has been
suggested that prolonged microglial activation may inhibit functional recovery (Kriz
& Lalancette-Hebert 2009; Liguz-Lecznar & Kossut 2013), there has been far fewer
studies that have looked specifically at the effects of anti-inflammatory treatment in
the post-acute stages of stroke.
Of the studies that have investigated the use of anti-inflammatory drugs in the
treatment of stroke during the post-acute stages, many have used minocycline as it
has been widely reported to be an effective inhibitor of microglial activation in
various in vitro and in vivo models (Garrido-Mesa, Zarzuelo & Galvez 2013a, 2013b;
Suk 2004; Tikka et al. 2001; Yrjanheikki et al. 1998; Yrjanheikki et al. 1999).
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Liu, Z et al. (2007) reported that minocycline treatment started at 4 days and
continued daily for 4 weeks following experimental stroke in rats led to enhanced
functional recovery without affecting the infarct volume. Along with the improved
function, it was also reported that at 4 weeks after stroke there was increased survival
of newborn neurons as well as decreased tissue labelling of ED1, a lysosomeassociated membrane protein expressed in activated microglia and macrophages
indicative of phagocytic activity. The authors concluded that the effect of
minocycline treatment on functional recovery was at least in part due to the
suppression of microglial activation based on the reduction in ED1-positive cell
counts in minocycline treated animals.
Using a similar model, Chu et al. (2010) also reported that treatment with
minocycline resulted in functional improvements with associated changes in astroglia
and macrophages/microglia. In the study, minocycline treatment reduced glial scar
thickness and GFAP expression in peri-infarct astroglial cells at 36 days post-stroke.
The authors also detected a decrease in the expression of 5-lipoxygenase, an enzyme
involved in the mediation of inflammatory responses, in peri-infarct astroglia and
microglia/macrophages within the infarct core. However, minocycline treatment in
the study was initiated 2 hours after stroke and early minocycline treatment has been
previously shown to be neuroprotective (Hewlett & Corbett 2006; Yrjanheikki et al.
1999). Although the authors reported that the treatment did not result in changes to
the infarct volume at 36 days, it would be difficult to detect the effects of
neuroprotection by minocycline during early infarct development at such a late stage
due to contraction of the lesion.
In a recent paper, Yang, Y et al. (2015) reported that a single intravenous infusion of
minocycline administered at reperfusion following temporary MCA occlusion in rats
led to enhanced neurovascular remodelling and a shift towards the M2 phenotype in
peri-infarct microglia/macrophages at four weeks after stroke. It is unclear if the
treatment resulted in improved functional recovery due to the lack of functional
assessments in the study design. Furthermore, similar to other studies, the infarct
volume was reduced by the early minocycline treatment. Regardless, the authors
claimed that their results provided evidence that minocycline treatment facilitated
neurological

recovery

by

promoting

microglia/macrophages.
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Interestingly, in contrast to the above studies, Kim, BJ et al. (2009) reported that
minocycline

treatment

initiated

immediately

after

stroke

suppressed

microglial/macrophage activation without resulting in any significant effects on
functional outcome at 7 days, suggesting both an absence of neuroprotective effects
as well as a lack of effects on the neurorestorative processes. However, as the authors
have alluded to in their discussions, 7 days may be too short a duration to fully assess
the functional effects of the treatment.
Although overall there is strong evidence that minocycline treatment can improve the
functional outcome in stroke, the majority of studies so far have focussed on its
neuroprotective effect in early intervention. Studies that have asserted that the
functional improvements were the results of enhanced neurorestorative processes
have generally failed to distinguish these effects from those arising from
neuroprotection leading to reduced infarct volumes. Although the results of the study
by Liu, Z et al. (2007) do provide evidence that minocycline treatment may enhance
recovery following stroke through the modification of glial responses, the data is
limited to a single marker, ED1, that by itself is not indicative of a pro-restorative or
inhibitory state in microglia. Despite the limited evidence, the observation of an
effect of minocycline in modulating the post-stroke microglial response appear to be
in agreement with the results in a mouse model of motor neuron disease where
minocycline treatment inhibited the expression of M1 markers in activated microglia
(Kobayashi et al. 2013). Further studies are clearly necessary to clarify the role of
glial cells in mediating the non-neuroprotective effects of minocycline in the
treatment of stroke.

1.5.2 Anti-proliferative agents
Ischemic stroke triggers the upregulation of cell cycle related proteins that are
associated with apoptosis in post-mitotic cells and have been suggested to contribute
to secondary neuronal loss and infarct expansion (O'Hare, Wang & Park 2002; Osuga
et al. 2000; Yang, Y & Herrup 2007). Within the peri-infarct tissue, upregulation of
these proteins also triggers the proliferation of astroglial and microglial cells that are
thought to contribute to the formation of the glial scar and the release of
inflammatory mediators from glial cells that can inhibit post-stroke recovery (Byrnes
& Faden 2007; Wanner et al. 2013).
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Studies using models of traumatic brain and spinal cord injuries have suggested that
treatment using cell cycle inhibitors can inhibit microglial activation and glial scar
formation, and thereby promote recovery (Cernak et al. 2005; Di Giovanni et al.
2005; Tian et al. 2006). However, there has been few studies examining the effects of
such treatments using stroke models.
Of the limited number of studies that have investigated the use of anti-proliferative
drugs in the treatment of stroke, most have only looked at the effects of treatment in
acute stroke and very few have assessed the effects on functional outcomes. For
example, both Zhu et al. (2007) and Wang, W et al. (2008) investigated the effects of
treatment using olomoucine, a cyclin-dependent kinase inhibitor, in stroke models in
rats. In both studies, the olomoucine treatment was administered at 1 hour and 24
hours after reperfusion following temporary MCA occlusion. Both studies reported a
reduction in cellular proliferation and astrogliosis within the peri-infarct tissue, as
measured by proliferating cell nuclear antigen and GFAP expression, at 7 and 30
days after stroke. However, Zhu and co-workers did not report the effect of the
treatment on infarct volume and, while Wang and co-workers reported a no changes
in infarct volume, they also detected a significant decrease in apoptosis within the
peri-infarct tissue. Crucially however, neither study have reported functional
measures as part of their assessments. Thus, it is unclear whether the decreased
proliferation and astroglial response led to improved functional recovery.
Similarly, Zhang, Q et al. (2009) investigated the effects of treatment using
roscovitine, a different cyclin-dependent kinase inhibitor, in an identical stroke
model. The investigators reported that the treatment resulted in decreased microglial
proliferation within the peri-infarct tissue as well as reduced expression of proinflammatory

markers

IL-1β,

MIP-1α

and

iNOS,

along

with

improved

neurobehavioural function at 1, 3 and 7 days after stroke. However, the roscovitine
treatment was initiated at 24 hours before stroke induction and the infarct volume
was reduced by more than half in the treated animals. The neuroprotective effect of
pre-treatment using roscovitine, as evidenced by the marked reduction in infarct
volume, renders it extremely difficult if not impossible to determine if the drug had
any effect on the neurorestorative processes involved in functional recovery.
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Overall, investigations into the effects of treatment using anti-proliferative agents
have so far not yielded any clear evidence for a beneficial effect in promoting
functional recovery following stroke due to a lack of properly designed studies.

1.5.3 Stem Cell Transplantation
The early studies of stem cell transplantation therapies were conducted to investigate
their potential in improving stroke outcome by replacing some of the neurons that
were lost to infarction. However, it was quickly apparent that very few of the
transplanted cells survive for long durations and there was little evidence to show
that the surviving cells differentiated into neurons that functionally integrated into
the existing neuronal network (Bjorklund & Lindvall 2000; Ramos-Cabrer et al.
2010; Roitberg 2004).
Regardless, an increasing number of studies investigating stem cell transplantation
have reported long-term functional improvements that persist for up to one year in
rodent stroke models and even when transplantation is performed up to one month
after stroke (Li, Y et al. 2005; Shen, Li, Chen, Cui, et al. 2007; Shen, Li, Chen,
Zacharek, et al. 2007; Zhang, L et al. 2011). The evidence from these studies suggest
that the transplanted cells may improve functional recovery not via direct neuronal
replacement, but rather through promoting endogenous neurogenesis and
neuroplasticity (Liu, Z et al. 2010; Ramos-Cabrer et al. 2010).
Investigations over the past decade, most notably the studies using bone marrow
stromal cells (BMSC) by Chopp and co-workers, have contributed greatly to our
current understanding of how transplanted stem cells may facilitate the
neurorestorative processes underlying post-stroke functional recovery (Chen, J et al.
2014; Chopp, Li & Zhang 2009). The results of these investigations have revealed
that neurorestorative effects of stem cell transplantation are mediated, at least in part,
through the modulation of the post-stroke glial cell responses (Chopp, Li & Zhang
2009; Goldmacher et al. 2013). Some of the changes in protein expression in glial
cells that have been identified include the upregulation of trophic factors such as
angiopoetin-1, bone morphogenetic proteins 2 and 4, VEGF and GDNF (Shen, Li &
Chopp 2010; Zacharek et al. 2007; Zhang, C et al. 2006), and gap junction protein
connexin-43 (Zhang, C et al. 2006) and downregulation of neurocan (Shen et al.
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2008) and plasminogen activator inhibitor-1 (Xin et al. 2011). Although most of the
investigations so far have focussed on the astroglial changes, studies using other
disease models have also demonstrated that the beneficial effects of BMSC
transplantation may also be mediated via the promotion of M2 polarisation in
activated microglia (Ohtaki et al. 2008; Zanier et al. 2014)
The studies mentioned above have mostly been conducted using BMSCs.
Investigations into other sources of stem cells such as olfactory ensheathing cells,
dental pulp stem cells and induced pluripotent stem cells have also begun to
demonstrate potential in enhancing functional recovery after stroke (Chou et al.
2014; Leong et al. 2012; Yuan et al. 2013).
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1.6

Modeling Stroke

Various models of stroke in animals (Bacigaluppi, Comi & Hermann 2010a, 2010b;
Canazza et al. 2014; Carmichael 2005) and tissue culture systems (Giffard &
Swanson 2005; Murphy, EJ & Horrocks 1993; Wu & Schwartz 1998) have been
devised for use in the investigations of mechanisms underlying infarction and
recovery, as well as in the development of treatments and interventions. These
animal and tissue culture stroke models approximate the various aspects of stroke in
humans to differing extents and enable the study of the disease under conditions that
are more controlled and reproducible while minimising the ethical issues associated
with studies involving human patients.

1.6.1 Animal Models
Animal models of stroke have typically utilised rodents such as mice, rats and gerbils
as the model animal. However, larger animals such as rabbits, cats, dogs, sheep, pigs
and monkeys, exhibiting greater complexity in brain structure that more closely
resemble human brains, have also been used (Canazza et al. 2014; Traystman 2003).
Although rodents exhibit lesser brain complexity, there are many comparative
advantages for their use in stroke models compared to larger animals. These
advantages include a lower cost of maintenance, ease of breeding and handling, and
fast maturation, all of which facilitate studies with high throughput and greater
statistical power. Furthermore, a large variety of transgenic strains are available,
particularly in mice, that enable investigations of specific genes and molecular
pathways that are not feasible in other model animals. These advantages are reflected
in the fact that the large majority of reported studies have employed rodent models of
stroke.
Middle cerebral artery occlusion (MCAo) is the most common form of clinical stroke
in humans (Bogousslavsky, Van Melle & Regli 1988; Olsen, Skriver & Herning
1985). Consequently, occlusion of the middle cerebral artery is the prevalent
approach to infarct induction in animal stroke models and many different techniques
that has been devised to achieve this, including endothelin-1 injection, intraluminal
thread, embolic clot, microvascular clip, suture ligation and electrocoagulation
(Carmichael 2005; Fluri, Schuhmann & Kleinschnitz 2015; Hossmann 2008; Macrae
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2011). Furthermore, depending on the technique used, the arterial occlusion may be
reversed to model the consequences of reperfusion due to spontaneous or
pharmacologically induced recanalisation. However, depending on the technique and
surgical conditions used, the size and location of infarct can be highly variable
(Carmichael 2006; Fluri, Schuhmann & Kleinschnitz 2015; Hossmann 2008;
Traystman 2003).
An alternative approach is the photothrombotic stroke model that is used in the
investigations presented in this thesis. In this model, infarction is induced by the
translumination of the brain through the skull from a cold light source following
injection of rose bengal, a photosensitive dye, into the blood circulation of the animal
(Watson et al. 1985). Rose bengal is activated by light exposure triggering the
generation of oxygen radicals that lead to platelet activation and clotting within the
microvasculature of the pia and parenchyme resulting in rapid cell death and infarct
development. However, the model has been criticised for a lack of clinical relevance
as it results in little or no ischemic penumbra and endothelial damage caused by the
oxygen radicals also lead to early vasogenic oedema that is uncharacteristic of stroke
in humans (Carmichael 2005; Fluri, Schuhmann & Kleinschnitz 2015; Hossmann
2008). Despite this, the photothrombotic stroke model exhibits several key
advantages over the MCAo models particularly in the study of neurorestorative
mechanisms and functional recovery following stroke.
The infarcts generated by photothrombotic stroke are highly reproducible with welldefined boundaries and can be targeted to specific brain regions to generate
functional deficits that are easily assessed. Furthermore, the relative size of infarcts
generated by photothrombotic stroke are more comparable to the average size of
infarcts compatible with survival in humans than the much larger infarctions
typically obtained in MCAo stroke models (Carmichael 2005). The results from a
study by Alaverdashvili et al. (2008) is of particular pertinence here as they
suggested that the long term outcome of injuries such as stroke is more dependent on
the severity and size of the infarct rather than the nature or cause of the injury. As a
final point, the rapid development and lack of an ischemic penumbra may be an
advantage as the infarct is more resistant to modification by neuroprotective
mechanisms that can confound investigations into the effects of neurorestorative
interventions. Indeed, this model has been used in many studies investigating
neuroplastic changes within the peri-infarct tissue that underlie post-stroke functional
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recovery (Brown, Boyd & Murphy 2010; Brown, Wong & Murphy 2008; Clarkson
et al. 2013; Harrison et al. 2013; Hinman, Rasband & Carmichael 2013; Jablonka et
al. 2010; Jablonka et al. 2012; Sigler & Murphy 2010).

1.6.2 Tissue Culture Models
Although the use of animal models is indispensible to the development of treatments
and studies of post-stroke functional recovery that cannot replicated in vitro, the use
of tissue culture systems have also contributed greatly to the understanding of
specific mechanisms and pathways that are involved in the responses of different
neural cell types to ischemia (Almeida et al. 2002; Dugan & Kim-Han 2004;
Goldberg, WJ, Kadingo & Barrett 1986; Yenari & Giffard 2001).
There are in general two different types of tissue culture systems used in the study of
stroke-related mechanisms, organotypic slice cultures and cell cultures (Dugan &
Kim-Han 2004; Gahwiler et al. 1997; Noraberg et al. 2005; Wu & Schwartz 1998).
Organotypic cultures using brain slices have the advantages of retaining the
structure, intercellular organisation and neuronal connections of the intact brain
while allowing for direct manipulation of the cells and ease of assessment of the
responses to manipulation. However, these cultures are difficult to maintain for long
durations (Wilhelmi et al. 2002) and are therefore unsuitable for the study of
mechanisms involved in recovery following stroke as these processes typically take
place over prolonged periods of time.
In contrast, cultures of cells from dissociated brain tissue can be easily maintained
for up to several weeks and the cellular composition of the cultures can be easily
manipulated to allow the investigation of specific interactions between different
neural cell types (Costantini et al. 2010; Langan & Slater 1991; Szabo & Gulya
2013). However, there is at present no cell culture model that allows the study of
peri-infarct cellular responses. The challenges of modeling the peri-infarct tissue in
cell culture will be discussed in detail in the study described in chapter 5.
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1.7

Objectives of the Study

Although it is clear that the responses of glial cells within the peri-infarct tissue are
important determinants of the long term outcome of stroke, there is much that
remains unknown about their influence on the processes involved in the recovery of
function, and even less about how these responses may be manipulated to enhance
recovery.
The experiments described in this thesis were designed to investigate the processes
involved in the development of the post-stroke peri-infarct glial cell responses. Of
particular interest were the early microglial responses that may influence functional
recovery during the post-acute phase of stroke. Specifically, it is commonly held that
microglial activation is detrimental to the stroke outcome and that this may in part be
attributed to the effects of the early microglial responses and its influence on the
subsequent development of astrogliosis following stroke.
The investigations were organised into three parts, of which the first two were based
on the photothrombotic model of stroke in rats. The photothrombotic model of
stroke, despite having been used in numerous studies over the past three decades, is
still incompletely characterised, particularly in terms of a quantitative approach to
characterise the peri-infarct glial cell responses over time. This deficiency was
addressed in the first part of the investigations where quantitative measures were
developed and applied to the characterisation of microglial and astroglial responses
within the tissue regions surrounding the infarct over the first 7 days following
stroke.
In the second part of the investigations, the characterised model was used as a basis
to study the effects of treatment with the anti-inflammatory drug minocycline on the
early microglial responses and the subsequent development of astrogliosis and
functional recovery. Minocycline was selected for these studies as it has been widely
reported to be an effective inhibitor of microglial activation.
The third and final part of the investigations addressed the current lack of in vitro
models that can be used to study peri-infarct cellular responses. Here, a previously
reported technique of inducing focal cell death in cultured cells was used as the basis
to develop a cell culture model that enabled the investigation of glial cell responses
under conditions that simulate the environment of the peri-infarct tissue. The cell
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culture model was characterised using a similar quantitative approach as in the
photothrombotic model and was applied to the investigation of microglial activation
and its influence on the development of astrogliosis within the simulated peri-infarct
environment. Minocycline was again used to inhibit the microglial responses to the
focal injury.
The objectives of the study are summarised as follows:
1. To characterise the photothrombotic model of stroke using a quantitative
approach
a. To develop quantitative measures for microglial activation and
astrogliosis
b. To characterise the spatiotemporal changes in the microglial and
astroglial responses in the intact tissue surrounding the infarct core
following photothrombotic stroke
2. To investigate the effectiveness of early treatment with minocycline on the
modulation of microglial and astroglial responses and its influence on the
subsequent functional recovery after stroke
3. To develop an in vitro model of the post-stroke peri-infarct tissue
a. To characterise the spatiotemporal changes in the microglial and
astroglial responses within the peri-focal regions of the model
b. To investigate the role of microglial activation on the development of
astrogliosis following focal lesioning by treatment with minocycline
and by depletion of microglial cells from the cultures
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CHAPTER 2
GENERAL MATERIALS AND METHODS
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Materials and methods that are common to the experiments in this thesis are
described in the following sections. Variations and modifications or methods that are
specific to the chapters are described in the methods sections within those chapters.
In particular, the methods pertaining to cell culture and immunocytochemistry are
described only within the methods section of chapter 5 (section 5.2).

2.1

Animals

Male Sprague-Dawley rats (Laboratory Animal Services, University of Adelaide,
SA, Australia) between 270 and 340 g body weight were used in the experiments.
The animals were kept in a temperature and humidity controlled room with a 12 h /
12 h light/dark cycle and ad libitum access to water and standard rat chow. The use
of animals in this study was approved by the Animal Welfare Committee of Flinders
University (Project Number 754/10).

2.2

General Materials

The common laboratory chemicals and reagents used in the experiments described in
this thesis are listed in Table 2.2.1.
Table 2.2.1

List of common laboratory chemicals and reagents

Description
Acetic acid, glacial
Bovine Serum Albumin
Calcein, AM
Calcium chloride dihydrate
Chondroitinase ABC from Proteus
vulgaris
Cresyl Violet acetate
Cytosine β-D-arabinofuranoside
Denatured Absolute Alcohol F3
Dulbecco’s modified Eagle’s
medium – low glucose
Donkey serum
DPX Mountant for histology
Ethanol Undenatured 100% AR
Fetal Bovine Serum, qualified,
Australia origin
D-(+)-Glucose

Product /
Catalogue No.
1-2.5L GL
A6003
C3099
127-500G
C3667

Supplier / Manufacturer
Ajax Finechem
Sigma-Aldrich
ThermoFisher / Molecular
Probes™
Ajax Finechem
Sigma-Aldrich

C5042
C1768
4546
D6046

Sigma-Aldrich
Sigma-Aldrich
Ajax Finechem
Sigma-Aldrich

D9663
06522
EA043
10099141

Sigma-Aldrich
Sigma-Aldrich
Chem-Supply
ThermoFisher / Gibco™

G8270

Sigma-Aldrich
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Griess Reagent (modified)
HEPES
Heptane, anhydrous, 99%
Hoechst 33258

G4410
H3375
246654
H3569

441244
15140122

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
ThermoFisher / Molecular
Probes™
Ajax Finechem
Sigma-Aldrich
Sigma-Aldrich
Merck Millipore
Sigma-Aldrich
ThermoFisher / Molecular
Probes™
Sigma-Aldrich
ThermoFisher / Gibco™

Hydrochloric acid, 36%
L-Leucine Methyl Ester
Magnesium chloride hexahydrate
Magnesium sulphate
Minocycline Hydrochloride
NeuroTrace™ 500/525 Green
Fluorescent Nissl Stain
Paraformaldehyde, prilled, 95%
Penicillin-Streptomycin (10,000
U/mL)
Poly-L-lysine hydrobromide
Potassium chloride
Potassium dihydrogen
orthophosphate
ProLong® Gold Antifade Mountant

AJA1367-2.5LGL
L1002
M2393
105886
M9511
N-21480

P1274
P9541
391-500G

Sigma-Aldrich
Sigma-Aldrich
Ajax Finechem

P36934

ThermoFisher / Molecular
Probes™
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Propidium iodide solution
Protease Inhibitor Cocktail
Rose bengal
Sodium acetate
Sodium azide
Sodium bicarbonate
Sodium chloride
Sodium hydroxide
Sodium nitrite
Sodium phosphate dibasic
Sodium phosphate monobasic
Sucrose
Trizma® base
Triton™ X-100
Tween® 20

P4864
P8340
330000
S2889
S2002
S5761
S9625
S5881
S2252
S3264
S3139
S0389
T1503
T8787
P9416
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2.3

General Methods

2.3.1 Habituation of Animals to Handling and Functional Testing
Each animal was handled by an investigator for at least 10 minutes a day on 3
separate days leading up to the surgical induction of photothrombotic stroke. These
sessions included the familiarisation of the animals to the testing platform (figure
2.2.1) and trial attempts at the forelimb placing assessment (described below) to
habituate the animals to the handling required to successfully perform the
assessment.

Figure 2.3.1

Forelimb placing test platform.

Animals were habituated to handling on the forelimb placing test platform on three separate
days for 10 minutes each time before photothrombotic stroke surgery.

2.3.2 Forelimb Placing Assessment
The forelimb placing assessment tests for the reflexive motor response of the rat to
reach for the nearest detected surface when held suspended with all of its limbs
hanging in space. This functional test was originally developed by Schallert et al.
(2000) and has been described in detail elsewhere (Schallert & Woodlee 2005). The
rat being tested was held firmly by its torso in both hands such that all four limbs
hang freely. Placing response in the forelimb was elicited by brushing the vibrissae
of the rat against the testing platform.
Three variants of the test, the head-on, same-side and cross-midline, were used in the
assessment (figure 2.3.2). The rats were given ten trials for each variant of the test on
both forelimbs during each assessment. The placing score for each forelimb was
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calculated by summing the successful trials in all three variants, giving a maximum
score of 30 for the test.

A
Figure 2.3.2

B

C

The three variants of the forelimb placing test.

A) Head on - In the head on test, the rat is held with its body level to the platform. The
vibrissae from both sides of its face brush the edge when the rat is moved towards the
platform. B) Same side - The rat is held in the same manner as in the head on test. The rat is
moved towards the platform from the corner so that only the vibrissae on the same side as
the forelimb being tested contacts the platform. C) Cross midline - The rat is held tilted
towards the side opposite to the forelimb being tested so that only the vibrissae on the
opposite side contacts the platform.

2.3.3 Photothrombotic Stroke Surgery
The photothrombotic stroke surgery was based on the method described in the
original study by Watson et al. (1985) and the study by Alaverdashvili et al. (2008)
with some modifications in the surgical technique and equipment used.
The rats were anaesthetised for surgery using ketamine (100 mg/kg; Ketamine
Hydrochloride; Ceva Animal Health Pty Ltd, NSW, Australia) and xylazine (10
mg/kg; Ilium Xylazil-20; Troy Laboratories Pty Ltd, NSW, Australia) via
intraperitoneal injections. Adequate depth of anaesthesia was determined by the lack
of response to a pinch on the hindlimb footpad. Rose-bengal dye was prepared by
dissolving in saline at 10 mg/mL then sterile filtered through a 0.20 µm (16534K ;
Sartorius Stedim Australia Pty Ltd, VIC, Australia) syringe filter before use in the
surgery. Anaesthesia was maintained for the duration of the surgery using 250 µL
boluses of ketamine, diluted 1:10 in saline, that were administered as necessary.
Rose-bengal and additional ketamine were administered via a femoral vein cannula
introduced in the first part of the surgery. Core temperatures of the rats were
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monitored by a rectal temperature probe (YSI Precision 4000 A Thermometer; YSI
Inc., OH, USA) that was inserted after anaesthesia. The temperature was maintained
at between 36.5 and 37.5 °C using heating pads during the surgery and heat lamps
that were switched on as necessary during recovery from anaesthesia following the
surgery. The scalp and inner surface of the right thigh were shaved using electric
clippers and sterilised by swabbing with 70% alcohol before surgical incisions were
made at each site.
The surgery was carried out in two parts, the first of which was the cannulation of the
femoral vein. An incision approximately 2 cm in length was made on the inner
surface of the right thigh directly along the femoral sheath that contains the femoral
nerve, artery and vein. An approximately 1cm segment of the femoral vein was
isolated from the femoral sheath and ligated at the distal end using 4-0 braided silk
suture (SA4040; Dynek Pty Ltd, London, UK). Another ligature was tied loosely at
the proximal end of the isolated vein. A small incision was made into the femoral
vein just proximal to the distal ligature and a cannula (Polyethylene tubing, ID 0.28
mm OD 0.61 mm, Product Code: I-10338; SteriHealth Pty Ltd, SA, Australia) was
introduced into the vein via the incision. The cannula was advanced approximately 2
cm past the proximal (loose) ligature. The proximal ligature was then tightened to
secure the cannula. Approximately 50 µL bupivacaine (Bupivacaine Injection BP
0.5%; Pfizer Inc., NY, USA) was administered directly onto the surgical site and the
wound was temporarily closed with a single simple interrupted suture (S207; Dynek
Pty Ltd, London, UK). The cannula was further secured by using masking tape to
hold the cannula around the right ankle.
Following femoral vein cannulation, the head of the rat was immobilised in a
stereotaxic frame (Model 900 Small Animal Stereotaxic Instrument; David Kopf
Instruments, CA, USA). An approximately 2 cm long midline incision was made
along the scalp with a disposable sterile blade (Surgical scalpel blade No. 21, REF
0206; Swann-Morton Limited, Sheffield, UK) and the scalp was retracted to expose
the skull. The periosteum was cleared from the skull surface by gentle scraping with
the blade and blood was cleaned by swabbing with cotton buds. Bleeding was
stopped by cauterisation using low temperature electrocautery (Accu-Temp® Low
Temperature Cautery, Product No. 8441000; Beaver Visitec International, MA,
USA). The location of the infarct was fixed by placement of a brass shim stencil
with a rectangular window (3 × 5 mm) positioned over the forelimb motor cortex of
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the right hemisphere, at 1.5 mm anterior to bregma and 2.5 mm lateral to midline
(figure 2.3.3).
Translumination of the skull for stroke induction was performed using a 150 W light
source (Intralux 5000; Volpi AG, Schlieren, Switzerland) equipped with a green
filter (532.5 - 587.5 nm pass band) and attached fibre-optic cable (6 mm diameter).
Intensity of the emitted light from the fibre-optic cable was measured using a digital
light meter (LX-1330B; GX Pro, Gain Express Holdings Ltd, Kowloon, Hong Kong)
to ensure an intensity of at least 140,000 lux at the point of emission from the cable
when the shutter dial was at maximum. The lamp of the light source was replaced as
soon as the light intensity fell below 140,000 lux. The shutter dial was turned to
minimum and the fibre-optic cable was positioned directly over the window of the
brass shim stencil and as close as possible without contacting the skull (figure 2.3.3).

Figure 2.3.3

Placement of brass shim and fibre optic cable from light source.

A brass shim with a 3 × 5 mm window is positioned over the forelimb motor cortex, centred
at bregma +1.5 mm, midline +2.5 mm. The brass shim is held in position with masking tape.
The fibre-optic cable of the light source is positioned with the aperture directly over the cutout and as close as possible without contacting the skull.
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Rose-bengal dye, at a dose of 13 mg/kg bodyweight (1.3 mL/kg), was injected via
the femoral vein cannula using a syringe pump (sp200i syringe pump; World
Precision Instruments Inc, FL, USA) at a rate of 200 µL/min. At the same time, the
shutter dial of the light source was turned to maximum to begin stroke induction. The
translumination was maintained for 15 min before the light source was removed. The
duration of light exposure was determined from initial experiments to reliably
generate infarcts that reached the full cortical depth without extending into the
subcortical layers.
Following completion of stroke induction, the incision on the scalp was closed with a
simple running suture and 100 µL bupivacaine was administered by subcutaneous
injections around the surgical site. Next, the femoral vein cannula was withdrawn
and the proximal ligature that was used to secure the cannula was then further
tightened to close the vein. The incision at this site was closed using several simple
interrupted sutures and 100 µL bupivacaine was administered around the site via
subcutaneous injections. The rat was then returned to its cage and its temperature
was monitored and maintained between 36.5 and 37.5 °C using a heat lamp that was
turned on as necessary until it had recovered from anaesthesia.

2.3.4 Perfusion-Fixation of the Brain
The rats were sacrificed by transcardial perfusion-fixation for brain samples that
were used in immunohistochemistry and cresyl violet staining.
The rats were anaesthetised using ketamine (100 mg/kg) and xylazine (10 mg/kg)
administered via intraperitoneal injections. The anaesthetised rat was placed in a
supine position and the limbs were secured using masking tape. The pleural cavity
was exposed by dissecting into the ribcage and diaphragm to allow access to the
heart. The thymus was dissected to allow visualisation of the ascending aorta. The
heart was gripped loosely across the middle using a haemostat and the lower wall of
the left ventricle was punctured with a blunted 18 gauge needle (BD
PrecisionGlide™ 18G 1 1/2TW; Becton, Dickinson and Company, NJ, USA)
attached via tubing to a peristaltic pump (7401 Blood Pump; Drake Willock). The
needle was gently advanced upwards past the left ventricle until the tip was visible in
the ascending aorta. The haemostat was then clamped to secure the needle for
perfusion-fixation. An incision was made in the right atrium of the heart just before
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starting the peristaltic pump to allow the blood and perfusion solutions to leave the
circulation. The peristaltic pump was set to a flow rate of 60 mL/min for both
perfusion and fixation. Perfusion was performed using 1 % NaNO2 in 0.01 M sodium
phosphate buffer (pH 7.4) followed by fixation using 4 % paraformaldehyde in 0.1 M
sodium phosphate buffer (pH 7.4). Perfusion was continued for at least 3 min until
the solution flowing out of the incision ran clear. Fixation was performed using
approximately 200 mL of the fixative. Following fixation, the rat was decapitated
and the brain was extracted from the skull. The brain was then placed into a vial
filled with fixative and post-fixed overnight at 4 °C.

2.3.5 Cryoprotection of Brain Samples
Following post-fixation, the brain samples were transferred into 20 % cyoprotectant
(20 % sucrose solution with 0.02 % sodium azide in PBS, pH 7.4) and incubated at 4
°C until the brains sank to the base of the containers. The samples were then
transferred into 30 % cryoprotectant (30 % sucrose solution with 0.02 % sodium
azide in PBS, pH 7.4) and again incubated at 4 °C until the brains sank to the base of
the containers. Finally, the samples were transferred into fresh 30 % cryoprotectant
and stored at 4 °C until they were processed for cryosectioning.

2.3.6 Cryosectioning of Brain Samples
The brain samples were first placed into a brain matrix and trimmed by cutting away
the tissue approximately 1 mm anterior and posterior to the infarct. The block of
brain tissue containing the infarct was blotted gently with tissue paper to remove
excess cryoprotectant, then placed into a cryomold (18646A; Polysciences Inc., PA,
USA). The cryomold was then filled with OCT compound (Tissue-Tek® O.C.T.
Compound; Sakura Finetek USA Inc., CA, USA) until the brain block was
completely covered.
The cryomold was then immersed in heptane that was cooled to near freezing in
liquid nitrogen. Once the OCT compound had completely frozen, the cryomold was
kept in a freezer at -20 °C overnight to allow the temperature to equilibrate before
sectioning.
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The brain blocks embedded in OCT were cut in a cryo-microtome (Leica Cryocut
1800 equipped with Leica Microtome 2020; Leica Microsystems Pty Ltd, NSW,
Australia) into 20 µm thick coronal sections. For every 25 sections cut (i.e. at 0.5
mm intervals), sections were mounted onto poly-L-lysine-coated glass slides for
cresyl violet staining. The glass slides (76 × 26 mm, HD 41808 1P0; HD Scientific
Supplies Pty Ltd, NSW, Australia) were prepared beforehand by incubating in polyL-lysine (0.01 %) dissolved in double-distilled water for 15 minutes and then dried in
an oven at 60 °C.
The slide-mounted sections were kept in a desiccated slide container at 4 °C until
they were processed for cresyl violet staining. Other sections were kept free floating
in PBS with 0.02 % sodium azide also at 4 °C.

2.3.7 Cresyl Violet Staining and Calculation of Infarct Volume
Slide-mounted brain sections were stained with cresyl violet to allow visualisation of
the infarct. Cresyl violet staining solution was prepared by dissolving cresyl violet
acetate (0.1 %) in double-distilled water, filtered through a 0.20 µm syringe filter,
then acidified with acetic acid (0.0006 %).
The sections were rehydrated by incubation in decreasing concentrations of ethanol:
2 min at 100 % ethanol, 2 min in 95 % ethanol, 3 min in 75 % ethanol, and finally, 5
min in 50 % ethanol. The sections were then stained by incubation in cresyl violet
staining solution for 10 min. The sections were then carefully rinsed with doubledistilled water and de-stained by 2 incubations in 95 % ethanol for 5 min each time.
Finally, the sections were dehydrated by 2 incubations in 100 % ethanol for 5 min
each time. The sections were air dried for 15 min in a fume cabinet, then mounted
and coverslipped in DPX mountant.
Images of the stained sections were taken using a digital camera (Canon PowerShot
A650 IS; Canon Australia, NSW, Australia), together with a microscope calibration
slide for scale (figure 2.3.4). The images were processed using the image processing
and analysis software, "ImageJ" (Schneider, Rasband & Eliceiri 2012), for the
calculation of infarct volume. The area of infarction in each section as identified by
pale staining was measured in ImageJ. Then the infarct volumes within the intervals
between sections were approximated by the trapezoidal method (i.e. Interval
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volumea,b = 1/2 × (Areaa + Areab) × interval distance). The interval volumes were
then summed to obtain the total infarct volume.

Figure 2.3.4

Sample image of brain section stained with cresyl violet.

The brain section was taken from an animal at 24 h after photothrombotic stroke. The
infarcted tissue was weakly stained by cresyl violet as can be clearly seen in the image. A
microscope calibration slide (1 mm per numbered division) was placed at the base of the
section to allow for the calculation of infarct volume.

2.3.8 Immunohistochemistry
A list of primary and secondary antibodies, dilutions used, and the suppliers are
provided in Table 2.3.1. In addition, cell nuclei were counterstained with Hoechst
33258 (1:1000 dilution).
Free floating brain sections were blocked and permeabilised in blocking buffer (0.3%
Triton-X100, 5% Donkey serum in PBS, pH 7.4) for 2 h at room temperature before
incubating in primary antibodies. Primary antibodies were diluted in blocking buffer
and the sections were incubated overnight at 4 °C. The sections were then washed
four times in PBS before incubating in secondary antibodies. Secondary antibodies
and Hoechst 33258 were diluted in PBS and the sections were incubated for 2 h at
room temperature on an orbital shaker (Bioline orbital shaker, BL8136; Bioline
Global Pty Ltd, NSW, Australia). The sections were then washed four times in PBS
before being mounted on glass slides in Prolong® Gold antifade mountant and
coverslipped.
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Table 2.3.1

List of antibodies and dilutions used in immunohistochemistry

Primary Antibodies
Description
Goat polyclonal anti-Iba1
Mouse monoclonal anti-NeuN [Clone A60]

Dilution Catalogue #
1:1000
ab5076
1:500
MAB377

Rabbit monoclonal anti-Ki67 [Clone SP6]
Rabbit monoclonal anti-Vimentin [Clone
EPR3776]
Rabbit polyclonal anti-CD68
Rabbit polyclonal anti-GFAP
Secondary Antibodies
Description
Donkey anti-Mouse IgG (H+L) Alexa Fluor®
488 conjugate
Donkey anti-Mouse IgG (H+L) Alexa Fluor®
647 conjugate
Donkey anti-Rabbit IgG (H+L) Alexa Fluor®
488 conjugate
Donkey anti-Rabbit IgG (H+L) Alexa Fluor®
647 conjugate
Donkey anti-Goat IgG (H+L) Alexa Fluor®
647 conjugate

1:500
1:500

ab16667
ab92547

Supplier
Abcam
Millipore /
Chemicon®
Abcam
Abcam

1:1000
1:500

ab125212
G4546

Abcam
Sigma-Aldrich

Dilution Catalogue #
1:2000
A-21202
1:2000

A-31571

1:2000

A-21206

1:2000

A-31573

1:2000

A-31571

Supplier
ThermoFisher /
Invitrogen™
ThermoFisher /
Invitrogen™
ThermoFisher /
Invitrogen™
ThermoFisher /
Invitrogen™
ThermoFisher /
Invitrogen™

2.3.9 Image Acquisition
Images were acquired using a Leica TCS SP5 confocal microscope (Leica
Microsystems Pty Ltd, NSW, Australia) from Iba1-immunolabelled sections for the
determination of microglial circularity and area fraction. The 20× objective lens was
used for image acquisition on the confocal microscope. Images for vimentinimmunolabelled sections were acquired using an Olympus IX71 inverted microscope
(Olympus Australia Pty Ltd, NSW, Australia) with the 4× objective lens. Images
were acquired from two brain sections separated by at least 25 sections (i.e. 0.5 mm)
from each brain sample and the results reported were averages of the two sections.
For the characterisation of changes in the microglial response, images were scanned
from Iba1 and NeuN double-immunolabelled sections at the 8 regions of interests
(ROIs) as shown in figure 2.3.5 A. "Ipsi01A" and Ipsi01B" are ROIs within the periinfarct tissue along the boundary on the lateral and midline edges of the infarct.
"Ipsi01A + 1mm" is located 1 mm away from the infarct boundary on the same side
of the infarct as "Ipsi01A". "Ipsi02" and "Ipsi03" are ROIs within the ipsilateral
cortex in regions that are distant to the infarct. "Contra01", "Contra02" and
"Contra03" are corresponding regions within the contralateral cortex. The
contralateral region, "Contra01" was used as the corresponding control for "Ipsi01A"
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and "Ipsi01B" as no changes were expected within the contralateral cortex. Loss of
immunolabelling for NeuN was used as the method of locating the infarct boundary
for the acquisition of images in the peri-infarct regions (figure 2.3.5 B & C). Image
stacks were scanned at 1 µm steps through the full thickness of the sections using
confocal microscopy with the 20× objective lens.

A
NeuN

B

Iba1

C

Figure 2.3.5 Location of images acquired for the characterisation of microglial
changes following stroke.
(A) The boxes show the positions of the ROIs that were scanned by confocal microscopy.
(B) The loss of NeuN immunolabelling was used to identify the infarct and locate the
boundary between the infarct and peri-infarct tissue. The white boxes (775 × 775 µm)
correspond to Ipsi01A and Ipsi01B in (A) and are located within the peri-infarct tissue
regions on either side of the infarct. The ROIs were aligned along the boundary of the infarct
so that a small area of the infarct was just visible in the scanned images. (C) The
corresponding ROIs in the Iba1 fluorescence channel is shown.
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For the characterisation of changes in the astroglial response, images were scanned
from vimentin and NeuN double-immunolabelled sections. For this characterisation
only the peri-infarct tissue regions on either side of the infarct and the corresponding
contralateral region were scanned (figure 2.3.6 A). Loss of immunolabelling for
NeuN was again used as the method for positioning the ROI during image
acquisition (figure 2.3.6 B & C). The images here were acquired on the Olympus
IX71 microscope using the 4× objective lens. Identical camera exposure settings
were used to capture all images for vimentin immunofluorescence.

Peri-infarct 1

Peri-infarct 2

Contralateral

A
NeuN

Vimentin

B

C

Figure 2.3.6 Location of images acquired for the characterisation of astroglial
changes following stroke.
(A) The boxes (2250 × 1681 µm) show the positions of the images taken using the 4×
objective lens within the peri-infarct tissue and corresponding contralateral region. The
images taken within the peri-infarct tissue on either side of the infarct were aligned along the
boundary using NeuN immunolabelling as a guide. (B) An example of an image (2250 ×
1681 µm) taken at the "Peri-infarct 1" position in the NeuN fluorescence channel. The loss
of NeuN immunolabelling was again used to identify the infarct and locate the boundary
between the infarct and peri-infarct tissue. The images taken within the peri-infarct tissue
were positioned so that they were aligned with the edge of the infarct with the infarct clearly
visible in the top portion of the image. (C) The corresponding image in the vimentin
fluorescence channel is shown.
51

2.3.10 Image Analysis
Images from the Iba1-immunolabelled sections acquired using confocal microscopy
were analyzed to determine microglial circularity and area fraction. The image stacks
were opened in ImageJ and maximum intensity projections were obtained. All
subsequent image processing and analyses were performed using these projected
images. The images for the Iba1 fluorescence channel were processed to reduce
background noise using the "subtract background noise" function with "rolling ball
radius" set at 100 pixels and the sliding paraboloid box checked. The mean
background fluorescence intensity was then determined by sampling and averaging
the fluorescence intensity at 5 random positions that were devoid of cells. The image
was then thresholded at a level that was twice the mean background fluorescence
intensity rounded down to the nearest integer.
An area 500 × 500 µm in size was selected for analysis using the "specify" function.
For images in the peri-infarct regions (i.e. Ipsi01A and Ipsi01B), the position was
chosen so that the selected area was immediately adjacent to the infarct, within the
tissue region where NeuN immunolabelling was preserved (figure 2.3.7). For all
other ROIs, the selection box was simply placed in the centre of the image.
Finally, the selected areas within thresholded Iba1 images were analysed using the
"Analyze Particles" function, with the particle size set to a lower limit of 200 pixel
units. This particle size limit corresponds to circular particles of approximately 12
µm in diameter and was chosen in order to exclude cell debris or cells that are only
partially within the section. An overlay outline of the analyzed image is shown in
figure 2.3.8. The results of the analyses for "particle count", "average size", "%Area"
and "circularity" were transferred into spreadsheets for collation and statistical
analysis.
Images from the vimentin-immunolabelled sections were analyzed using ImageJ to
determine the area fraction of immunolabelling as a measure of the astroglial
response. The mean background fluorescence intensity was calculated for each of the
images in the vimentin fluorescence channel. This was done by sampling and
averaging the fluorescence intensity at 5 random positions that were not occupied by
astroglial cells. The images were then thresholded at levels that are twice their
respective mean background fluorescence intensity, rounded down to the nearest
integer. The corresponding images in the NeuN fluorescence channel were again
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used to visualise the infarct for the placement of the selection box for analyses. The
selection box was positioned immediately along the boundary of the infarct within
the region where NeuN immunolabelling was preserved (figure 2.3.9). The size of
the selection box was defined so that it extended 500 µm from the edge of the infarct
and covered the full depth of the cortical layer. The area fraction of vimentin
immunolabelling within the selection box was then determined by using the
"Measure" function in ImageJ. The results were transferred into spreadsheets for
collation and statistical analyses.

NeuN

Thresholded Iba1

Figure 2.3.7 Specifying the area for particle analysis of Iba1 immunolabelling within
the peri-infarct region.
The images shown are examples of area selection for analysis of Iba1 immunolabelling
within the peri-infarct regions, "Ipsi01A" and "Ipsi01B". The images (775 × 775 µm) are
maximum intensity projections from image stacks of the NeuN and Iba1 fluorescence
channels. The Iba1 image has additionally been thresholded at a level that is twice the mean
background fluorescence intensity. The infarct can been seen along the right edge of the
image in the NeuN channel based on the loss of immunolabelling for NeuN. The selection
box (500 × 500 µm) is positioned so that it is immediately alongside the infarct, within the
tissue region where NeuN immunolabelling is preserved. The same selection box was then
used on the Iba1 channel for analysis of microglial circularity and area fraction.
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Figure 2.3.8 Overlay outlines of microglial cells immunolabelled with Iba1 as
identified by "Analyze Particle" function in ImageJ.
The image shows the thresholded Iba1 image in figure 2.3.7 after particle analysis in ImageJ.
All microglial cells identified by the analysis are outlined in cyan. Numerous particles that
were smaller than the particle size limit can be seen in between the outlined cells.

NeuN

Thresholded Vimentin

500 µm

Figure 2.3.9 Specifying the area for area
immunolabelling within the peri-infarct region.

fraction

analysis

of

vimentin

The images shown are examples of area selection for area fraction analysis of vimentin
immunolabelling within the peri-infarct regions. The vimentin image has been thresholded at
a level that is twice the mean background fluorescence intensity. The selection box was
positioned along the boundary of the infarct within the tissue region where NeuN
immunolabelling was preserved. The width of the selection box was specified so that it
extended 500 µm from the edge of the infarct. The length of the box was specified so that it
covered the entire cortical layer.

54

2.3.11 Western Blot
The rats that were used for western blots were sacrificed by decapitation following
anaesthesia using ketamine (100 mg/kg) and xylazine (10 mg/kg) administered via
intraperitoneal injections. The brains were extracted and the subcortical structures
were dissected away. The infarct can be identified by the paleness of the tissue from
the lack of blood flow and cell death (figure 2.3.10). The region of tissue containing
the infarct and approximately 2 mm of the surrounding viable tissue was dissected
out and designated as the peri-infarct tissue for analysis by western blot. A similar
region of tissue was dissected from the contralateral cortex as control.
The tissue samples were homogenised in TES buffer (0.1 M Tris, 0.01 mM EDTA,
0.32 M sucrose, pH 7.4) with protease inhibitor cocktail (1:100 dilution) using the
Retsch TissueLyser (Qiagen Pty Ltd, VIC, Australia) at a frequency of 30 Hz for 2
min. The homogenised samples were then assayed for protein concentration using
the Bio-Rad DC protein assay kit (5000112; Bio-Rad Laboratories Pty Ltd, NSW
Australia) following the manufacturer's protocol with BSA protein standards.
Samples used for Neurocan blots were pre-digested, before gel electrophoresis, by
incubation in an equal volume of chondroitinase ABC (1 unit/mL) in Tris-acetate
buffer (0.2 M Tris, 0.6M sodium acetate, pH 8.0) for 3 h at 37 °C.
20 µg of each sample and molecular weight standards (Precision Plus Protein™ Dual
Color Standards, #1610394; Bio-Rad Laboratories Pty Ltd) were loaded for gel
electrophoresis (4–20% Criterion™ TGX Stain-Free™ Protein Gel, #5678094; BioRad Laboratories Pty Ltd) and Western blotting (Trans-Blot® Turbo™ Transfer
System with RTA Midi LF PVDF Transfer Kit, #1704155 & #1704275; Bio-Rad
Laboratories Pty Ltd). The PVDF membranes were blocked in 5% skim milk and
0.1% Tween 20 in PBS (pH 7.4) for 1 hour at room temperature. All primary and
secondary antibodies were diluted in 2.5% skim milk and 0.05% Tween 20 in PBS
(pH 7.4). A list of the antibodies and dilutions used is shown in table 2.3.2. The
membranes were incubated in primary antibodies for 30 min at room temperature
with regular manual agitation. This was followed by overnight incubation at 4 °C on
an orbital shaker. This membranes were then incubated in secondary antibody for 2 h
at room temperature. The bands were developed by incubation in 5 mL ECL
substrate (Clarity™ Western ECL Blotting Substrate, #1705061; Bio-Rad
Laboratories Pty Ltd) for 5 min at room temperature. Chemiluminescence from the
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blots were captured digitally on a Gel Doc™ EZ Imager (#1708270; Bio-Rad
Laboratories Pty Ltd) and the band intensities were analyzed using the Carestream
Molecular Imaging Software (Version 5.0; Carestream Health Inc, NY, USA).

Control /
Contralateral

Peri-infarct

Figure 2.3.10 Dissection of brain tissue for western blot.
The picture shows a freshly extracted brain sample. The infarct can be clearly identified in
the right hemisphere from the pale appearance of the tissue (thin white line). The region of
cortical tissue around the infarct, including approximately 2 mm of the surrounding viable
tissue was dissected out for analysis by western blot as indicated by the broken black lines.
The corresponding region of tissue in the left hemisphere was dissected out and used as
control.
Table 2.3.2

List of antibodies and dilutions used in western blots

Primary Antibodies
Description
Mouse monoclonal anti-Neurocan [Clone
650.24]
Rabbit monoclonal anti-Vimentin
Rabbit polyclonal anti-Actin
Rabbit polyclonal anti-GFAP
Secondary Antibodies
Description
Peroxidase AffiniPure Donkey Anti-Rabbit
IgG (H+L)

Dilution Catalogue #
1:1000
MAB5212
1:1000
1:1000
1:1000

ab92547
A2066
G3893

Dilution Catalogue #
1:2000
711-035-152

Supplier
Millipore /
Chemicon®
Abcam
Sigma-Aldrich
Sigma-Aldrich
Supplier
Jackson
ImmunoResearch
Laboratories

2.3.12 Statistical Analysis
Statistical Analyses of the experimental data were performed using the SPSS
software package (IBM SPSS Statistics for Windows. Version 23.0; IBM Corp.,
Armonk, NY, USA). Details of individual analysis are given in the results section of
subsequent chapters.
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CHAPTER 3
MICROGLIAL AND ASTROGLIAL
RESPONSES IN A PHOTOTHROMBOTIC
MODEL OF STROKE
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3.1

Introduction

Glial cells greatly outnumber neurons within the CNS and serve important roles in
the regulation of the brain microenvironment that modulate and support normal
neuronal functions. In acute neurological disorders such as stroke, glial cells become
activated in response to the injury and act in concert to isolate and limit the extent of
damage and also to promote resolution and recovery.
The astroglial response, termed astrogliosis, is characterised by cellular hypertrophy
and upregulated expression of intermediate filaments including GFAP, vimentin and
nestin. Over time, hypertrophic and newly proliferated astroglial cells form a glial
scar along the boundary of the infarct that serves to wall off the damaged tissue
(Burda & Sofroniew 2014; Sofroniew 2015).
Microglial activation occurs rapidly and typically precedes astrogliosis after stroke
and is likely to be an important factor in the initiation and modulation of post-stroke
astroglial responses. Activation of microglial cells is characterised by a striking
morphological transformation where the normally highly ramified cells retract their
processes and assume an amoeboid form. Activated microglia proliferate and migrate
towards the infarct where they are involved in the clearance of debris and dead cells
(Napoli & Neumann 2009).
Spontaneous partial recovery of function is usually observed over several weeks to
months following stroke. This recovery in function is generally attributed
neuroplastic changes within the peri-infarct tissue, which is the region immediately
surrounding the infarct. It is thought that surviving neuronal cells within the periinfarct tissue may establish new connections that partially compensate for the
neurons that are lost within the infarct (Brown & Murphy 2008).
Astroglial responses may alternatively inhibit or facilitate these neuroplastic
processes (Sofroniew 2005). It has long been observed that the glial scar that is
formed following prolonged astrogliosis is a barrier to axonal regeneration, but it was
only more recently identified that expression of CSPGs in reactive astroglia are
largely responsible for the observed inhibitory effects on axons (Fitch & Silver 1997;
McKeon, Jurynec & Buck 1999). Indeed, evidence from various studies suggests that
CSPGs released from reactive astroglia within the peri-infarct tissue after stroke may
inhibit plasticity and limit recovery long before the formation of a mature glial scar
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(Carmichael et al. 2005; Shen et al. 2008). However, reactive astroglia may also play
important roles in facilitating functional recovery through the expression of
molecules such as thrombospondins, clusterin and various trophic factors that
promote neuroplasticity (Allred, Kim & Jones 2014; Imhof et al. 2006; Liu, Z, Xin &
Chopp 2014; Zhao, Y & Rempe 2010).
In addition to the physical changes, microglial activation is also accompanied by a
host of changes in protein expression including upregulation of various cytokines
(Jordan et al. 2008; Kim, JY, Kawabori & Yenari 2014), many of which have been
observed to induce or modulate astroglial reactivity (Chen, SH et al. 2015; Gao, Z et
al. 2013; Zhang, D et al. 2010), as well as neurotrophic factors such as BDNF and
GDNF that promote neuroplasticity (Batchelor et al. 2002; Lai & Todd 2008;
Madinier et al. 2009; Yang, H et al. 2012).
The timing of the respective responses of microglia and astroglia and their
interactions are likely to be critical in determining the balance of factors favouring or
inhibiting neuroplasticity. A detailed characterisation of the spatio-temporal
progression of microglial and astroglial responses following stroke will be useful in
furthering the understanding of the cross-interactions of these responses and in aiding
the development of interventions to enhance functional recovery. However there
have so far been very few attempts at a quantitative approach to characterise these
glial cell changes.
The present study was designed with the aim of providing a detailed characterisation
of the changes in microglia in relation to astroglial responses within the peri-infarct
tissue over the first 7 days following photochemically induced stroke in rats. A major
focus of the study was to develop reliable measures that can be used to quantify the
glial cell responses and evaluate the effectiveness of treatments aimed at modifying
them.
The photothrombotic model of stroke was chosen for this study as it generates more
reproducible and well-defined infarcts than most other models. It also allows the
infarct to be targeted to specific regions such as the motor cortex to generate
functional deficits that can be readily assessed. As a result, this model has been
frequently used in studies investigating mechanisms of neuroplasticity underlying
functional recovery following stroke.
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There are perhaps two main difficulties to developing a quantitative approach to the
characterisation of glial cell changes in the peri-infarct tissue. The first is the lack of
quantifiable markers of microglial activation that can reliably measure microglial
changes over an extended period of time. Previous studies have looked at changes in
the expression of proteins associated with microglial activation such as interleukins,
IL-1β, IL-6, and IL-18, TNF-α and iNOS, or their mRNAs. However these changes
are generally transient and their expression are often not specific to microglia. For
example, although early upregulation of IL-1β has been detected in microglia
following focal ischemia, its expression peaked very rapidly and generally did not
persist beyond 48 hours (Clausen et al. 2005; Lambertsen, Biber & Finsen 2012). In
addition, upregulation of IL-1β expression has also been detected in astroglia and
neurons following ischemic stroke (Amantea, D. et al. 2010).
The second is the lack of a method to objectively and consistently identify the
boundary between the infarct and peri-infarct tissue. Most studies have relied on
histological stains such as cresyl-violet in alternate sections to identify the infarct
boundary. However, this is an imprecise and unreliable approach as the differences
in staining intensities between the infarct and peri-infarct tissue can be subtle at the
early time points. At later time points, infiltration into the infarct by microglia and
macrophages can also make the boundary difficult to identify.
In the present study, the above issues were addressed in part by adopting a direct
approach of quantifying the morphological changes in microglial activation through
the measurement of the circularity of cellular profiles in brain sections labelled for
the microglial marker, Iba1. Further analysis of the physical parameters of microglial
cells, including cell and soma sizes, provided additional information on the changes
in microglial morphology during activation. Whereas changes in most of the protein
markers associated with microglial activation tend to be transient or slow developing,
the corresponding change in morphology occurs rapidly and persists even at 7 days
after ischemia.
In addition, the area fractions for microglia and astroglia, in respectively Iba1 and
vimentin-labelled brain sections, were used as composite measures of their responses
to infarction in terms of cellular hypertrophy and changes in cell numbers as a result
of cell death, proliferation and migration.
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The infarct was identified by the loss of immunoreactivity to the neuronal marker
NeuN and allowed for an unambiguous definition of the peri-infarct regions. NeuN
immunolabelling revealed a well-defined boundary between the infarct and periinfarct tissue across all the time-points investigated in this study.
The results from the study reveal that morphological changes in microglia can be
detected as early as 3 hours following focal ischemia via assessment of the circularity
of microglial profiles. In addition, these changes spread transiently to regions distant
from the infarct at 24 hours within the ipsilateral cortex and persist up to 7 days
within the immediate peri-infarct regions. Area fraction of Iba1 immunolabelling
within the peri-infarct region exhibited an initial decrease at 24 hours followed by
marked increases at 3 and 7 days. The microglial response was accompanied by a
marked and progressive increase in the area fraction of vimentin immunolabelling
from 24 hours to 7 days after stroke.
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3.2

Materials and Methods

3.2.1 Experimental Design
The common materials and methods used in the experiments in this chapter have
been described previously in chapter 2. Additional details and methods specific to
this part of the study are provided in the following sections.
The photothrombotic model of stroke was characterised for the first 7 days after
stroke

induction

by

functional

assessment,

infarct

volume

measurement,

immunohistochemical labelling and Western blot. A timeline of the experimental
procedures is shown in figure 3.2.1.

Forelimb Placing Assessment
Sacrifice by Perfusion-Fixation

Baseline placing
assessment at 1 day
before or just prior to
surgery

Sacrifice for Western Blot

Habituation
to handling
~ 1 week

3h

24 h

2d

3d

7d

Photothrombotic
Stroke Surgery

Figure 3.2.1 Experimental timeline for the characterisation of the photothrombotic
stroke model.
All animals used in the experiments were habituated to handling during the week before
photothrombotic stroke surgery. Baseline forelimb placing scores were assessed either on the
day before surgery or just prior to surgery. Following surgery, the animals were assessed for
inclusion at 3 h by forelimb placing scores (≤ 15). Forelimb placing scores were also
assessed at 24 h, 2 d, 3 d and 7 d until the rats were sacrificed. Groups of animals were
sacrificed by perfusion-fixation at each of the listed time points. Additional animals were
also sacrificed at 24 h, 3 d and 7 d by decapitation for assessment by Western blots.

All animals were habituated (section 2.3.1) to handling during the week before
photothrombotic stroke surgery in 10 min sessions on 3 separate days. Baseline
forelimb placing scores of the rats were assessed (section 2.3.2) either on the day
before surgery or just before the surgery. Following stroke surgery (section 2.3.3),
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the rats were assessed again at 3 h by the forelimb placing assessment to ensure that
the stroke surgery was successful. Only animals that scored 15 or less were included
in this study. For the rats that met the inclusion criterion, recovery of function was
further characterised by forelimb placing assessments that were conducted at 24 h, 2
d, 3 d and 7 d until the animals were sacrificed.
At each of the time points indicated, following forelimb placing assessments, animals
were sacrificed by perfusion-fixation (section 2.3.4). The brains were then extracted
and processed for cryosectioning (sections 2.3.5 & 2.3.6). The brain sections were
then used for cresyl violet staining and immunohistochemical labelling.
The infarct volumes were determined from the cresyl violet stained sections (section
2.3.7) and changes in the microglial and astroglial responses were assessed from the
immunolabelled sections. In addition, brain sections were taken from 3 h, 3 d and 7 d
samples for the analysis of infarct visualisation by Nissl staining using NeuroTrace™
compared against immunolabelling for the neuron-specific marker NeuN (described
below).
Brain sections were immunolabelled for Iba1 and vimentin to characterise the
changes in microglial and astroglial responses following photothrombotic stroke as
described in sections 2.3.8, 2.3.9 and 2.3.10.
Animals were also sacrificed by decapitation at 24 h, 3 d and 7 d for Western blots to
assess the changes in the expression of astroglial markers GFAP and vimentin
(section 2.3.11).

3.2.2 NeuroTrace Staining Vs. NeuN Immunolabelling
Visualisation of the infarct by Nissl staining is compared against immunolabelling
for NeuN by co-labelling using NeuroTrace™, a fluorescent Nissl stain, with an antiNeuN antibody. The co-labelling was performed using slide-mounted sections from 3
h, 3 d and 7 d samples. The antibodies and NeuroTrace stain used are listed in table
3.2.1.
The slide-mounted sections were rehydrated by washing twice in PBS for 10 min
each time. The sections were blocked and permeabilised in blocking buffer for 1 h at
room temperature. Anti-NeuN antibody was diluted in blocking buffer and the
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sections were incubated overnight at room temperature. Following incubation in
primary antibody, the sections were washed 4 times in PBS for 10 min each time.
Secondary antibody and NeuroTrace stain were diluted in PBS and the sections were
incubated for 3 h at room temperature. The sections were washed 4 times in PBS for
10 min each time, then mounted in Prolong® Gold antifade mountant and
coverslipped. Fluorescence images of the immunolabelled sections were taken on the
Olympus IX71 microscope.

Table 3.2.1
co-labelling

List of antibodies, stains and dilutions used for NeuroTrace and NeuN

Description
Donkey anti-Mouse IgG (H+L) Alexa
Fluor® 647 conjugate
Mouse monoclonal anti-NeuN [Clone
A60]
NeuroTrace™ 500/525 Green Fluorescent
Nissl Stain

Dilution Catalogue #
1:500
A-31571
1:200

MAB377

1:100

N-21480

Supplier
ThermoFisher /
Invitrogen™
Millipore /
Chemicon®
ThermoFisher /
Molecular Probes™

3.2.3 Additional Analysis of Changes in Microglial Response to
Photothrombotic Stroke
In addition to the analysis for microglial circularity and area fraction using ImageJ as
described in section 2.3.10, further analysis was performed using the image analysis
software, "Neurolucida" (version 8; MBF Bioscience, VT, USA).
Images were acquired from Iba1-immunolabelled sections of 24 h and 7 d brain
samples at the positions "Ipsi01A", "Ipsi01B" and "Contra01" (see figure 2.3.5 in
section 2.3.9). These images were then analysed for the morphological measures of
cell area, soma area and cell perimeter. These are alternative indicators of the
changes in microglial morphology during activation that provide additional
morphological data and complement the results from circularity analysis using
ImageJ. The time points 24 h and 7 d were selected for the additional analyses as the
change in microglial circularity was already maximal at 24 h and has started to return
to baseline at 7 d.
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3.3

Results

3.3.1 Infarct Volume
Using cresyl violet staining, the infarct was detectible as early as 3 h after stroke
induction. The infarct reached maximum volume by 24 h and contracted significantly
by 7 days (figure 3.3.1).

24 h
3h

7d

Figure 3.3.1

Volume of infarct following photothrombotic stroke induction.

The infarct as defined by the lack of or weaker staining of cresyl violet was detected at 3 h
after stroke induction, reached maximum volume by 24 h and contracted significantly by 7 d
(**p < 0.01, vs. all other time points, One-way ANOVA with Tukey’s HSD). Values are
shown as mean ± SD (n = 4 - 6 per time point). Representative images of cresyl violetstained sections at 3 h, 24 hand 7 d after stroke are shown in the insets.

NeuN immunolabelling was used to identify the boundary between the infarct core
and peri-infarct tissue in all parts of the study involving immunohistochemistry as it
was a highly sensitive marker of neuronal loss. As a comparison, brain sections from
3 h, 3 d and 7 d after stroke were immunolabelled for NeuN and counterstained with
NeuroTrace™, a fluorescent Nissl stain (figure 3.3.2).
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In all the cases examined, NeuN immunolabelling provided a clear distinction
between the infarct core and the peri-infarct regions. Although it was possible to
detect the infarct through NeuroTrace staining at all 3 time points, it was difficult to
define the boundary of the infarct. NeuroTrace also appeared to underestimate the
region of neuronal loss, especially at the base of the infarct.

NeuroTrace

NeuN

Merge

3h

3d

7d
Figure 3.3.2 Comparison
immunolabelling.

between

NeuroTrace™

Nissl

staining

and

NeuN

Although it was possible to detect the infarct using either NeuroTrace staining or NeuN
immunolabelling, the loss of NeuN immunoreactivity more clearly defined the infarct border
(scale bar = 500 µm).

3.3.2 Forelimb Placing Reflex
The development of the infarct was accompanied by a measurable impairment of the
placing reflex of the affected (contralateral) forelimb (figure 3.3.3). The impairment
could be detected by 3 h after stroke and the placing score of the affected
(contralateral) forelimb at this time was used as the inclusion criterion for the study.
Although, the inclusion criterion was set at a placing score of 15 or less for this part
of the study, most of the animals that have met the criterion have in fact scored 5 or
less (21 of 29 animals).
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The deficit in the placing reflex was most severe at between 3 h and 2 d post-stroke
and partial recovery was observed at 3 and 7 d after stroke.

***
***

Figure 3.3.3

***

Forelimb placing scores following stroke induction.

Impairment of placing reflex of the affected forelimb was easily detected by 3 h after stroke
induction and remained markedly impaired up to 2 d after stroke (***p < 0.001 vs. Baseline,
Kruskal-Wallis test, pair-wise comparison with Bonferroni correction). The data is presented
in a box plot with outliers shown in circles (n ≥ 5 per time point).

67

3.3.3 Microglial Response – Circularity
Increased circularity as a result of process retraction was used as a measure of
morphological changes associated with microglial activation in the brain sections.
Iba1-immunolabelled brain sections were scanned using confocal microscopy at
several locations in both the ipsilateral and contralateral cortices (figure 3.3.4).
Maximum projections of z-stacks were thresholded and the average circularity of
microglial cells within each image field was determined using the “Analyze
Particles” function in ImageJ.

Figure 3.3.4
after stroke.

Locations within each brain section analyzed for microglial changes

Z-stacks were scanned using confocal microscopy at the 8 locations in each brain section as
shown. Microglial changes were analyzed within a 500 µm by 500 µm ROI at each location.
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i.

3 Hours Post-Stroke

At just 3 h after stroke induction, the circularity of microglial cells in the peri-infarct
regions on either side of the infarct at "Ipsi01A" and "Ipsi01B" had become
significantly higher than in the corresponding contralateral region at "Contra01"
(figure 3.3.5). The circularity of microglia in other regions was unaffected at this
time.

Contra01

Figure 3.3.5

Ipsi01A

Microglia circularity at 3 hours after stroke induction.

Changes in microglial morphology as determined by the circularity parameter could be
detected in the peri-infarct regions at just 3 h after stroke (*p < 0.05, **p < 0.01 vs.
"Contra01", One-way ANOVA with Tukey’s HSD). Values are shown as mean ± SD (n = 4).
Representative images of microglia outlines in the "Contra01" and "Ipsi01A" regions are
shown in the insets.
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ii.

24 Hours Post-Stroke

At 24 hours the circularity of peri-infarct ("Ipsi01A" and "Ipsi01B") microglia had
further increased. The changes in microglia morphology in the ipsilateral cortex had
also spread further out and even distant regions approximately 4 to 5 mm away
("Ipsi02") exhibited significantly higher circularities than contralateral regions
(figure 3.3.6).

Ipsi01A

Figure 3.3.6

Microglia circularity at 24 hours after stroke induction.

At 24 h, circularity of the peri-infarct microglia had further increased and these changes had
also spread to distant regions of the ipsilateral cortex (*p < 0.05, **p < 0.01 vs.
corresponding contralateral regions, One-way ANOVA with Tukey’s HSD). Values are
shown as mean ± SD (n = 4). A representative image of microglia outlines in the "Ipsi01A"
region is shown in the inset.
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iii.

Time-course

At 3 d the increase in the circularity of the peri-infarct microglia persisted, but the
changes at distant regions observed at 24 h had reversed and returned to levels
comparable to the contralateral cortex. Circularity was still elevated within the periinfarct region at 3 d and even though there was a decrease by 7 d, it remained
significantly higher than the contralateral cortex (figure 3.3.7).

Figure 3.3.7

Time-course of changes in microglial circularity after stroke induction.

Circularity of microglia in the peri-infarct regions remained significantly higher than the
contralateral regions up to 7 d after stroke (*p < 0.05, **p < 0.01 vs. "Contra01", One-way
ANOVA with Tukey’s HSD). Values are shown as mean ± SD (n = 4).
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3.3.4 Microglial Response – Area Fraction
Microglial area fraction was used as a measure of changes including cellular
hypertrophy and increase in cell numbers as a result of migration and proliferation
that are the typical responses of microglia to stroke. The area fraction was
determined at the same locations as described previously (see figure 3.3.4 above)
using the same procedure for analysis as for circularity.
i.

3 Hours Post-Stroke

At 3 h after stroke induction the distribution of microglia as assessed by area fraction
around the peri-infarct and other ipsilateral cortical regions were unaffected and very
similar to that in the contralateral regions (figure 3.3.8). Microglial cells within the
peri-infarct appear to have enlarged cell soma but overall area fractions within those
regions were not significantly different from the contralateral regions (see figure
3.3.8 insets).

Contra01

Figure 3.3.8

Ipsi01A

Microglia area fraction at 3 hours after stroke induction.

Distribution of microglia as assessed by area fraction was relatively uniform and unchanged
across the contralateral and ipsilateral regions, although microglial cells appeared
hypertrophic within the peri-infarct regions. Values are shown as mean ± SD (n = 4).
Representative images of microglia masks in the "Contra01" and "Ipsi01A" regions are
shown in the insets.
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ii.

24 Hours Post-Stroke

At 24 h, there was a decrease in the peri-infarct microglia area fraction relative to the
neighbouring ipsilateral regions (figure 3.3.9). This decrease in microglia area
fractions in the peri-infarct regions at 24 h was also observed in the minocycline
studies (see section 4.3.1.4) where similar decreases in the peri-infarct microglia area
fraction were detected in both the vehicle and minocycline-treated groups. The cell
soma appears to be enlarged at this time, similar to observations at 3 h. This was
confirmed by additional morphological analysis in section 3.3.6 (figure 3.3.14) that
revealed an increase in the soma area of peri-infarct microglial cells at 24 h poststroke.

Ipsi01A

Figure 3.3.9

Microglia area fraction at 24 hours after stroke induction.

At 24 h, area fraction of microglia in the peri-infarct region was decreased relative to
neighbouring ipsilateral regions (#p < 0.05 vs. "Ipsi01A+1mm", One-way ANOVA with
Tukey’s HSD). Values are shown as mean ± SD (n = 4). A representative image of the
microglia masks in the "Ipsi01A" region is shown in the inset.
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iii.

Time-course

At 3 d, the area fraction of peri-infarct microglia had recovered and became higher
than the contralateral regions. Further increases were observed at 7 d after stroke
(figure 3.3.10).

Figure 3.3.10 Time-course of changes in microglial area fraction after stroke
induction.
Area fraction of microglia in the peri-infarct region had increased at 3 d and 7 d after stroke
(*p < 0.05, **p < 0.01 vs. "Contra01", One-way ANOVA with Tukey’s HSD). Values are
shown as mean ± SD (n = 4).

3.3.5 Microglial Response – Particle Count & Average Size
Counts of Iba1-immunolabelled particles (figure 3.3.11) and their average sizes
(figure 3.3.12) in each of the ROIs (500 by 500 µm) were also determined from the
ImageJ analysis. These data provided an indication of the changes in microglial cell
numbers and their sizes following stroke. Only the data from "Contra01", "Ipsi01A"
and "Ipsi01B" are shown as the other regions did not exhibit significant changes.
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The data from the particle counts and particle area revealed that the decrease in
microglial area fraction within the peri-infarct regions, "Ipsi01A" and "Ipsi01B", at
24 h after stroke was due primarily to a decrease in microglial cell numbers.
Similarly, the increase in area fraction within the same regions at 3 d was due to
increases in microglial cell numbers. Double-immunolabelling of Iba1 with Ki67, a
cell proliferation marker, shows that the increase in microglial cell numbers was due,
at least in part, to proliferation in situ (figure 3.3.13).
Particle counts became unreliable at 7 d after stroke due to the high microglial cell
densities within the peri-infarct regions. This high density meant that a large
proportion of the cellular profiles overlapped or were in contact and as a result were
mis-identified by the ImageJ software as single large particles. This can be seen from
the large increase in the average particle size within the peri-infarct regions at 7 d.

* **

**

**

Figure 3.3.11 Particle counts of Iba1-imunolabelled particles within the peri-infarct
and corresponding contralateral regions after photothrombotic stroke.
Following photothrombotic stroke, the Iba1+ particle counts within the peri-infarct regions,
"Ipsi01A" and "Ipsi01B", decreased initially at 24 h but became elevated at 3 d compared to
the corresponding contralateral regions (*p < 0.05, **p < 0.01 vs. "Contra01", One-way
ANOVA with Tukey's HSD). Values are shown as mean ± SD (n = 4).
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**
*

Figure 3.3.12 Average size of Iba1-immunolabelled particles within the peri-infarct
and corresponding contralateral regions after photothrombotic stroke.
The size of the Iba+ particles within the peri-infarct regions, "Ipsi01A" and "Ipsi01B", were
not significantly different compared to those within the corresponding regions at up to 3 d
after stroke. However, at 7 d there was a marked increase in the peri-infarct particle size
relative to the contralateral region (*p < 0.05, **p < 0.01 vs. "Contra01", One-way ANOVA
with Tukey's HSD). Values are shown as mean ± SD (n = 4).

Ki67

Iba1

Merge

Figure 3.3.13 Co-localisation of Ki67 and Iba1 within the peri-infarct tissue at 3 days
after stroke.
The fluorescence images show co-localisation (arrowheads) of the proliferation marker,
Ki67, with microglial marker, Iba1. Representative images from the peri-infarct region,
"Ipsi01A", of a 3 d brain sample are shown (scale bar = 100 µm).
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3.3.6 Microglial Response – Additional Analysis
Additional analysis was performed using the image analysis software, "Neurolucida"
(section 3.2.2), to measure the changes in the morphological parameters of cell area,
soma area and cell perimeter. These are alternative measures to circularity (section
3.3.3) that provided additional information on the changes in microglial morphology
during activation.
Microglial cell area within the peri-infarct regions, "Ipsi01A and "Ipsi01B", was
decreased compared to the corresponding contralateral region, "Contra01", at 24 h
and these changes persisted at 7 d after stroke (figure 3.3.14). In contrast, the soma
area of peri-infarct microglial cells increased at 24 h but returned to values that were
similar to that within the contralateral regions by 7 d (figure 3.3.15). Microglial cell
perimeter exhibited changes that were similar to the cell area. The perimeter of
microglial cells within the peri-infarct regions were decreased at both 24 h and 7 d
after stroke (figure 3.3.16).

*

**
***

**

Figure 3.3.14 Microglial cell area at 24 hours and 7 days after stroke.
One-way analysis of variance at each of the time points revealed significant differences
between the cell area of microglia within the peri-infarct regions, "Ipsi01A" and "Ipsi01B",
and the corresponding contralateral region "Contra01" (*p < 0.05, **p < 0.01, ***p < 0.001,
vs. Contra01, One-way ANOVA with Tukey's HSD). Values are shown as mean ± SD (n = 3 4 per group).
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**

*

Figure 3.3.15 Microglial soma area at 24 hours and 7 days after stroke.
One-way analysis of variance revealed significant differences between the soma area of
microglial cells within the peri-infarct regions and the corresponding contralateral region at
24 h, but not at 7 d after stroke (*p < 0.05, *p < 0.01, vs. Contra01, One-way ANOVA with
Tukey's HSD). Values are shown as mean ± SD (n = 3 - 4 per group).

*
***

***

**

Figure 3.3.16 Microglial cell perimeter at 24 hours and 7 days after stroke.
One-way analysis of variance at each of the time points revealed significant differences
between the cell perimeter of microglia within the peri-infarct regions and the corresponding
contralateral region (*p < 0.05, **p < 0.01, ***p < 0.001, vs. Contra01, One-way ANOVA
with Tukey's HSD). Values are shown as mean ± SD (n = 3 - 4 per group).
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3.3.7 Astroglial Response
The astroglial response to the photothrombotic stroke was assessed by vimentin
immunolabelling in the brain sections. Vimentin is not normally expressed in cortical
astroglia but is strongly upregulated in reactive astroglial cells following stroke
(figure 3.3.17 A & B). Upregulation of vimentin expression is most marked within
the peri-infarct tissue but can be detected even at distant regions within the ipsilateral

Contralateral Cortex

cortex (figure 3.3.17 C).
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Figure 3.3.17 GFAP and vimentin expression at 3 days after stroke.
(A) Vimentin immunolabelling identifies only blood vessels within the contralateral cortex at
3 d after stroke. (B) Within the peri-infarct tissue vimentin is strongly upregulated and
predominantly co-expressed with GFAP in reactive astroglial cells. (C) Within the ipsilateral
cortex, vimentin expression can also be detected in astroglial cells in tissue regions that are
distant from infarct (scale bar = 200 µm).
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Initial expression of vimentin was limited to the subcortical regions and to the blood
vessels within the cortex. This was mostly unchanged at 3 and 24 h after stroke
induction. By 2 d after stroke, there was a clear upregulation in vimentin expression
in the peri-infarct and fluorescent labelling intensity increased further at 3 and 7 d
after stroke (figure 3.3.14).

A

B

C

D

E

F

Figure 3.3.17 Representative fluorescence images
sections at different time-points after stroke induction.

of

vimentin-immunolabelled

Images are shown for (A) Contralateral cortex at 3 h after stroke, (B, C) ipsilateral cortex at
3 and 24 h after stroke, and (D, E & F) ipsilateral cortex at 2, 3 and 7 d after stroke (scale bar
= 500 µm).
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Vimentin area fraction was unaffected at 3 h but a small increase could be detected in
the peri-infarct region at 24 h after stroke. Further marked increases were detected
from 2 to 7 d after stroke (figure 3.3.15).

Figure 3.3.18 Increase in vimentin area fraction in the peri-infarct after stroke
induction.
Vimentin area fraction in the peri-infarct regions were mostly unchanged between 3 and 24 h
after stroke, but became significantly higher than the contralateral region by 2 d and
continued to increase out to 7 d (*p < 0.05, **p < 0.01 vs. contralateral regions, One-way
ANOVA with Tukey’s HSD). Values are shown as mean ± SD (n = 4).

In agreement with the results from the vimentin area fraction analysis, Western blots
for vimentin also revealed a striking increase in the density of the bands for the periinfarct tissue samples at 3 d and 7 d after stroke (figure 3.3.18 A). Western blots for
GFAP also showed a similar, albeit less marked increase over the same time period
(figure 3.3.18 B)
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Figure 3.3.19 Western blots for Vimentin and GFAP following photothrombotic
stroke.
Representative blots for (A) Vimentin, and (B) GFAP are shown for the peri-infarct and
contralateral tissue from brain samples taken at 24 h, 3 d and 7 d after photothrombotic
stroke. The blots reveal a progressive increase in the expression of both proteins within the
peri-infarct tissue after stroke. The increase is especially marked for vimentin which is
expressed at low levels within the contralateral tissue.
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3.4

Discussion

There has in recent years been an increasing interest in understanding the nature of
glial cell responses following stroke and their role in the facilitation of recovery.
However, despite the widespread use of various animal models in the study of stroke
in the previous decades, the glial cell responses in these models are still incompletely
characterised. This is especially true of quantitative data that may be invaluable in
the objective assessment of interventions targeting these responses.
In the present study, we have characterised the responses of microglia and astroglia
following photothrombotic stroke using a quantitative approach that assessed
changes in both morphology and cell numbers. Our characterisation of the microglial
responses revealed a nearly 3-fold increase in the peri-infarct area fraction over the
first 7 days and changes in circularity indicative of activation as early as 3 hours
following stroke. These results were broadly consistent with previous studies that
reported microglial activation within the first 1 – 2 days and subsequent increases in
microglial cell density around the infarct (Li, H et al. 2014; Nowicka et al. 2008;
Schroeter, Jander & Stoll 2002). However, using our quantitative approach, we were
able to detect these changes at a much earlier time point. In addition, we have also
detected a previously unreported loss in peri-infarct microglia at 24 hours following
stroke.
As discussed in the introduction, the process of microglial activation involves a rapid
and marked morphological shift from a highly ramified form to an amoeboid form.
This change in cellular profile can be viewed as a shift from a less circular to a more
circular shape and can be quantified in the form of the mathematical parameter
circularity. The use of the circularity parameter, also termed “form factor”, as an
approach to quantify microglial activation was described by Wilms, Hartmann and
Sievers (1997) in a study investigating the effects of different growth substrates and
conditioned media on microglial morphology. A variant of the method using the
inverse of circularity, termed “transformation index”, was also described in other
studies investigating changes in cultured microglial cells (Fujita et al. 1996; Szabo &
Gulya 2013; Tanaka, J et al. 1998). However, these cell culture studies relied on
sampling and analysis of individual cells and may be susceptible to observer bias.
More recently, Schmitz et al. (2014) utilised the circularity parameter to analyze
changes in microglial morphology in a model of hyperoxia-induced white matter
83

injury in neonatal rats. In a very similar approach to our present study, the authors
analyzed maximum projections of confocal image stacks taken from Iba1immunolabelled brain sections using the ImageJ software. However, rather than
directly analyzing the entire image field using the software, the authors have only
used it to measure cell areas and perimeters in image segments and determined
circularity values from these measurements. Regardless, using this approach, they
were able to detect hyperoxia-induced microglia activation through increased
circularity of microglial cells.
In our study, we have adapted the method to directly determine the average
circularity of microglial cells within entire image fields using ImageJ. Using this
approach, we observed that, as assessed by the circularity parameter, morphological
changes in microglia can be detected as early as 3 hours, peaked by 24 hours, and
persisted up to 7 days following stroke. Furthermore, transient changes in the
morphology of microglia at distant regions were also detected at 24 hours based on
the circularity measurement.
Additional analysis using Neurolucida, a different image analysis software,
supported the results of the circularity analysis (see section 3.3.6). The additional
analysis was based on alternative morphological parameters that are closely related
to circularity. A decrease in cell perimeter reflects a loss or retraction of cell
processes and correlates with an increase in circularity. In fact, this inverse
relationship can be seen directly in the equation for circularity (circularity = 4π ×
Area/Perimeter2) (Wilms, Hartmann & Sievers 1997). Measurements of the
microglial cell perimeter revealed a marked decrease (~ 41 %) in the peri-infarct
region compared to the contralateral region at 24 hours and partial recovery at 7
days.
More interestingly, the analysis showed a contrasting shift in the total cell area and
soma area at 24 hours. The total cell area reflected the total amount of space
occupied by the entire microglial cell including both the cell soma and its associated
processes. At 24 hours after stroke, microglial cells within the peri-infarct region
exhibited, at the same time, an increased soma area and a decreased total cell area.
These results suggested that, consistent with the known effects of activation on
microglial morphology, there was hypertrophy of the soma together with the
retraction of cell processes (see figure 1.4.3). At 7 days, the soma area had returned
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to pre-hypertrophy values while the total cell area remained similar to that at 24
hours, suggesting that there was a partial re-extension of cell processes at this time.
These results paralleled observations from the circularity analysis where the
microglial cells exhibited peak circularity at 24 hours and partial recovery towards
baseline levels at 7 days. This characteristic change in microglial soma size as a
result of activation has in fact been utilised in a study by Kozlowski and Weimer
(2012) to detect microglial activation in live animals using 2-photon microscopy.
Overall, the changes in the alternative parameters exhibited good agreement with the
changes in circularity parameter and provided support for the interpretation that the
circularity of microglial cells is closely correlated with the extent of de-ramification
in these cells.
Other studies have also attempted to quantify the changes in microglial morphology
during activation using more sophisticated morphometric approaches. These included
fractal and Scholl analysis to determine morphological parameters such as fractal
dimensions, lacunarity, convexity, solidity, ramification factor and branching density
(Fumagalli et al. 2013; Hinwood et al. 2013; Karperien & Jelinek 2015; Soltys et al.
2005; Soltys et al. 2001).
Of particular interest is the study by Soltys et al. (2005) in which the authors
investigated the effectiveness of different morphological parameters in evaluating the
changes in microglial morphology induced in a global ischemia model in rats. In the
study, microglial cells from different brain regions were randomly selected following
global ischemia and grouped by visual inspection into four classes of morphologies
associated with increasing degrees of activation. The authors then assessed the
effectiveness of nine different morphological parameters, which included circularity
(form factor), in distinguishing between the different classes of microglial cells. It
was concluded from their analysis that circularity was the most effective amongst the
parameters investigated.
Perhaps more relevant to our present investigations, a recent study by Morrison and
Filosa (2013) utilised a “skeleton analysis” approach to measure the changes in
microglial ramification in a mouse model of stroke. This method of analysis
determines the extent of ramification in microglial cells by measuring the number of
process end-points and total process length for each cell. The retraction of processes
during microglial activation therefore results in decreases of the measured
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ramification parameters. Indeed, the authors reported detection of significantly
reduced microglial process end-points immediately upon the completion of the 60
minutes middle cerebral artery occlusion used as the stroke model. The effect of deramification was even more pronounced after 8 hours of reperfusion where
significant reductions in the total process length were also detected. After 24 hours of
reperfusion, the de-ramification process had spread to regions further away from the
infarct.
It is interesting to note that we have in our present study achieved largely similar
results to that reported by Morrison and Filosa (2013) despite using an arguably
simpler approach for the analysis of microglial morphology. There was however a
minor difference in that they also reported the detection of hyper-ramification of the
microglial cells in the peri-infarct regions immediately adjacent to the infarct at the
earliest time-point investigated. Although we have not detected a similar change (i.e.
decrease in circularity) in our results, it is possible that this was due to differences in
the stroke model used (middle cerebral artery occlusion vs. photothrombotic stroke)
and the earliest time-point investigated (1 h vs. 3 h). In addition, the Morrison and
Filosa study also used a different approach to define their peri-infarct regions. Based
on the images supplied in their report, the regions nearest to the infarct, defined as
regions 1 and 2 in their study, would have been identified in our study as part of the
infarct core using our criterion of the loss of NeuN immunoreactivity.
In addition to morphological measures relating to microglial ramification, we have
also quantified the microglial area fraction. The cellular area fraction is a measure
combining the effects of cell size and numbers, both of which are influenced by the
microglial activation responses of cellular hypertrophy, proliferation and migration.
Area fraction analysis of Iba1 immunolabelling revealed a progressive increase
within the peri-infarct tissue along the infarct border over 3 to 7 days following
stroke. This is again consistent with observations from previous studies and extends
these observations by quantifying the changes over the investigated time frame. An
approximately 31-35% increase in Iba1 particle count at 3 days suggests that the
increase in area fraction is due, at least partly, to an actual increase in microglial cell
numbers rather than cellular hypertrophy alone. Co-localisation of the proliferation
marker, Ki67, with microglial marker, Iba1, within the peri-infarct tissue (see figure
3.3.13) suggested that the increase in microglial cell numbers was due, at least in
part, to in situ proliferation, in addition to cell migration into the region.
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We detected from the area fraction data a previously unreported loss in peri-infarct
microglia at 24 hours after stroke. A marked decrease (~33%) in Iba1 particle counts
at this time suggested that the decrease in microglial area fraction was due primarily
to a loss in microglial cell numbers. Although some oedema was evident, as can be
seen in the cresyl violet stained sections (see figure 3.3.1 insets & figure 3.3.4), it is
unlikely that the extent of tissue swelling within the peri-infarct tissue would be
sufficient to completely account for the decrease in microglial density. Rather, it is
highly probable that microglial migration into the infarct core and cell death were
both significant factors in the observed loss. Tissue injury can trigger significant
release of ATP and it has been shown that ischemic conditions can induce a large
increase in ATP efflux from affected brain tissue (Dale & Frenguelli 2009;
Frenguelli et al. 2007; Juranyi, Sperlagh & Vizi 1999; Melani et al. 2005). Given that
microglial cells have been demonstrated to be susceptible to P2X7 receptor mediated
cell death triggered by extracellular ATP (Eyo et al. 2013; Ferrari et al. 1997; Ferrari
et al. 1999; Hao et al. 2013; Jeong et al. 2010), it is likely that the decrease in periinfarct microglial cell numbers was at least partially due to cell death.
In our study, Iba1 was used as the primary marker for identifying microglial cells and
quantifying their responses to stroke. Blood-derived macrophages that are recruited
to the site of infarction following stroke also express Iba1 and are therefore a
component of the microglial responses quantified using the measures of circularity
and area fraction. However as discussed previously (see section 1.4.2.3) evidence
from other studies have suggested that infiltration by the blood-derived macrophages
is mostly localised to the infarct core and their numbers remained minimal at up to 3
days after stroke. Furthermore, even at peak infiltration, macrophages only
contributed to a small fraction of the Iba1-immunolabelled cells within the periinfarct tissue following photothrombotic stroke (Li, T et al. 2013). Given that the
Iba1-based measures were used only in tissue regions outside of the infarct core, it is
reasonable therefore to expect that changes in these measures are representative of
changes in the microglial response following stroke.
Astrogliosis is probably the better characterised glial cell response in the stroke periinfarct tissue. Upregulation in the expression of intermediate filaments, in particular
the prototypical astroglial marker GFAP, as well as vimentin and nestin have long
been observed in animal models of stroke (Duggal, Schmidt-Kastner & Hakim 1997;
Li, Y & Chopp 1999; Petito et al. 1990). However, most of the earlier studies have
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only attempted to describe qualitatively the changes in these markers using
immunohistochemical staining or in situ hybridisation (Bidmon et al. 1997; Duggal,
Schmidt-Kastner & Hakim 1997; Garcia et al. 1993; Nowicka et al. 2008; Schroeter
et al. 1995). Others have attempted to semi-quantitatively characterise the astroglial
changes using immunoblots but these studies were generally unable to distinguish
between responses within the infarct core and peri-infarct tissue and they had only
investigated these changes at limited time points (Imhof et al. 2006; Li, Q et al. 2009;
Li, Y & Chopp 1999).
Two studies however stand out as early attempts to both quantitatively and spatiotemporally characterise changes in astroglial expression of GFAP (Chen, H et al.
1993; Li, Y et al. 1995). These studies measured the changes in area fraction of
GFAP immunolabelling following stroke in a similar approach to our present
investigation using vimentin immunolabelling. Using this method, the authors
characterised the changes in GFAP area fraction within the infarct core and periinfarct regions in brain sections over the first 7 days after stroke and reported early
decreases within the core and large increases within the peri-infarct tissue from 2
days onwards. These results are in general agreement with our data using vimentin
immunolabelling. However, it should be noted that unlike our study, both of the
earlier studies have used fixed thresholding values that do not account for variations
in background staining levels and furthermore, they have apparently sampled from
fixed positions within the brain sections. In contrast, we have used a thresholding
algorithm to determine the appropriate threshold value for each sampled image and
we have also used NeuN immunolabelling in order to consistently identify the periinfarct regions for sampling.
More recent examples of the use of area fraction analysis can be found in the studies
by Brunkhorst et al. (2013) and Lopez-Valdes et al. (2014). The effects of drug
interventions on astrogliosis in photothrombotic stroke models were investigated
using area fraction analysis of GFAP immunolabelling in both studies. Although the
investigators reported successful detection of changes in peri-infarct GFAP area
fraction in both studies, they have not attempted to characterise these changes over
time. Furthermore, neither group have reported the use of any method, such as NeuN
immunolabelling, to consistently distinguish between the infarct and peri-infarct
tissue.
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We have chosen to use vimentin as the marker of astrogliosis for our study because,
unlike GFAP, it is not normally expressed in cortical astroglia but becomes highly
expressed in these cells following stroke (Schroeter et al. 1995). Although vimentin
expression following stroke has been investigated in previous studies (Claus et al.
2013; Korzhevskii et al. 2008; Schroeter et al. 1995), there have been no attempts to
characterise the changes using a quantitative approach.
By measuring vimentin area fraction, we detected only a minor increase in the periinfarct astroglial response 24 hours after stroke. The increase in area fraction became
marked at 2 days and increased progressively out to 7 days after stroke. These results
were corroborated by corresponding marked increases in immunoblots for GFAP and
vimentin over the same time period, and are generally consistent with previous
studies. However, while Schroeter et al. (1995) reported that vimentin expression
was not detected in remote ipsilateral cortical regions, our investigations revealed
that vimentin expression could be detected essentially across the entire ipsilateral
cortex by 3 days after stroke (see figure 3.3.17).
A host of different tests of sensorimotor function have been used to assess functional
deficits in studies of animal models of stroke, including adhesive removal, pole,
rotarod, ladder or rung walking, foot fault, staircase and many others (Andersen,
Andersen & Finger 1991; Barth, Jones & Schallert 1990; Kleim, Boychuk & Adkins
2007; Li, H et al. 2014; Whishaw & Kolb 2005). However, most of these tests are
less useful for the present study as the stroke model used created a smaller lesion
than most other models and is targeted at the forelimb motor cortical region which
produced a relatively subtle functional deficit. Other studies that have utilised a
similar model of stroke have very often used functional tests such as the cylinder test
and the skilled reaching task (Alaverdashvili & Whishaw 2013; Shanina et al. 2006).
However, while these tests have been reported to be effective at assessing the
induced motor deficits, subsequent spontaneous recovery and the effects of various
interventions, they are time consuming and analysis of the result is complicated.
In our characterisation of the stroke model, we have employed a simple forelimb
placing test that is particularly sensitive to the induced functional deficit. The placing
test assesses the sensorimotor reflex of the rat to reach out with its forepaw when its
vibrissae are brushed against a platform (Madinier et al. 2014; Schallert et al. 2000;
Schallert & Woodlee 2005). This method of assessing the functional effects of the
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stroke has the advantage of not requiring pre-training of the animals and is
straightforward to analyze. Animals exhibited marked impairments, in many cases
near complete abolishment, of the placing reflex of their contralateral forelimb by 3
hours after stroke. This deficit remained marked at 2 days and only exhibited partial
recovery by 7 days after stroke.
Studies investigating glial cell responses in various stroke models have mostly used
cresyl violet or other forms of Nissl staining to define the infarct. Similarly, we have
also used the cresyl violet staining method to assess the changes in infarct volume
following stroke induction. Using this approach, we observed a rapid development of
the lesion that followed a similar time course to that previously reported in studies
using the photothrombotic stroke model (Grome et al. 1988; Li, H et al. 2014). The
lesion was detectible as early as 3 hours after stroke, reached maximum volume by
24 hours, and contracted significantly at 7 days.
Although it was possible to visualise the infarct using the cresyl violet stain at all the
time points examined in our study, it was not reliable as a method to identify the
infarct boundary. At the earliest time point it was difficult to define the boundary
between the infarct and peri-infarct tissue using cresyl violet staining as the decrease
in staining intensity within the developing lesion was subtle and graded. At later time
points, accumulation of microglia and other cell types along the boundary and their
infiltration into the infarct started to obscure the infarct boundary (see figure 3.3.1
insets and figure 3.3.2). As a result of this ambiguity, it is possible that events
occurring within the infarct core may be misidentified to be occurring in the periinfarct tissue if cresyl violet or other Nissl stains were used as the method distinguish
between the two regions.
NeuN and other neuronal markers have been used in various studies as indicators of
viable neurons in models of focal (Badan et al. 2003; Bidmon et al. 1997; Davoli et
al. 2002; Ito et al. 2001) and global ischemia (Bendel et al. 2005) as well as
neurotoxicity (Collombet et al. 2006). Results from a previous study in our
laboratory have further suggested that the loss of immunoreactivity to NeuN, an
antigen specific to neurons, is an early predictor of neuronal loss in stroke (Lee et al.
2003). In fact, Collombet et al. (2006) reached a similar conclusion in a later study
where they investigated the loss of neurons due to soman poisoning in mice over a 60
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day period by comparing NeuN immunolabelling with two other markers of neuronal
damage.
In the present study, we have investigated the effectiveness of using the loss of NeuN
immunoreactivity as an approach to visualise the infarct core and to delineate the
boundary between the infarct and peri-infarct tissue. NeuN-immunolabelled sections
were counterstained with NeuroTrace™, a fluorescent Nissl stain, at different time
points after photothrombotic stroke. NeuroTrace fluorescence revealed a very similar
picture to cresyl violet staining with a similar difficulty of identifying the infarct
boundary at early and late time points. In comparison, the infarct boundary is clearly
demarcated by near complete loss of NeuN immunoreactivity within the core and
strong NeuN signal in viable neurons within the peri-infarct tissue across the time
points investigated. Consequently, we have used NeuN co-labelling with markers for
microglia and astroglia in order to identify and study the changes in these cells
within the peri-infarct tissue.
As discussed previously (see section 1.4.2), there has in recent years been increasing
use of the concept of M1 and M2 activation in studies of microglial activation. This
concept is based on observations from studies of peripheral macrophages that
activation of these cells, far from being a stereotyped response, can lead to either the
classical pro-inflammatory phenotype (M1) or an alternative anti-inflammatory
phenotype (M2). Indeed, it is now evident that activated microglia are not all of a
uniformly deleterious phenotype and exhibit far more diversity than the
oversimplified M1 and M2 classification (Biber, Owens & Boddeke 2014; Colton &
Wilcock 2010; Gertig & Hanisch 2014; Hanisch 2013).
The methods that we have adopted in this study have assessed microglial activation
based on two parameters that facilitated the quantification of the physical changes in
microglial cells during activation. The parameter of circularity assessed
morphological changes that are rapid and not dependent on protein expression, but
rather are mainly a result of the re-organisation of cytoskeletal proteins (Christensen
et al. 2006; Cross & Woodroofe 1999; Hall et al. 2009). In contrast, area fraction is a
parameter that measured the aggregated factors of hypertrophy, migration, cell death
and proliferation. These responses depend at least in part on changes in gene
expression that are slower to develop than the rapid cytoskeletal changes affecting
cell morphology. Although the use of suitable M1 and M2 markers will likely
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provide additional valuable information on the activation states of microglia, there
are currently many difficulties involved in the implementation of this approach.
Many of the markers, in particular cytokines like IL-1β, are small soluble molecules
that are poorly retained in the tissue during processing for immunohistochemistry.
Approaches based on immunoblotting are unable to distinguish between expression
of markers within the infarct core and the peri-infarct tissue. Furthermore, many of
the markers, such as Cox-2, iNOS and various interleukins are also expressed in cell
types other than microglia.
There is at present a long list of putative M1 and M2 markers, many of which are
transiently expressed or slow to develop, and very few that are well characterised in
microglial cells. Although some studies have attempted to investigate the expression
of these markers in the post-stroke brain, these have mostly only looked at the infarct
core or at limited time points and most of the characterisations have only been done
at the level of RNA transcription rather than protein expression (Fumagalli et al.
2013; Hu et al. 2012; Perego, Fumagalli & De Simoni 2011; Xu, Y et al. 2012;
Zarruk et al. 2012). Of the studies cited above, the works of Hu et al. (2012) and
Zarruk et al. (2012) stand out in the fact that the authors have assessed the changes in
protein expression, in addition to the mRNA, of M1 and M2 markers.
Hu et al. (2012) investigated the changes in the protein expression of an M1 marker
(CD16/32) and an M2 marker (CD206) using immunolabelling over several time
points out to 14 days after stroke. However, the authors have only looked at these
changes within the infarct rather than the peri-infarct tissue. In contrast, Zarruk et al.
(2012) investigated the changes in protein expression of several M1 and M2 markers
but only at 24 hours after stroke. Although the authors have reportedly looked at the
changes within the peri-infarct tissue by dissecting out only the region of tissue
immediately surrounding the ischemic core, it may be difficult to routinely use this
approach without contaminating the sample with tissue from within the infarct.
Overall, there is still very little that is currently known about microglial expression of
the M1 and M2 markers in relation to the post-stroke peri-infarct tissue and their
implications on neuronal plasticity. Further studies to investigate the roles that the
different microglial phenotypes play in the post-stroke brain will be required to
enable the identification of M1 and M2 markers that are relevant to the processes
involved in functional recovery after stroke.
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3.5

Conclusion

In the present study, we have characterised the changes in microglial and astroglial
cells within the peri-infarct tissue as early as 3 hours and out to as far as 7 days
following stroke.

This was achieved using approaches that allowed the

quantification of key aspects of these changes in immunohistochemically labelled
brain sections that allowed the distinction of responses occurring within the periinfarct tissue from those occurring within the infarct.
Analysis of the circularity of peri-infarct microglial cells using the ImageJ software
revealed changes that were indicative of the morphological transformation associated
with activation in these cells. Furthermore, analysis of alternative morphological
parameters using a different software, Neurolucida, yielded additional information
that supported the results of the circularity measurements. The circularity
measurements provided a sensitive quantitative approach to characterise microglial
activation and was able to detect these changes as early as 3 hours after stroke.
Area fraction analysis provided further quantification of the microglial responses that
is a composite measure of cellular hypertrophy, migration, proliferation and death.
These are all responses that are induced in microglia following an insult or injury
such as stroke. The characterisation of microglial responses using area fraction
revealed a previously unreported loss in peri-infarct microglial cells at 24 hours that
preceded a rapid increase over the subsequent 6 days after stroke.
Furthermore, using area fraction analysis on the expression of vimentin, we have
been able to quantify a key aspect of the astroglial response within the peri-infarct
region over the first 7 days following stroke.
The spatiotemporal characterisation of the microglial and astroglial responses within
the peri-infarct represents an important first step for further studies to investigate the
effects of manipulating these responses within this critical region and their influence
on the neuroplastic processes underlying functional recovery after stroke.
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CHAPTER 4
EFFECTS OF TREATMENT USING
MINOCYCLINE ON POST-STROKE GLIAL
CELL RESPONSES AND FUNCTIONAL
RECOVERY
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4.1

Introduction

Spontaneous partial recovery of function is commonly observed over the weeks to
months following stroke. There is now increasing evidence that this recovery is due,
at least in part, to the establishment of new connections by surviving neurons within
the tissue adjacent to the infarct that take over some of the functions of neurons that
were lost in the infarct (Dancause & Nudo 2011; Li, S et al. 2010; Li, Y, Jiang, et al.
1998; Murphy, TH & Corbett 2009) (see also section 1.3).
Occurring within the same regions of the peri-infarct tissue are striking changes in
glial cell responses, in particular microglial activation and astrogliosis, that can be
detected starting within hours of infarction and persisting out to weeks resulting in
the eventual formation of a glial scar. It has long been observed that the glial scar
presents a barrier to recovery due to its inhibition of axonal regeneration in spinal
cord injuries (Silver & Miller 2004; Yiu & He 2006). However, studies over the
recent decade have revealed that there are various aspects of the process of
astrogliosis leading up to glial scar formation that are in fact protective and beneficial
to recovery (Li, L et al. 2008; Liu, Z & Chopp 2015; Shimada et al. 2011; Sofroniew
2015) (see also section 1.4.1).
Microglial activation has often been viewed to be detrimental to the stroke outcome
(Hailer 2008; Yenari, Kauppinen & Swanson 2010). In particular, activated
microglia has been thought to exacerbate the injury caused by CNS trauma or
ischemia based on the results of studies using drugs that reportedly suppressed
microglial activation in animal models of injury (Lopez-Vales et al. 2005; Ng et al.
2012; Wakita et al. 1995; Yrjanheikki et al. 1998; Yrjanheikki et al. 1999). However,
conflicting results have been reported in some studies that suggested a
neuroprotective role for microglia during the acute stages of stroke (Girard et al.
2013; Lambertsen et al. 2009).
The role of activated microglia during the post-acute phase of stroke is no less
confusing. Some studies have suggested that activated microglia can induce axonal
retraction through direct contact (Horn et al. 2008; Kitayama et al. 2011) or induce
conditions unfavourable to neuroplasticity through release of pro-inflammatory
cytokines, ROS and NO (Liguz-Lecznar & Kossut 2013; Munch et al. 2003).
However, others have observed that activated microglia are a source of trophic
factors that may promote neuroplasticity (Batchelor et al. 2002; Lai & Todd 2008;
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Madinier et al. 2009; Yang, H et al. 2012) (see also section 1.4.2.1). In addition, the
early activation of microglia is likely to play an important role in the induction and
modulation of the astroglial responses via the production of various cytokines (Chen,
SH et al. 2015; Liu, W, Tang & Feng 2011; Zhang, D et al. 2010).
Although it is evident that these glial cell responses can exert a significant influence
on the processes underlying post-stroke functional recovery, the exact nature of their
interactions and influence on neuronal plasticity is unclear at present. In order to
develop therapies that can enhance these neuroplastic processes, it is therefore of
great importance to increase our understanding of the interactions between the
microglial and astroglial responses and how the modification of these responses may
influence functional recovery.
Minocycline is an antibiotic that has been reported to be effective in suppressing
microglial activation in various CNS diseases and injuries including stroke (Hailer
2008; Yrjanheikki et al. 1998; Yrjanheikki et al. 1999) (see also section 1.5.1). In our
present study, we used a time-targeted minocycline treatment as an approach to
modulate microglial activation during the early phase of stroke and investigated the
subsequent effects on the development of astrogliosis within the peri-infarct tissue
and functional recovery in a photothrombotic model of stroke in rats. We
hypothesised that the treatment should result in the suppression of the changes in
microglial circularity and area fraction that were characterised in the previous
chapter. The decreased activation of microglia should lead to subsequent reduction of
peri-infarct astroglial reactivity and improved functional recovery.
As was observed from the characterisation study, the microglial response was well
developed by 3 days after photothrombotic stroke (see sections 3.3.3 & 3.3.4). In
order to target the early microglial responses, we treated the stroke-affected animals
using an early short-course minocycline treatment. The effect of the treatment was
evaluated by assessment of the forelimb function as well as changes in microglial
and astroglial markers in immunohistochemically stained brain sections and western
blots at various time points up to 7 days following stroke.
Surprisingly, although the dosage (i.e. 50 mg/kg) used in our short-course treatment
was comparable to other studies reporting suppression of microglial activation
(Cardoso et al. 2013; Franco et al. 2012; Yenari et al. 2006; Yrjanheikki et al. 1999),
we did not detect significant changes in the microglial response following stroke.
96

The astroglial response was similarly unaffected by the treatment. However, despite
the lack of measurable effects on the glial cell responses and infarct volume,
minocycline-treated animals performed better in the functional assessment compared
to vehicle-treated controls at 3 days after stroke.
Due to the limited effects of treatment observed in the initial experiments, we used a
higher dosage treatment regimen, comparable to that used by Kim, BJ et al. (2009)
and Chu et al. (2010), in subsequent investigations in order to achieve clearer
treatment effects. However, the treatment only resulted in modest changes in
microglial area fraction but no changes in morphology within the peri-infarct tissue.
Despite the modest effects on the microglial response, the treatment resulted in
significant improvement in functional recovery that persisted out to 28 days after
stroke. Surprisingly, although functional recovery was enhanced, astroglial reactivity
as assessed by Western blots for GFAP and vimentin was significantly increased
within the ipsilateral cortex.
Our present findings suggest that although minocycline treatment may promote
functional recovery after stroke, the beneficial effects may not be the result of a
direct suppression of early microglial activation. Furthermore, the enhanced
functional recovery is associated with an increased astroglial response, in agreement
with previous studies that have suggested a beneficial role for the astroglial
responses that precede scar formation.
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4.2

Materials and Methods

The common materials and methods used in the experiments in this chapter have
been described in Chapter 2. Additional details, modifications and methods specific
to this part of the study are provided in the following sections.

4.2.1 Initial Investigations of Treatment Using Minocycline
In the initial investigations into the effects of minocycline treatment after stroke, the
rats were administered via intraperitoneal injections 50 mg/kg minocycline (10
mg/mL Minocycline Hydrochloride in PBS, pH 7.4) or equivalent volume of vehicle
(PBS) at 1 h and 24 after stroke. The treatment regimen used here was similar to
other studies that have reported significant effects in suppressing microglial
activation following stroke (Cardoso et al. 2013; Franco et al. 2012; Yenari et al.
2006; Yrjanheikki et al. 1999). Rats that were sacrificed at 24 h only received the
first injection at 1 h after stroke. This treatment regimen will be subsequently
referred to as "low dose minocycline treatment". The rats were randomly preassigned to either minocycline or vehicle treatment and all functional assessments,
image and data analyses were performed by investigators blinded to the treatment.
The effects of the treatment on infarct volume and microglial responses were
assessed using cresyl violet staining and immunohistochemical labelling at 24 h, 3 d
and 7 d after stroke. The effects of the treatment on the astroglial responses were
assessed using immunohistochemical labelling and Western blots at 7 d. The animals
were assessed for effects on functional recovery by forelimb placing assessment at
24 h and again just before sacrifice. A timeline of the experimental procedures is
shown in figure 4.2.1.
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Intraperitoneal injection
Forelimb placing assessment
Baseline forelimb placing
assessment at 1 day
before or just prior to
surgery

Habituation
to handling
~ 1 week

Sacrifice by perfusion-fixation
Sacrifice by decapitation

24 h
24 h

3d

1h 3h

Photothrombotic

24 h

7d

24 h

7d

Stroke Surgery

Figure 4.2.1 Experimental timeline for the investigation of the effects of low dose
minocycline treatment following photothrombotic stroke.
Four groups of animals were used in this part of the study. One group sacrificed at each time
point of 24 h, 3 d and 7 d by perfusion-fixation for cresyl violet staining and
immunohistochemical labelling. The final group was sacrificed at 7 d by decapitation and the
brains were extracted for Western blots. All animals were habituated to handling during the
week before surgery. Baseline forelimb placing scores were assessed either on the day before
surgery or just prior to surgery. Following surgery, the rats were assessed for inclusion at 3 h
by forelimb placing scores (≤ 15). Treatment with minocycline or vehicle was administered
by intraperitoneal injections at 1 h and 24 h following stroke, except for animals sacrificed at
24 h that only received the first injection. Forelimb placing scores were assessed again at 24
h and just before sacrifice, except for animals used in Western blots.

All animals were habituated (section 2.3.1) to handling during the week before
photothrombotic stroke surgery in 10 min sessions on 3 separate days. Baseline
forelimb placing scores of the rats were assessed (section 2.3.2) either on the day
before surgery or just before the surgery. Following stroke surgery (section 2.3.3),
the rats were treated at 1 h with either minocycline or vehicle according to their preassigned treatment group. At 3 h after stroke, the rats were assessed for inclusion by
the forelimb placing assessment. Only rats that scored 15 or less at this time were
included in the study. For the rats that were sacrificed at 24 h, no further treatments
were administered. Other rats that were sacrificed at 3 d and 7 d received a second
injection at 24 h. Functional recovery was assessed in all animals for forelimb
placing assessed at 24 h and just before sacrifice, except for animals assigned for use
in Western blots.
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At 24 h, 3 d and 7 d after stroke, following forelimb placing assessments, animals
were sacrificed by perfusion-fixation (section 2.3.4). The brains were then extracted
and processed for cryosectioning (sections 2.3.5 & 2.3.6). The brain sections were
then used for cresyl violet staining and immunohistochemical labelling.
The infarct volumes were determined from the cresyl violet stained sections (section
2.3.7). Brain sections were immunolabelled for Iba1 and vimentin to assess the
effects of treatment on the microglial and astroglial responses following
photothrombotic stroke as described in sections 2.3.8, 2.3.9 and 2.3.10. For this part
of the study, the effects of treatment on microglial responses were only assessed at
the peri-infarct region, "Ipsi01A", and the corresponding contralateral region,
"Contra01". These regions were referred to respectively as "Peri-infarct" and
"Contralateral" in the results section.
Animals were also sacrificed by decapitation at 7 d and their brains were extracted
for Western blots to assess the effects of treatment on the astroglial expression of
vimentin and neurocan (section 2.3.11).

4.2.2 High Dose Minocycline Treatment
In a subsequent series of experiments, a higher dosage treatment regimen similar to
that used in the studies by Kim, BJ et al. (2009) and Chu et al. (2010) , was used in
order to achieve clearer effects of minocycline treatment. In this treatment regimen,
subsequently referred to as "high dose minocycline treatment", minocycline (10
mg/mL Minocycline Hydrochloride in PBS, pH 7.4) or equivalent volume of vehicle
(PBS) was administered via intraperitoneal injections at 1 h post-stroke at 90 mg/kg,
then at 12, 24, 36 and 48 h at 50 mg/kg. The rats were randomly pre-assigned to
minocycline or vehicle treatment and all functional assessments, image and data
analyses were performed by investigators blinded to the treatment.
The effects of the treatment on infarct volume and microglial responses were
assessed using cresyl violet staining and immunohistochemical labelling at 3 d after
stroke. The effects of the treatment on astroglial responses were assessed using
Western blots at 7 d after stroke. For this part of the study, forelimb placing scores
were assessed starting at 24 h, then weekly at 7, 14, 21 and 28 d in order to evaluate
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the effects of the treatment on long term functional recovery. A timeline of the
experimental procedures is shown in figure 4.2.2.

Intraperitoneal injection
Forelimb placing assessment

Baseline forelimb placing
assessment at 1 day
before or just prior to
surgery

Habituation
to handling
~ 1 week

1h3h

Sacrifice by perfusion-fixation
Sacrifice by decapitation

24 h

12 h

36 h

48 h

Photothrombotic
Stroke Surgery
3d
7d
7d

14 d

21 d

28 d

Figure 4.2.2 Experimental timeline for the investigation of the effects of high dose
minocycline treatment following photothrombotic stroke.
Three groups of animals were used for this part of the study. One group was sacrificed at 3 d
by perfusion-fixation for cresyl violet staining and immunohistochemical labelling. Another
group was sacrificed at 7 d by decapitation and the brains were extracted for western blots.
The final group were used for the evaluation of functional recovery by forelimb placing
assessment at 24 h, 7 d, 14 d, 21 d and 28 d. All animals used in the experiments were
habituated to handling during the week before photothrombotic stroke surgery. Baseline
forelimb placing scores were assessed either on the day before surgery or just prior to
surgery. Following surgery, the rats were assessed for inclusion at 3 h by the forelimb
placing assessment (≤ 5). Treatment with minocycline or vehicle was administered by
intraperitoneal injections at 1, 12, 24, 36 and 48 h following stroke.
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All animals were prepared for photothrombotic stroke surgery as described in the
previous section (section 4.2.1) but with two modifications aimed at improving
consistency in the injury and functional deficits induced in the model. The first
modification was to control the light intensity to between 160,000 and 170,000 lux
for stroke induction during surgery. The second modification was the use of a more
stringent inclusion criterion. Animals were included to the study only if they scored 5
or less in the forelimb placing assessment at 3 h after stroke induction.
Following surgery, the animals were treated with either minocycline or vehicle
according to the "high dose minocycline treatment" regime as described at the
beginning of this section. Three groups of animals were used for this part of the
study. The first group was sacrificed at 3 d by perfusion-fixation. The second group
was sacrificed at 7 d by decapitation for Western blots. The last group was assessed
for functional recovery by forelimb placing assessment at 24 h and 7, 14, 21 and 28 d
after stroke.
Brain samples from perfusion-fixed animals at 3 d were processed for cryosectioning
and the brain sections were used for cresyl violet staining and immunohistochemical
labelling. The infarct volumes were determined from the cresyl violet stained
sections. The effects of the treatment on microglial responses were assessed brain
sections immunolabelled for Iba1. Similar to the initial investigations using low dose
minocycline treatment, the effects of the high dose treatment were only assessed at
the peri-infarct region, "Ipsi01A" and contralateral region, "Contra01". For this part
of the study, ED1 was used as an additional marker of the microglial response. The
analysis of ED1 immunolabelled brain sections is described below in section 4.2.3.
The effects of the treatment on astroglial responses were assessed by Western blots
for the expression of GFAP, vimentin and neurocan, using the brain samples from
the animals sacrificed at 7 d after stroke.
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4.2.3 Image Acquisition and Analysis for ED1-Immunolabelled
Sections
ED1 is a marker of phagocytic activity in activated microglia and macrophages. The
expression of ED1 was used as an additional marker of the microglial response in the
high dose minocycline treatment experiments. Brain sections were co-labelled with
NeuN to identify the infarct boundary and images were acquired on an Olympus
AX70 microscope (Olympus Australia Pty Ltd, NSW, Australia) using the 10×
objective lens.
Images were taken from the peri-infarct tissue along the infarct boundary and at a
corresponding region in the contralateral cortex as shown in figure 4.2.3. The images
were then analysed using ImageJ to count the number of ED1+ particles within the
peri-infarct tissue and corresponding contralateral region. The images for the ED1
fluorescence channel were processed to reduce background noise using the "subtract
background noise" function with "rolling ball radius" set at 100 pixels and the sliding
paraboloid box checked. The images were then thresholded using the built-in
thresholding algorithm "triangle". Using NeuN-immunolabelling to identify the
infarct boundary, areas within the images were selected for analysis using the
"specify" function as shown in figure 4.2.4.
The selected areas were analysed using the "Analyze Particles" function, with the
particle size set to a lower limit of 30 pixel units. The particle counts from the 3
yellow boxes were summed and recorded as the "Peri-infarct" counts. The particle
counts from the magenta rectangle selection were recorded separately as "Peri-infarct
+ 0.3 mm" counts. The ED1+ particle counts for the contralateral region were
determined using the same procedure as for the peri-infarct. Two brain sections from
each brain sample were analysed and the results were averaged.
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Contralateral

Peri-infarct

Figure 4.2.3

Location of images acquired for analysis of ED1 expression.

The boxes (854 × 683 µm) show the positions of the images taken using the 10× objective
lens within the peri-infarct tissue and corresponding contralateral region.

NeuN

Thresholded ED1
~ 300 µm
Peri-infarct

Peri-infarct + 0.3 mm

Figure 4.2.3

Area selection for analysis of ED1+ particles.

The images shown (854 × 683 µm) are representative images from the "Peri-infarct" position
in figure 4.2.2. Using the image in the NeuN fluorescence channel, 3 boxes (yellow) of 270
by 270 µm in size were selected so that they lined up along the infarct boundary. A
rectangular selection (magenta) 810 by 200 µm in size was selected approximately 300 µm
behind the box on the leading edge of the infarct. The thresholded ED1 image was analysed
then using the areas selected as shown.
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4.3

Results

4.3.1 Initial Investigations of Treatment Using Minocycline
Initial investigations were conducted using low dose minocycline treatment. This
was at a dosage that was similar to those used in other studies that reported changes
in post-stroke microglial responses (see section 4.2.1), except that here a short-course
treatment was used to target only the early glial cell responses. Microglial responses
were examined at 24 h, 3 d and 7 d and astroglial responses at 7 d post-stroke.
Functional recovery was assessed by the forelimb placing test starting at 3 h and up
to 7 d post -stroke.

4.3.1.1 Infarct Volume

As previously observed in the characterisation experiments, infarct volume peaked at
24 h post-stroke and subsequently decreased, reflecting a contraction of the lesion
over time. However, there were no effects of low dose minocycline treatment on the
infarct volume at any of the time points investigated (figure 4.3.1).

Figure 4.3.1 Infarct volume in animals treated with low dose minocycline or vehicle
following stroke.
Two-way analysis of variance revealed no effects of treatment and a highly significant effect
of time on infarct volume (p < 0.01). The infarct volume decreased over time following
stroke for both treatment groups and became significantly smaller at 7 d compared to the
earlier time points (p <0.01, Tukey's HSD post-hoc test). Values are shown as mean ± SD (n
= 4 – 8 per group).
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4.3.1.2 Forelimb Placing Reflex

Recovery of function was analysed for three separate groups of animals that were
sacrificed for analyses at 24 h, 3 d or 7 d after stroke. The forelimb placing reflex of
all animals was assessed at 3 h and 24 h after stroke. Additionally, animals sacrificed
at 3 d and 7 d were assessed again just before sacrifice. Pooled data from all three
groups of animals are shown in figure 4.3.2. The recovery of forelimb function of
low dose minocycline-treated animals at 3 d after stroke was improved compared to
vehicle-treated animals. Although there was a tendency for the minocycline-treated
animals to perform better than the vehicle-treated counterparts at 7 d, the differences
did not reach statistical significance.

*

Figure 4.3.2 Forelimb placing score of the affected forelimb of animals treated with
low dose minocycline or vehicle at baseline and up to 7 days after stroke.
The minocycline-treated animals exhibited an increased rate of recovery in their forelimb
placing reflex compared with vehicle-treated controls over the first 3 days as assessed by the
area under the curve of placing scores between 3 h and 3 d after stroke (*p < 0.05, Vehicle
vs. Minocycline, Mann-Whitney U test). The data is presented in a box plot with outliers
shown in open circles (n ≥ 6 per group).
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4.3.1.3 Microglial Morphology – Circularity

The microglial circularity measurements here confirmed the findings from the
characterisation experiments (see section 2.3.3) where stroke induction resulted in a
marked increase in peri-infarct microglial circularity at 24 h post-stroke for animals
in both treatment groups. Similarly, this increase in circularity persisted at 3 d and
started to decrease by 7 d but remained significantly higher than microglia in the
contralateral cortex (figure 4.3.3).
Microglial morphology as assessed by circularity within both the contralateral and
peri-infarct tissue was not significantly affected by low dose minocycline treatment
at any of the time points investigated. Not surprisingly, the treatment also had no
measurable effects on microglial circularity at regions further away from the infarct
(data not shown).

Figure 4.3.3 Circularity of microglial cells in the contralateral cortex and periinfarct tissue of animals treated with low dose minocycline or vehicle.
Two-way analysis of variance revealed no effects of treatment but a highly significant
difference in the circularity of microglial cells between the contralateral and peri-infarct
tissue (p < 0.001). No significant interactions between the two factors were detected. Values
are shown as mean ± SD (n = 4 – 8 per group).
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4.3.1.4 Microglial Area Fraction

Similar to the data for microglial circularity, the results for microglial area fraction in
this part of the study also confirmed the observations of the characterisation
experiments (see section 3.3.4). The loss of peri-infarct microglial cells at 24 h poststroke was more clearly demonstrated in showing a significant difference between
the area fractions in the contralateral (figure 4.3.4).
However, low dose minocycline treatment did not have any effect on the area
fraction of microglial cells within the peri-infarct tissue at any of the time points
investigated. Similarly, there were also no effects detected at regions further away
from the infarct (data not shown).

Figure 4.3.4 Area fraction of microglial cells in the contralateral cortex and periinfarct tissue of animals treated with low dose minocycline or vehicle.
Two-way analysis of variance revealed no effects of treatment but a highly significant
difference in the area fraction of microglial cells between the contralateral and peri-infarct
tissue (p < 0.001). No significant interactions between the two factors were detected. Values
are shown as mean ± SD (n = 4 – 8 per group).
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4.3.1.5 Astroglial Responses - Vimentin Area Fraction

Similar to observations from the characterisation experiments, the area fraction of
vimentin immunolabelling within the peri-infarct tissue had increased markedly by 7
d after stroke compared to corresponding contralateral regions. However, low dose
minocycline treatment did not have any measurable effects on vimentin area fraction
in either tissue regions (figure 4.3.5).

Figure 4.3.5 Area fraction of vimentin immunolabelling in the peri-infarct tissue and
contralateral cortex of animals treated with low dose minocycline at 7 days after stroke.
Two-way analysis of variance revealed no effects of treatment and a highly significant effect
of tissue region on the area fraction of vimentin immunolabelling (p < 0.001,
"Contralateral" vs. "Peri-infarct1" & "Peri-infarct2"). No significant interactions between
the two factors were detected. Values are shown as mean ± SD (n = 5 per group).
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4.3.1.5 Astroglial Responses - Western Blots

Dissected peri-infarct brain tissue samples were analysed using western blotting and
densitometry to determine the relative expression of proteins that are characteristic of
astrogliosis. In addition to vimentin, a widely used marker of astrogliosis, neurocan
expression was also investigated here as it is a CSPG expressed by astroglia that is
known to be inhibitory to axonal regrowth.
Densitometric analysis on the Western blots for vimentin confirmed the observations
from the area fraction analysis that low dose minocycline did not result in significant
changes in the expression of vimentin (figure 4.3.6). The vimentin band intensities
were normalised to total protein in the respective lanes on the PVDF membranes.
The membrane protein content was determined using the stain-free gel method as
previously reported Colella et al. (2012).
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Figure 4.3.6 Densitometric analysis of western blots of vimentin expression in the
peri-infarct tissue of animals treated with low dose minocycline at 7 days after stroke.
Blotting for vimentin reveals a single band at 54 kDa. Analysis using Student's t-test on the
normalised band intensities revealed no effects of treatment on the expression of vimentin.
Values are shown as mean ± SD (n = 4).
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Neurocan is normally present only in its truncated forms in the intact adult brain
(Matsui et al. 1994). However, following injuries such as stroke and trauma, the full
length form is rapidly upregulated in the ipsilateral cortex whereas the expression of
the truncated forms remain relatively unchanged (Asher et al. 2000; Deguchi et al.
2005). In the present study, similar to the observations by Asher and co-workers and
Deguchi and co-workers, Western blots of tissue samples from the uninjured
contralateral cortex revealed only low or undetectible levels of the full length
neurocan protein (data not shown).
The ratio of the expression of the full length neurocan to the truncated form was used
as a measure of the effects of treatment on the astroglial response to stroke (figure
4.3.7). As with the results obtained for vimentin expression, low dose minocycline
treatment did not have significant effects on the relative expression of the full length
and truncated neurocan proteins within the peri-infarct tissue at 7 d.
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Figure 4.3.7 Densitometric analysis of western blots of neurocan expression in the
peri-infarct tissue of animals treated with low dose minocycline at 7 days after stroke.
Blotting for neurocan reveals two bands, one at 245 kDa representing the full length protein
and the other at 180 kDa representing the truncated form. Analysis using Student's t-test
revealed no effects of treatment on the relative expression of the two forms of neurocan.
Values are shown as mean ± SD (n = 4).

111

4.3.2 High Dose Minocycline Treatment
The initial studies using low dose minocycline treatment resulted in a transient
improvement in functional recovery but there were no measurable changes in the
glial cell responses. Further experiments were attempted using a more intense, high
dose minocycline treatment (see section 4.2.2), in order to investigate if it would
result in more persistent improvements in functional recovery and significant
changes to the glial cell responses.
Infarct volume and the microglial responses were assessed at 3 d and the effects on
downstream astroglial changes were evaluated at 7 d post-stroke. The time points
were chosen as minocycline treatment was completed at 2 d after stroke. Any effects
of the treatment on the infarct volume and microglial responses were most likely to
be detectible at 3 d, whereas changes to the astroglial responses downstream of the
microglial responses should be well developed by 7 d after stroke.
Forelimb placing reflex was tested at 3 and 24 hours and thereafter weekly starting at
7 days to 28 days post-stroke to monitor the effects of the treatment on long-term
functional recovery.

4.3.2.1 Infarct Volume

Analysis using Student's t-test revealed no significant effect of high dose
minocycline treatment at 3 d post-stroke (17.20 ± 4.88 vs. 18.56 ± 5.26 mm3, mean ±
SD, n = 6 – 7, vehicle vs. minocycline).

4.3.2.2 Forelimb Placing Reflex

A more stringent inclusion criterion of a placing score of 5 or less in the affected
forelimb at 3 h post-stroke was used here and in the subsequent parts of the study, in
contrast to the previous characterisation experiments (see section 2.3.2). Here, the
rats exhibited a similar marked deficit in the placing response of their affected
forelimbs as observed during characterisation. However, the revised inclusion
criterion achieved a more consistent deficit that persisted for a longer duration.
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The placing scores of the affected forelimb of animals treated with either high dose
minocycline or vehicle are displayed in figure 4.3.8. Analysis of the area under the
curve revealed that the high dose minocycline treatment resulted in enhanced
recovery of forelimb function over the first 28 days after stroke compared to vehicletreated controls. The differences in forelimb placing performance were greatest at 7
and 14 d after stroke.

Figure 4.3.8 Forelimb placing score of the affected forelimb of animals treated with
high dose minocycline or vehicle at baseline and up to 7 days after stroke.
High dose minocycline-treated animals exhibited improved recovery in their forelimb
placing reflex over the first 28 days after stroke compared to vehicle-treated controls as
assessed by area under the curve between 3 h and 28 d post-stroke (p < 0.05, Vehicle vs.
Minocycline, Mann-Whitney U test). The data is presented in a box plot with outliers shown
in open circles (n = 8 per group).
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4.3.2.3 Microglial Morphology – Circularity

Microglial circularity at 3 d post-stroke was not affected by high dose minocycline
treatment (figure 4.3.9). The circularity of microglial cells for both high dose
minocycline- and vehicle-treated animals exhibited similar values to those observed
in the characterisation and low dose minocycline treatment experiments at the same
time point.

Figure 4.3.9 Circularity of microglial cells in the contralateral cortex and periinfarct tissue of animals treated with high dose minocycline or vehicle.
Two-way analysis of variance revealed no significant effects of treatment and a highly
significant effect of tissue region on the circularity of microglial cells at 3 d after stroke (p <
0.01, "Contralateral" vs. "Peri-infarct"). No significant interactions between the two factors
were detected. Values are shown as mean ± SD (n = 6 – 7 per group).
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4.3.2.4 Microglial Area Fraction

The values for microglial area fraction for vehicle-treated animals were similar to
those observed in the characterisation and low dose minocycline treatment
experiments at the same time point. In contrast to the low dose treatment, high dose
minocycline treatment had a small but significant effect in reducing in the microglial
area fraction. This was detected in both the contralateral and peri-infarct regions at 3
d post-stroke (figure 4.3.10).

Figure 4.3.10 Area fraction of microglial cells in the contralateral cortex and periinfarct tissue of animals treated with high dose minocycline or vehicle.
Two-way analysis of variance revealed a significant effect of treatment (*p < 0.05, "Vehicle"
vs. "Minocycline") and a highly significant effect of tissue region (p < 0.01, "Contralateral"
vs. "Peri-infarct") on the area fraction of microglial cells at 3 d after stroke. No significant
interactions between the two factors were detected. Values are shown as mean ± SD (n = 6 –
7 per group).

115

4.3.2.5 ED1+ Particle Count

As the effects of minocycline treatment on post-stroke microglial responses had been
small so far, an additional measure of microglial activity, the expression of the
phagocytic marker ED1, was investigated. At 3 d after stroke, expression of ED1 was
mostly localised within the infarct (figure 4.3.11). Distribution of ED1+ cells within
the peri-infarct tissue were restricted to within a short distance of the infarct
boundary. This is evident from the marked decrease in ED1+ particle density at 0.3
mm away from the infarct boundary as seen in figure 4.3.12.
ED1-positive particles were counted within the peri-infarct and corresponding
contralateral regions of ED1-immunolabelled brain sections (figure 4.3.12). High
dose minocycline treatment strongly suppressed the expression of ED1 within the
peri-infarct tissue compared to vehicle-treated controls, reducing the ED1+ particle
density by more than half.

NeuN
ED1
Figure 4.3.11 ED1-immunolabelling within the peri-infarct tissue at 3 days after
stroke.
A representative image taken at the "Peri-infarct" position from a 3 d brain section of a
vehicle-treated animal is shown. The infarct can be identified by the loss of NeuNimmunolabelling (green) along the top edge of the image. ED1 expressing cells (red) can be
seen to accumulate in large numbers within the infarct and extended only a short distance
into the peri-infarct tissue (scale bar = 200 µm).
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Figure 4.3.12 ED1+ particle density in the contralateral cortex and peri-infarct tissue
of animals treated with high dose minocycline or vehicle.
Two-way analysis of variance revealed highly significant effects of both treatment (p < 0.01)
and tissue region (p < 0.001) on ED1+ particle density at 3 d after stroke. There was also a
strong interaction detected between the two factors (p < 0.001). Within the peri-infarct tissue
immediately bordering the infarct, minocycline treatment resulted in a significant decrease in
ED1+ particle density compared to vehicle-treated animals (** p < 0.01). Values are shown
as mean ± SD (n = 6 – 7 per group).

4.3.2.6 Astroglial Responses – Western Blots

Vimentin area fraction analysis was used for the low dose minocycline treatment
experiments as it was an effective approach for the characterisation of the changes in
vimentin expression following stroke (section 3.3.7). However, as the area fractions
for vimentin were near saturation (~ 80%) at 7 d after stroke, it may potentially be
less sensitive to treatment effects that promote further increases to its expression.
Therefore, only Western blotting was used for this part of the study.
Densitometric analysis of western blots for vimentin and GFAP revealed that
expression of both of these cytoskeletal proteins were significantly upregulated in the
peri-infarct tissue of animals treated with high dose minocycline compared to
vehicle-treated animals (figure 4.3.13).
However, in contrast to the marked changes observed for vimentin and GFAP
expression, the relative ratio of the full length to truncated neurocan protein within
the peri-infarct tissue was unaffected by the treatment (figure 4.3.14).
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Figure 4.3.13 Densitometric analysis of western blots of vimentin and GFAP
expression in the peri-infarct tissue of animals treated with high dose minocycline at 7
days after stroke.
Analysis using Student's t-test revealed highly significant effects of treatment on the
expression of both proteins (**p < 0.01). Expression of vimentin (54 kDa) and GFAP (50
kDa) were normalised to actin which forms a band at 45 kDa as can been seen in the blots.
Values are shown as mean ± SD (n = 6).
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Figure 4.3.14 Densitometric analysis of western blot neurocan expression in the periinfarct tissue of animals treated with high dose minocycline at 7 days after stroke.
Analysis using Student's t-test revealed no effects of treatment on the relative expression of
the two forms of neurocan. Values are shown as mean ± SD (n = 6).
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4.4

Discussion

In the present study, we have investigated the effects of a time-targeted minocycline
treatment aimed at modulating the early microglial responses following
photothrombotic stroke in rats. Early short-course treatment using minocycline
resulted in significant improvements in functional recovery as assessed by the
placing response of the affected forelimbs of the animals after stroke. Crucially,
unlike most other studies investigating minocycline treatment in stroke, the improved
recovery in our study was not associated with changes in infarct volume that are
indicative of neuroprotection.
Low dose minocycline treatment resulted in a transient but significant improvement
in forelimb function. However, there were no significant changes detected in any of
the measures of microglial and astroglial responses within the peri-infarct tissue.
High dose minocycline treatment achieved a more lasting improvement in functional
recovery. There was also a small but significant decrease in the area fraction of
microglia in both the contralateral cortex and peri-infarct tissue. Similar to the low
dose treatment, there were no changes in the circularity of microglial cells.
The area fraction is a composite measure that reflects cellular proliferation, migration
and hypertrophy that are the consequences of changes in the expression of many
genes. The sensitivity of area fraction as a measure of the microglial response was
demonstrated in our earlier experiments where we detected a previously unreported
transient loss in microglial cells within the peri-infarct tissue at 24 hours that was
followed by large increases at 3 and 7 days (see sections 3.3.4 & 4.3.1.4). In the
present study, the limited effect on microglial area fraction by minocycline strongly
suggested that suppression of microglial activation may not be the primary
mechanism underlying the effects of the treatment under the conditions used in the
experiments. Furthermore, the small decrease in area fraction within the peri-infarct
tissue was also observed in the contralateral cortex indicating a non-specific decrease
in microglial activity that was not related to the infarction.
Surprisingly, the improved functional recovery was associated with increased
astroglial reactivity as measured by GFAP and vimentin expression. This is contrary
to expectations as improved functional recovery is usually associated with a reduced
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astroglial response in other studies investigating pharmacological interventions after
stroke (Brunkhorst et al. 2013; Lopez-Valdes et al. 2014; Schabitz et al. 2004).
Of the studies that have reported long-term functional improvements as a result of
minocycline treatment after stroke, most have either initiated treatment early or used
a delayed but prolonged treatment (Chu et al. 2010; Hayakawa et al. 2008; Hewlett
& Corbett 2006; Liu, Z et al. 2007). Studies using early treatments have generally
reported decreased infarct volumes indicative of neuroprotective effects while
prolonged treatments may have effects on multiple pathways in different cell types.
Both situations can complicate the investigation of the mechanisms underlying
functional recovery. Unlike other studies, the early treatment used in our study did
not result in changes in the infarct volume as we have utilised a stroke model that
was resistant to the neuroprotective effects of minocycline. The timing and duration
of the treatment was also targeted to coincide with the period after stroke where most
of the microglial changes were observed to be occurring in our earlier
characterisation experiments. Although we detected only minor changes to the
microglial response as a result of the treatment, we have nonetheless observed
substantial improvements in functional recovery after stroke.
Our results stand in contrast to other studies that have attributed the observed
beneficial effects of minocycline treatment to the suppression of microglial
activation (Chu et al. 2010; Hayakawa et al. 2008; Yang, Y et al. 2015; Yrjanheikki
et al. 1999). In particular, the often cited study by Yrjanheikki et al. (1999) reported
that minocycline treatment prevented the morphological changes triggered in
microglial cells following stroke and suggested that microglial activation was
strongly inhibited as a result of the treatment. However, the primary evidence
provided in support of the claim was non-quantified images of CD11bimmunolabelled microglial cells from brain sections of animals pre-treated with
minocycline 12 hours before stroke induction. Their results are in contrast with our
study where minocycline treatment was initiated after stroke and did not result in
suppression of the changes in microglial morphology as measured by circularity.
Indeed, direct evidence for minocycline inhibition of microglial activation have
mostly only been obtained from in vitro studies that have used conditions that are not
appropriate for the study of stroke (see section 5.4 for a detailed discussion).
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It has been observed that, in general, the magnitude of the microglial response is
dependent on the severity of the injury (Abeysinghe et al. 2014; Kato et al. 1995;
Streit 2000). Most of the studies that have reported that minocycline treatment
suppressed microglial activation following stroke, including the study by Yrjanheikki
et al. (1999), have also reported reductions in infarct volumes. Therefore, the
suppression of the microglial response in these studies should not be considered as
evidence of a direct effect of the minocycline treatment.
Although minocycline is generally regarded to be an anti-inflammatory agent and
microglial cells are the presumed target in most stroke studies, results from the
present study as well as from others suggest that other cell types may play a more
prominent role.
In our study, we have used ED1 as an additional marker of activated microglia to
evaluate the effect of minocycline treatment on microglial activation within the periinfarct tissue. We detected a marked reduction in ED1 expression within the periinfarct tissue as a result of minocycline treatment. This finding was broadly
consistent with the results of studies by Liebigt et al. (2012) and Liu, Z et al. (2007)
that used lower doses but more prolonged minocycline treatment regimens.
Furthermore, we also observed that the ED1 expression was strongly localised to the
infarct core and extended only a short distance into the peri-infarct tissue along the
infarct boundary.
Interestingly, two studies that have also investigated the effects of minocyclinetreatment on different aspects of the microglial response following stroke have also
observed changes that were also localised to the infarct core. Chu et al. (2010)
observed a decrease in the expression of 5-lipoxygenase (5-LOX), a key enzyme in
the mediation of inflammatory responses, in microglial cells within the infarct core
of minocycline-treated animals following stroke. Similarly, Hayakawa et al. (2008)
observed that minocycline treatment resulted in reduced expression within the infarct
core, of high mobility group box-1 (HMGB1), another protein that is also involved in
the mediation of inflammation. Interestingly, the authors also reported a
corresponding decrease in HMGB1 levels in the plasma. This is a finding that
mirrored the decrease in plasma levels of pro-inflammatory molecules as a result of
minocycline treatment reported in the study by Fox et al. (2005) that is discussed
below.
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Given that it has been observed that infiltrating macrophages from the circulation
remained mostly within the infarct core and only invaded the peri-infarct tissue in
limited numbers (see section 1.4.2.3), the pattern of changes induced in the
expression of ED1, 5-LOX and HMGB1 by minocycline treatment would suggest a
stronger effect on the infiltrating cells than the brain resident microglial cells. This
would also be consistent with the observations in our study of a limited effect on the
peri-infarct microglial responses.
Evidence in support of the view that minocycline has a stronger influence on the
peripheral immune cells than the brain resident microglial cells in the treatment of
stroke can be found in a study by Fox et al. (2005). In the study, 7 day old rat pups
were treated using a single peritoneal injection of 45 mg/kg minocycline at 2 hours
after reperfusion following temporary MCAo. Effects of the treatment were assessed
by measuring the concentrations of cytokines in blood plasma and homogenised
brain tissue using a cytokine assay kit. The authors reported that the stroke induced
by MCAo resulted in a marked increase in the concentrations of the proinflammatory cytokines IL-1β, CINC-1, IL-18 and MCP-1 in the plasma and
ipsilateral brain hemisphere at 24 hours after reperfusion. Plasma concentrations of
IL-1β and CINC-1 were significantly decreased by minocycline treatment, but the
concentrations of all four reported cytokines remained unchanged within the brain
tissue. The use of neonatal rats in the study is of particular note as their immature
blood brain barrier would be more permeable to minocycline than in adult rats and
therefore more likely to result in higher minocycline concentrations in the CNS.
Although the evidence from the studies discussed so far points towards a primarily
systemic effect, the marked reduction of ED1 expression within the peri-infarct
tissue observed in the present study and others suggest the possibility that
minocycline may also be modulating aspects of the microglial response that are not
reflected in the measures of circularity and area fraction. This possibility has been
demonstrated in principle by studies involving other disease models (Burke et al.
2014; Kobayashi et al. 2013). However, there is at present a lack of similar studies
using stroke models.
A recent study by Yang, Y et al. (2015) reported that minocycline treatment
following stroke suppressed the expression of M1 markers and promoted the
expression of M2 markers in peri-infarct microglial cells. In the study, a single
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intravenous injection of 3 mg/kg minocycline was administered immediately on
reperfusion following temporary MCA occlusion in rats. The authors reported that
the treatment significantly reduced the expression of M1 markers, TNF-α and IL-1β,
and increased the expression of M2 markers, TGF-β, IL-10 and YM1, at four weeks
after stroke. However, the early treatment resulted in reduced infarct volumes and
there was also a long time interval between the treatment and measurement of the
markers. Consequently, the study did not provide evidence of a direct effect of
minocycline in modifying the expression of M1 and M2 markers in microglial cells.
We have also attempted to address the current gap in knowledge regarding the effect
of minocycline treatment on the activated microglial phenotype following stroke.
Arginase-1 is an M2 marker that has been reported to be expressed by activated
microglia following stroke and is associated with neuroplasticity and functional
recovery (Hu et al. 2012; Lange et al. 2004; Quirie et al. 2013; Xia et al. 2015).
Expression of arginase-1 has also been reported to be increased in microglial cells by
treatments that improved functional recovery after stroke (Brifault et al. 2015; Verma
et al. 2014), suggesting that it may be a suitable marker for our present
investigations. However, preliminary experiments using arginase-1 immunolabelling
in our stroke model have detected expression mainly in non-microglial cells at 3 d
after stroke (data not shown). As discussed previously (see section 1.4.2.2), the
expression of the M1 and M2 markers in microglia is not well characterised and their
involvement in the facilitation of recovery following stroke is poorly understood at
present. Further investigations are clearly needed to identify markers that may be
useful in the evaluation of stroke treatments.
There is currently little, if any, evidence in the literature to suggest that minocycline
may have direct effects on the astroglial response to stroke. However, the results
from our study show that astroglial reactivity as indicated by the expression of GFAP
and vimentin was upregulated downstream of the minocycline treatment. Astroglial
reactivity is usually associated with inhibition of recovery due to the expression of
CSPGs, such as neurocan, that have been demonstrated to inhibit axonal regeneration
(Asher et al. 2000; Deguchi et al. 2005; Galtrey & Fawcett 2007; Siebert, Conta
Steencken & Osterhout 2014). In our study, we observed improved functional
recovery despite an increase in the astroglial response. Furthermore, the increased
astroglial reactivity was not accompanied with a significant increase in neurocan
expression. Although this is contrary to our initial hypothesis, other studies have also
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reported treatments that led to both improved functional recovery and increased
astroglial response after stroke.
Keiner et al. (2008) observed that rehabilitative training following photothrombotic
stroke in rats resulted in improved functional recovery that was associated with
enhanced survival of newly proliferated astroglial cells within the peri-infarct tissue.
Using a similar model, Liebigt et al. (2012) further observed that combined
rehabilitative training and treatment with either minocycline or indometacin, an antiinflammatory drug, resulted in further improvements in functional recovery over
rehabilitative training alone. The improved functional recovery was again associated
with increased survival of newly proliferated astroglial cells. Interestingly, in both
the above studies, there was a corresponding decrease in the survival of newly
proliferated ED1-positive cells that paralleled our observations of a reduction in
ED1-positive cells within the peri-infarct tissue of minocycline-treated animals.
Although astroglial expression of CSPGs may be detrimental to post-stroke
functional recovery, the reactive astroglia is also a source of various factors that can
improve the stroke outcome by promoting neuroplasticity (see section 1.4.1).
Furthermore, astroglial cells may also play important roles in modulating the
peripheral immune response after stroke (Sofroniew 2015). In particular, studies
using transgenic mice to conditionally ablate proliferating astroglial cells in a stab
wound model (Bush et al. 1999) and permanent MCA occlusion (Shimada et al.
2011) revealed an important role for astroglial cells in regulating the recruitment and
infiltration of peripheral immune cells following injury. Ablation of proliferating
astroglial cells in both studies resulted in large increases in the number of peripheral
immune cells infiltrating into the peri-lesional tissue. These observations suggest a
possible link between the increased astroglial response and decreased ED1-positive
cells within the peri-infarct tissue in our study and the studies by Keiner et al. (2008)
and Liebigt et al. (2012). An increased astroglial reactivity may potentially inhibit
the infiltration of peripheral immune cells into the peri-infarct tissue.
It is possible that effects of minocycline treatment on other neural cell types may also
contribute to the improved functional outcome. Some studies have suggested that
minocycline treatment may promote the survival of newborn neurons arising from
enhanced neurogenesis following stroke (Marlier et al. 2015; Thored et al. 2006;
Yamashita, T et al. 2006). Although this is likely to contribute to the beneficial
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effects of minocycline treatment observed in some studies employing prolonged
treatment regimens (Liebigt et al. 2012; Liu, Z et al. 2007), it is less likely to be a
factor in the present study due to the early initiation and short duration of treatment.
In our study, we have used minocycline treatment as an approach for modulating
microglial activation in order to investigate the influence of glial cell responses in the
peri-infarct tissue on the neurorestorative processes underlying functional recovery
following stroke. However, the molecular mechanisms underlying the effects of
minocycline treatment are still unclear. Two studies utilising genomic (Crack et al.
2009) and proteomic (Agrawal et al. 2015) approaches have observed that the
expression of many inflammatory and immune-related genes and proteins were
modulated following minocycline treatment. Although the results from these studies
do suggest the possibility that minocycline may strongly influence the responses of
microglia and macrophages, they do not preclude the possibility that the genomic and
proteomic changes observed were an indirect result of neuroprotection. Furthermore,
it is also unclear if the immune responses elicited in the disease models used in the
studies, traumatic brain injury and cypermethrin-induced neurodegeneration, are
comparable to stroke models. In contrast to previous studies, our results do provide
evidence that minocycline treatment may have an influence on the immune responses
following stroke that are not related to neuroprotection. Furthermore, the treatment
resulted in enhanced functional recovery, suggesting that the subsequent changes in
the peri-infarct glial responses provided a microenvironment that was more
favourable to neurorestorative processes.
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4.5

Conclusion

The present study demonstrated that early post-stroke treatment with minocycline
can improve the functional outcome via non-neuroprotective mechanisms. However,
the exact mechanisms and cell types that are targeted by the treatment are unclear at
present.
Minocycline has been demonstrated to have a strong influence on the activation
response of both the peripheral immune cells and microglial cells. However, current
evidence suggest that minocycline treatment, at least at the dosages used in the
current and other similar studies, may only have a minor effect on microglial
activation within the peri-infarct tissue. Instead, its primary effect may be in the
modulation of the systemic immune response and recruitment of the peripheral
immune cells to the infarct. Furthermore, minocycline may also be modifying the
activated phenotype of microglial and peripheral immune cells to anti-inflammatory
or pro-regenerative forms.
It was also observed that minocycline treatment led to a subsequent increase in the
astroglial response within the peri-infarct tissue. Although astrogliosis is generally
associated with impaired functional recovery, the evidence from our study suggest
that there are beneficial aspects of the response that may be enhanced as an indirect
effect of minocycline treatment likely as a result of modulation of the early immune
cell responses.
Overall, the results of the study suggests that there are aspects of the early immune
responses, involving both the peripheral immune and peri-infarct microglial cell
populations, that may be important factors in the processes that underlie functional
recovery during the later stages of stroke.
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CHAPTER 5
A CELL CULTURE MODEL OF THE
PERI-INFARCT TISSUE
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5.1

Introduction

Glial cell activation including astrogliosis and microglial activation are part of the
natural responses of the CNS to challenges such as those posed by toxic insults,
infections, trauma and disease. These responses serve to mobilise the innate defense
mechanisms of the CNS to limit the spread of injury and to promote resolution and
recovery.
As discussed previously (see section 1.4), the activation of astroglial cells is termed
astrogliosis and is characterised by cellular hypertrophy and upregulation of
cytoskeletal proteins including GFAP, vimentin and nestin. The process of
astrogliosis develops over days to weeks following an insult and in severe injuries,
such as those caused by stroke or trauma, eventually leads to the formation of a glial
scar that serves to isolate the necrotic tissue from the healthy CNS.
Microglial activation on the other hand develops within hours with a marked
morphological shift and upregulation of various inflammatory mediators (see section
1.4.2). The microglia appear ramified under normal conditions exhibiting a small cell
body with several long, thin and highly branched processes. However, when exposed
to an insult, microglia respond by retracting their processes and assuming a more
amoeboid form (see figure 1.4.3). Within days, microglial migration and
proliferation lead to greatly increased cell numbers around the site of injury.
The activated microglia are a source of many pro-inflammatory cytokines including
IL1β, IL6, IL10, TNFα and reactive oxygen species such as NO that have been
identified to trigger or regulate various aspects of astrogliosis (Balasingam et al.
1996; Balasingam et al. 1994; Gao, Z et al. 2013; Giulian & Baker 1985; Zhang, D et
al. 2010). These observations together with the observation that microglial activation
tends to precede overt signs of astrogliosis has led to the suggestion that the process
of astrogliosis is triggered by or is highly dependent on microglial activation.
It has long been recognised that the glial scar presents a barrier to axonal
regeneration and is an impediment to functional recovery (see section 1.4.1).
However, the processes leading up to its formation including microglial activation
and astrogliosis involves complex mechanisms and cross-interactions that are
incompletely understood at the present time, especially in the peri-infarct tissue in
stroke. The results from various studies attempting to uncover the nature of these
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processes have indicated that interfering with these post-stroke processes can have
both beneficial and detrimental consequences at different time points after stroke. An
improved understanding of the nature of these processes would therefore be critical
in the development of therapies aimed at enhancing their beneficial aspects while
minimising or avoiding the detrimental effects.

5.1.1 Studying Glial Cell Activation in Cell Cultures
Despite the large number of studies that have utilised cell culture models in the
investigation of neurological disorders and injuries, there have been few that were
designed to mimic focal insults such as those seen in focal stroke.
The aim of the present study was to develop a cell culture model of focal cell death
that can simulate the conditions of the peri-infarct tissue in focal stroke. Such a
model would be a useful tool for the investigation of peri-infarct astroglial-microglial
interactions and their influence on the development of astrogliosis. It could also serve
as a useful platform to investigate interventions to modulate the process of
astrogliosis.
The successful culturing of dissociated mammalian brain cells by Booher and
Sensenbrenner (1972) has contributed greatly to our current understanding of the
basic cellular functions of the different cell types that make up the CNS. For
example, the use of primary astroglia in cultures has been indispensible in the study
of their receptor functions (Hosli & Hosli 1993; McCarthy & de Vellis 1980) and
their role in the regulation of extracellular pH & ion concentrations (Hertz &
Schousboe 1975; Schousboe, Fosmark & Formby 1976).
In many instances, the use of cell cultures has also been critical in the understanding
of the role of different cell types within the CNS and their interactions in the
development of diseases and injuries (Craig, Graf & Linhoff 2006; Hansson &
Thorlin 1999; McMillian et al. 1994; Murphy, EJ & Horrocks 1993; Wu & Schwartz
1998). This is due to several key advantages they offer over the use of animal
models. For example, the cellular composition of a culture can be manipulated to
enrich certain cell types so that their specific functions and interactions can be
studied without the interference of other cell types. Furthermore, the culture system
allows direct access to the cells that permits manipulation of the cellular environment
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to reproduce conditions that mimic specific aspects of the disease. Monitoring of the
changes induced in the cells in response to the applied conditions is also far easier in
cultures compared to animal models.
Various cell culture models have been devised to investigate different aspects of
ischemic stroke in the brain. For example neuronal, glial and mixed cortical cultures
have been used to study the mechanisms of cell death during the initial stages of
stroke (Almeida et al. 2002; Bruno et al. 1994; Chock & Giffard 2005; Goldberg,
WJ, Kadingo & Barrett 1986) and glial cell cultures have been used to investigate the
mechanisms involved in glial cell activation and astrogliosis (Bohatschek et al. 2001;
Wanner et al. 2008; Yu, Lee & Eng 1993).
The prevalent model of ischemic stroke in cell culture is the oxygen-glucose
deprivation (OGD) model that was first reported by Goldberg, WJ, Kadingo and
Barrett (1986) in a study that focused on the effects of ischemia on neurons. The
model has since been applied to the investigation of astroglial responses and has been
demonstrated to replicate some of the features of astrogliosis including upregulation
of GFAP, neurocan and inhibition of neurite outgrowth in co-cultured neurons
(Wang, R et al. 2012). However, a prolonged period of OGD was required to induce
the observed responses; far longer than is normally required in animal models.
Furthermore, the fact that the OGD insult had to be applied to the entire culture
rather than a focused region meant that the model was more appropriate as a model
of the ischemic core or as a model of global ischemia than of the peri-infarct tissue.
Other models that have been used in the study of astrogliosis included the scratch
wound model, in which the insult is induced by physical scoring of the culture
surface with a pipette tip, and chemical insults such as excess potassium and elevated
glutamate concentrations (Murphy, EJ & Horrocks 1993; Petito, Juurlink & Hertz
1991; Yu, Lee & Eng 1993). Despite the fact that the models utilising chemical
insults all had some degree of success at reproducing aspects of astrogliosis, they
share the same weakness as the OGD model in that the entire culture was exposed to
the insult. Although the scratch wound model does in fact introduce a localised area
of insult, it was more a process that removed cells from the culture surface than one
that created an injury associated with cell death.
Most of the models described above have also been applied to the study of various
aspects of microglial activation including morphological changes, cytokine
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expression and production of ROS. However, very few studies have examined in
detail the interactions between microglia and astroglia and the influence of microglial
activation on astrogliosis especially in the context of a focal insult.

5.1.2 Inducing Focal Injury in Cell Cultures
In 2004, Yu and co-workers described a method of triggering astrogliosis in
astroglial cultures by inducing low temperature trauma with a liquid nitrogen precooled copper pipe (Yu et al. 2004). Although it was proposed by the authors to be a
model of cryo-surgery or cryo-injury, the model produced a focus of cell death
defined by the contact area of the copper pipe with the culture dish. This focal lesion
is surrounded by surviving cells that is reminiscent of the stroke infarct core and
peri-infarct tissue.
The authors reported a rapid upregulation of various immediate early gene (IEG)
proteins and the 70 kDa heat shock proteins (HSP70) in the peri-lesional cells within
hours of lesion induction and increased GFAP expression after 6 days; a response
that was similar to that reported in various animal models of stroke and cell culture
models of astrogliosis (de Freitas et al. 2002; Gass et al. 1992; Iwata, Masago &
Yamada 1997; Liu, HM 1995). However, characterisation of the model in the study
was limited to qualitative descriptions and lacked quantitative data.
Despite the lack of detailed characterisation, the similarities in the focal nature of the
induced cell death and the responses of the peri-lesional cells to those seen in animal
models of focal ischemia suggested that this could be a suitable model for
investigating cellular responses in the peri-infarct tissue after stroke.

5.1.3 A Cell Culture Model of the Peri-infarct Tissue after Stroke
In the present study, we evaluated the effectiveness of the approach of inducing focal
cell death based on a significant adaptation of the method of Yu et al. (2004)
(hereafter referred to as the "cryo-lesion" method, or "cryo-lesioning") as a model of
the peri-infarct tissue after stroke. Modifications were made to the method by using a
solid copper rod rather than a copper pipe to ensure uniform cooling within the entire
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lesion area, and to have one end of the copper rod immersed into a liquid nitrogen
filled box to ensure that a constant temperature was maintained throughout the
experiments. In addition, the surface temperature of the cell cultures were monitored
during the cooling process with an infrared thermometer to ensure a consistent
temperature was achieved over the course of the experiments.
We have also used primary mixed glial cultures in our model to enable the study of
microglial-astroglial interactions. Although it is acknowledged that microglia in
culture exhibit signs of being in a more activated state than in intact brain tissue, they
can be induced to undergo further distinct activation by insults (Glenn et al. 1992;
Graeber et al. 1989).
We first characterised the responses of microglial and astroglial cells to cryolesioning within the peri-lesional regions up to 48 hours after cryo-lesioning. The
microglial responses were characterised on the basis of the induced morphological
changes by quantifying the relative proportions of ramified and amoeboid microglia.
Changes in the microglial distribution due to proliferation and migration were also
characterised by determining the microglial cell density within the peri-lesional
regions. Astroglial responses were characterised by observing the morphological
changes in GFAP-immunolabelled cells along the edge of the lesion as well as the
changes in the labelling intensity of nestin in the peri-lesional regions.
We then performed an initial investigation into the nature of microglial-astroglial
interactions within the post-stroke peri-infarct tissue by studying the effects of
modulating microglial influence on the astroglial changes after cryo-lesioning.
Microglial activity was manipulated by two different approaches. The first approach
was treatment with minocycline, an antibiotic with anti-inflammatory properties that
has been reported in many animal and cell culture studies to suppress microglial
activation. The second was the more direct approach of abolishing microglial activity
by depleting them from the cultures.
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5.2

Materials and Methods

5.2.1 Primary Mixed Glial Cell Culture
Cell cultures were prepared based on the method as previously described by
Muyderman et al. (2010), with significant modifications to both expand the
microglial population and enhance the degree of ramification of microglial cells.
These modifications were based on preliminary investigations and included an
increase in the initial seeding density and changes in the feeding protocol. The
increased seeding density resulted in an increased proportion of microglial cells
within the cultures as the astroglial cells reached confluence earlier and stopped
dividing. The feeding frequency was reduced from 3 times to 2 times per week and
the medium used for feeding was changed from fresh culture medium to a 1:1
mixture with glial conditioned medium.
Primary mixed glial cultures were established using Sprague-Dawley rat pups up to 2
days old. The brains were removed following decapitation and carefully dissected
free of the meninges and any visible blood vessels. The cortices were then separated
from the rest of the brain and passed through an 80 µm nylon mesh into culture
medium consisting of low glucose Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10 % fetal bovine serum and 1 % penicillin-streptomycin (10,000
U/mL). The cortical cell suspension was further dissociated by gentle trituration with
a 10 mL serological pipette (86.1254.001; Sarsted Australia Pty Ltd, SA, Australia).
The final cell suspension was diluted to a final volume in culture medium depending
on the age of the pup: 15 mL per cortex for pups up to 1 day old and 20 mL per
cortex for pups between 1 and 2 days old.
The final cell suspension was seeded onto poly-L-lysine-coated coverslips (see
section 5.2.3) in 35 mm cell culture dishes (83.1800.003; Sarstedt Australia Pty Ltd,
SA, Australia) at a volume of 0.5 mL per dish. The culture medium in each dish was
then topped up to a final volume of 2 mL. The cultures were grown in a humidified
atmosphere of 5.5 % CO2 in air at 37 °C (subsequently referred to as “normal
conditions”) and the culture medium was replaced with fresh culture medium (FCM)
at 4 days after initial seeding (4 DIV – days in vitro).
At 7 DIV and thereafter, the cells were fed twice per week. The medium from all the
dishes was first collected and pooled (glia-conditioned medium – GCM) then mixed
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at a 1:1 ratio with FCM (GCM:FCM). The mixture of conditioned and fresh culture
medium was then fed back to the cells using 2 mL per dish. This feeding procedure
was used at 7 DIV and onwards. Maintained under these conditions, the cultures
typically reach confluence at between 8 and 10 DIV. Initial investigations revealed
that disturbances in the culture medium due to feeding resulted in de-ramification of
microglial cells. In order to maximise ramification of microglial cells, the cultures
were only used for experiments at least 3 days after the last feeding when confluence
is reached. These conditions were typically satisfied at 14 DIV. Microglial cells
constituted 28.69 ± 2.75 % (mean ± SD, n = 6) of the total cell population within the
cultures at 14 DIV. For microglial depletion experiments additional treatments were
performed as described in section 5.2.3.

5.2.3 Coating of Coverslips with Poly-L-lysine
Coating of the coverslips (No.1, 30 mm diameter; Menzel-Gläser, Braunschweig,
Germany) with poly-L-lysine was done at least one day in advance of the seeding.
The coverslips were placed into the cell culture dishes and incubated in 0.01 % polyL-Lysine for 15 min at room temperature. Poly-L-lysine was dissolved in doubledistilled water and sterilised by filtration through a 0.20 µm syringe filter (16534K ;
Sartorius Stedim Australia Pty Ltd, VIC, Australia) before use. Following incubation
in poly-L-lysine, the coverslips were rinsed twice in sterile filtered double-distilled
water. The culture dishes with the poly-L-lysine-coated coverslips were then dried
overnight at 37 °C before cell seeding.

5.2.3 Depletion of Microglial Cells from Mixed Glial Cultures
Microglial cells were depleted from the mixed glial cultures using cytosine β-Darabinofuranoside (Ara-C) and L-leucine methyl ester (LME) treatment based on the
method described by Hamby et al. (2006).
Cultures to be used for the microglial depletion experiments were treated for 3 days
with 8 µM Ara-C dissolved in GCM:FCM at 11 DIV after they have become
confluent. Ara-C treatment is toxic to actively dividing cells such as microglia but
does not affect astroglia that are contact-inhibited and stop dividing after reaching
confluence.
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Following Ara-C treatment, at 14 DIV, LME treatment was used to eliminate the
remaining microglia. LME is a lysosomotropic agent that is selectively toxic to cells,
such as microglia, that are enriched in lysosomes (Thiele, Kurosaka & Lipsky 1983).
LME was prepared at a concentration of 50 mM in DMEM and pH adjusted to 7.4.
Cultures were incubated in 1 mL of 50 mM LME for 60 minutes under normal
culture conditions. Following LME treatment, the cultures were rinsed twice in
DMEM and maintained under normal culture conditions in GCM:FCM for 2 days,
then fed once again with GCM:FCM and cultured for a further 3 days before being
used in the microglial depletion experiments.

5.2.4 Minocycline Treatment
For the minocycline treatment experiments, the cultures were pre-treated with 10 µM
minocycline. The treatment concentration was selected based on other cell culture
studies that have reported inhibition of microglial activation using minocycline
treatment (Huang et al. 2010; Kremlev, Roberts & Palmer 2004; Silva Bastos et al.
2011; Suk 2004). A stock solution of 1 mM minocycline was prepared in DMEM
and sterile filtered by passing through a 0.20 µm syringe filter. The stock solution
was then added to the cultures at 1:100 dilution and the cultures were incubated
under normal conditions for 30 min before cryo-lesion induction.

5.2.5 Induction of Cryo-lesion
Cryo-lesion was induced in cultures by means of a brief contact with a liquidnitrogen-cooled copper rod (figure 5.2.1). The solid copper rod was cooled by
insertion into a liquid nitrogen filled polystyrene foam box through a hole in the lid.
The upper face of the rod (10 mm diameter) protruded slightly above the lid and its
temperature was allowed to equilibrate for at least 15 min before the start of
experiments. During cryo-lesion induction, the temperature of the cell culture surface
was monitored using an infrared thermometer (IR-77L; CEM, Shenzhen Everbest
Machinery Industry Co. Ltd, Guangdong Province, China) positioned directly above
the copper rod.
The culture medium was first removed by pipetting from the culture dish and
retained in a sterile 15 mL tube. Then the underside of the dish was pressed firmly
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against the exposed face of the rod for several seconds while the temperature of the
cell culture surface was monitored. As soon as the temperature decreased to 5°C,
which typically took between 6 to 8 s in this experimental set-up, the culture dish
was removed from contact with the rod and the culture medium was returned to the
culture dish. The temperature of 5 °C was determined in preliminary investigations to
consistently induce near complete cell death within the contact area by 2 h after cryolesion.
For unlesioned controls, the culture medium was first removed and retained in a
sterile tube, similar to the process for cryo-lesion induction. However, instead of
contacting the copper rod, the cultures were simply exposed to air for 15 s, which
was the approximate duration that the cultures were deprived of medium during the
cryo-lesion induction process. The culture medium was then returned to the dishes.

C
B

A

Figure 5.2.1

Experimental set-up for induction of cryo-lesion in cell cultures.

The experimental set-up consists of a liquid nitrogen filled polystyrene foam box (A) with a
solid copper rod (B) inserted through a hole in the lid. An infrared thermometer (C) mounted
on a retort stand is positioned above the copper rod to monitor temperature changes during
cryo-lesion induction.
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Cold-treated cultures were included in the experiments as a control for the possible
effects of cold exposure alone as experienced by cells outside of the immediate
contact region of the copper rod (see figure 5.3.1). For cold-treated cultures the
culture medium was removed and retained in a sterile tube and 1 mL of DMEM prechilled to 16 - 17 °C was added to the cultures. After 10 s, the pre-chilled DMEM
was removed and the culture medium was returned to the culture dish.
All treatment conditions were performed in duplicates and the data reported for each
experiment were the averaged values of the duplicates. The cultures were maintained
under normal conditions following treatment until they were used for assessment of
cell death and viability or immunocytochemistry.
For

the

characterisation

experiments,

the

cultures

were

processed

for

immunocytochemistry at 2, 6, 24 and 48 h after cryo-lesioning. Assessment of cell
death and viability was performed using cultures at 2 and 6 h after cryo-lesioning.
For the assessment of microglial changes in the minocycline experiments, the
cultures were processed for immunocytochemistry at 24 h after cryo-lesioning.
Assessment of the astroglial changes in the minocycline and microglia depletion
experiments was performed using the cultures at 48 h after cryo-lesioning

5.2.6 Thermal imaging of cell culture surfaces during Cryo-lesion
induction
The change in the surface temperatures of the cultures during cryo-lesion induction
was visualised using a thermal imaging camera (ThermoVision™ A40M; FLIR
systems Australia, VIC, Australia).

5.2.7 Assessment of Cell Death and Viability Following Cryo-lesioning
Cell death induced in the cultures by cryo-lesioning was assessed by staining with
calcein acetoymethyl ester (Calcein AM) and propidium iodide (PI). All cell nuclei
were counterstained with Hoechst 33258. Cell cultures were washed twice in
HEPES-buffered salt solution (HBSS; 137 mM NaCl, 5.4 mM KCl, 0.41 mM
MgSO4, 0.49 mM MgCl2, 1.26 mM CaCl2, 0.64 mM KH2PO4, 3 mM NaHCO3, 5.5
mM D-glucose, 20 mM HEPES, pH 7.4) then incubated for 20 min under normal
conditions in 1 mL each of 1 µM Calcein AM, 25 µM PI and Hoechst (1:1000
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dilution) dissolved in HBSS (pH 7.4). Cells were visualised using fluorescence
microscopy (Olympus IX71) immediately following incubation. Cultures were
assessed for cell death and viability at 2 and 6 h following cryo-lesion.
Calcein AM is lipophilic and crosses cell membranes into live cells where it is
hydrolysed by nonspecific esterases into a fluorescent and less lipophilic form that is
retained within the cell. In contrast, PI is excluded from viable cells and only binds
with the nuclei of dead or dying cells with disrupted cell membranes. Hence, live
cells exhibit strong fluorescence within their cell bodies from calcein accumulation
and exclude PI from their nuclei, whereas dead or dying cells exhibit PI fluorescence
in their nuclei and do not accumulate calcein.

5.2.8 Immunocytochemistry
A list of primary and secondary antibodies, dilutions used, and the suppliers are
provided in the Table 5.2.1. In addition, all cell nuclei were counterstained with
Hoechst 33258 (1:1000 dilution).

Table 5.2.1

List of antibodies and dilutions used in immunocytochemistry

Primary Antibodies
Description
Mouse monoclonal anti-CD11b/c [Clone
OX-42]
Mouse monoclonal anti-Nestin [Clone
2Q178]
Rabbit polyclonal anti-GFAP
Rabbit polyclonal anti-iNOS
Secondary Antibodies
Description
Donkey anti-Rabbit IgG (H+L) Alexa Fluor®
488 conjugate
Donkey anti-Goat IgG (H+L) Alexa Fluor®
647 conjugate

Dilution Product No.
1:400
MR6200
1:400

ab6142

Supplier
ThermoFisher /
Invitrogen™
Abcam

1:500
1:200

G4546
ab3523

Sigma-Aldrich
Abcam

Dilution Product No.
1:500
A-21206
1:500

A-31571

Supplier
ThermoFisher /
Invitrogen™
ThermoFisher /
Invitrogen™

Cultures were rinsed in Tris-buffered saline (TBS; 0.9 % NaCl in 0.1 M Tris, pH 7.4)
then fixed in 4 % paraformaldehyde in 0.1 M sodium phosphate buffer for 15 min at
room temperature and then rinsed again in TBS. Next, the cultures were blocked and
permeabilised in blocking buffer (1 % BSA, 0.5 % Triton-X in TBS, pH 7.4) for 1 h
at room temperature.
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For the characterisation experiments, double immunolabelling was performed using
antibodies for CD11b/c and GFAP. For the minocycline treatment and microglial
depletion experiments, two combinations of double immunolabelling were used –
CD11b/c with iNOS, and GFAP with nestin. Following blocking and
permeabilisation, the cultures were incubated overnight at 4 °C with the primary
antibodies diluted in blocking buffer.
After incubation with primary antibodies, the cultures were washed 3 times in TBST
(0.5 % Triton-X100 in TBS, pH 7.4) for 5 min each time at room temperature. Then
the cultures were incubated with secondary antibodies and Hoechst 33258 diluted in
TBS for 2 h at room temperature on an orbital shaker (Bioline orbital shaker,
BL8136; Bioline Global Pty Ltd, NSW, Australia).
Finally, the cultures were washed 3 times in TBS for 5 minutes at room temperature,
and then the coverslips were mounted on glass slides (76 × 26 mm, HD 41808 1P0;
HD Scientific Supplies Pty Ltd, NSW, Australia) in ProLong® Gold antifade
reagent. The antifade reagent was allowed to cure overnight before the edges of the
coverslips were sealed with clear nail polish. The cells in the cultures were then
visualised using conventional fluorescence microscopy except for the minocycline
treatment experiments where confocal microscopy was used for CD11b/c and iNOSimmunolabelled cells.

5.2.9 Image Acquisition
Fluorescence images were acquired using an Olympus IX71 inverted microscope
(Olympus Australia Pty Ltd, NSW, Australia). The microscope was also equipped
with a custom-fitted calibrated stage. For quantitative analyses, images were
acquired using the 10× objective lens at the ROIs (approximately 898 × 671 µm
image fields) for each coverslip as shown in figure 5.2.2. Identical camera exposure
settings were used to capture all the GFAP immunofluorescence images from all
ROIs in all the cultures used for the analysis of astroglial responses. Exposure
settings were similarly fixed for all the nestin immunofluorescence images that were
captured.
For the minocycline treatment experiments, cells that were immunolabelled for
CD11b/c and iNOS were scanned using confocal microscopy at the same locations
using a Leica TCS SP5 confocal microscope (Leica Microsystems Pty Ltd, NSW,
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Australia). Images were taken in a 10 µm stack at 1 µm steps (11 images per stack)
using the 20× objective lens, corresponding to an image field of 775 by 775 µm area.

5 mm
2.5 mm

2.5 mm
5 mm

Lesion core
~ 10 mm diameter

5 mm
1 mm

1 mm
5 mm

Coverslip
Figure 5.2.2
coverslip.

Regions of interest

Diagram illustrating regions of interest for image acquisition on each

Fluorescence images were acquired for CD11b/c immunofluorescence at the 8 positions as
shown by the black boxes in the diagram above. Four images were acquired along the lesion
border at the top and bottom, left and right edges of the lesion, and a further four were
acquired at a distance of 5 mm away from the first four images. Images acquired using the
10× objective lens covered image fields with an area of approximately 898 by 671 µm. For
GFAP and nestin immunofluorescence, in addition to the ROIs indicated by the black boxes,
images were also acquired at 1 and 2.5 mm as shown by the red boxes. For the later
experiments to modify glial responses, images were acquired for CD11b/c and iNOS
immunofluorescence by confocal microscopy at the same positions indicated by the black
boxes using the 20× objective lens. This captured image fields of 775 by 775 µm.
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5.2.10 Image Analysis
5.2.10.1

Characterisation of Microglial Responses to Cryo-lesion

Manual cell counting was performed for the experiments to characterise the
microglial responses to cryo-lesion. Cell counts were determined from 200 by 200
µm crops of each of the 8 ROIs (as shown in figure 5.2.2). Counting was performed
using the “Cell counter” plugin in the image analysis software "ImageJ" (Schneider,
Rasband & Eliceiri 2012).
Total cell density was determined from counts of Hoechst-stained cell nuclei and
microglial cell density from counts of CD11b/c+ cells. Ramified and amoeboid
microglia were identified based on morphological criteria and expressed as a
percentage of the total microglial cell population. Ramified microglia were defined
as having a small cell body with at least two long and thin processes, and one or
more of the processes exhibiting secondary branching. Amoeboid microglia were
defined as being either round and devoid of processes, or have an enlarged cell body
with only short and thick processes. Cells with intermediate morphologies that did
not match the definitions for either ramified or amoeboid microglia were included in
the total count but not separately reported.

5.2.10.2

Measuring Changes in Microglial Responses to Cryo-lesion and

Minocycline Treatment

i. Changes in Circularity & Area Fraction
For the minocycline treatment experiments, microglial circularity and area fraction
were analyzed using a similar approach to that described for the animal studies (see
section 2.3.10). A “sum of slices” projection of the CD11b/c image stacks was used
here rather than the maximum projection as used for the animal studies as it provided
a better contrast of the cell profiles and suppression of the background in the
fluorescence images of the cell cultures. The “sum of slices” projection generated 32bit images that were then converted to 8-bit. The images were then processed using
the “Subtract Background” function with a 100 pixel rolling ball radius and sliding
paraboloid option. The “De-speckle” function was then applied to the images to
remove speckling noise.
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A manual thresholding method was used to determine the threshold level to be used
to identify the cell profiles. The average background fluorescence in each image was
determined by sampling the fluorescence at 5 locations within the image that were
devoid of cells. The threshold level was set at twice the average background
fluorescence intensity rounded down to the nearest integer. The "specify" function
was then used to select an area of 500 × 500 µm for analysis. The selected area was
then analysed for circularity and area fraction using the “Analyze Particles” function
with particle size set to a lower limit of 200 pixel units.

ii. Changes in iNOS expression
For the analysis of changes in iNOS expression, the iNOS image stacks were
processed in the same way as the CD11b/c image stacks except for the following
changes. The built-in "triangle" thresholding algorithm was used instead of manual
thresholding. The lower limit for particle size in "Analyze Particles" was set at 50
pixel units.

5.2.10.3

Measuring Changes in Astroglial Responses to Cryo-lesion

The changes in astroglial expression of GFAP and nestin were quantified for the
minocycline treatment and microglial depletion experiments. The unprocessed
fluorescence images were opened in ImageJ and an area 500 × 500 µm was selected
using the "Specify" function. The mean fluorescence intensity within the selected
area was determined using the "Measure" function. The values at each position were
then normalised to the averaged fluorescence intensity of the unlesioned and
untreated controls in each experiment in order to account for the variability in
immunolabelling and imaging conditions between experiments.
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5.2.11 Measuring Nitrite Content Using the Griess Reaction
Nitrite accumulation in the cultures was assessed as an additional measure of the
glial cell response to cryo-lesion and the effects of minocycline treatment. 120 µL of
the cell culture medium was sampled from each dish before cryo-lesion. At 24 h after
cryo-lesion, half of the dishes were processed for immunocytochemistry and all the
culture medium from these dishes were collected and stored. At 48 h, the remaining
dishes were also processed for immunocytochemistry and the culture medium from
these dishes were similarly collected and stored. The medium samples were stored at
-80 °C until they were assayed for nitrite content using the Griess Reaction (Bryan &
Grisham 2007; Tsikas 2007).
The samples were thawed then centrifuged at 1000 RCF for 5 min at 4 °C (Sigma 115K; SciQuip Ltd, Shropshire, UK). 50 µL of the supernatants and nitrite standards
were pipetted in duplicates into 96 well plates (Item No: 655001; Greiner Bio-One
GmbH, Kremsmünster, Austria). The nitrite standards were prepared at
concentrations of 0, 0.5, 1, 2, 4, 8, 12 and 20 µM using sodium nitrite dissolved in
double-distilled water. An equal volume of Griess reagent was pipetted into each
well and the reaction was allowed to develop for 15 min. The absorbance at 540 nm
was measured on a plate reader (Victor™ X4 Multilabel Plate Reader, Product No.
2030-0050; PerkinElmer Inc, MA, USA). The change in nitrite content over the 24 or
48 h duration after cryo-lesion was calculated by subtracting the corresponding
baseline values.
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5.3

Results

5.3.1 Characterisation of the Cell Culture Model
5.3.1.1 Surface Temperatures of Cell Cultures during Induction of Cell Death
by Rapid Cooling

Preliminary investigations using different contact times monitored with an infrared
thermometer indicated that approximately 7 s of contact with the cooled copper rod
was sufficient to produce a decrease in the surface temperature of confluent cultures
to between 0 and 5 °C and appeared to induce near complete cell death within the
core region (figure 5.3.1).

Figure 5.3.1 Unfixed primary mixed glial culture 24 hours after 7 seconds contact
with liquid nitrogen cooled copper rod.
A representative dark field microscope image is shown. The core region that was in contact
with the copper rod is located in the upper half of the image. Cell bodies within the contact
region appeared shrunken and disrupted in comparison to the cells outside the region.
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In order to investigate the extent of the cooling on the regions outside of the
immediate core region of the copper rod, the surface temperatures of cell cultures (n
= 2) were mapped using a thermal imaging camera during induction of the cryolesion. These images revealed that while the entire core region in direct contact with
the copper rod fell to below 10 °C after 7 s of contact, regions outside of the
immediate core of the copper rod stayed mostly above 20 °C (figure 5.3.2). These
results suggested that the effect of rapid cooling by brief contact with the copper rod
was highly localised and cells outside of the immediate core region were not
subjected to major temperature changes. However, the possible effects of this milder
temperature decrease were taken into account by including cold-treated controls in
the subsequent characterisation experiments.

Core

A

Culture
Dish

B

Culture
Dish

Figure 5.3.2 Thermal images of cell culture surface before and immediately after
induction of cryo-lesion.
The images show the surface temperatures of a primary mixed glial culture grown on a
coverslip in a cell culture dish (35 mm diameter) during cryo-lesion induction. (A) The cell
culture surface temperatures were mostly at or near 30 °C after removal of the culture
medium and before contact with the copper rod. (B) After contact with the liquid nitrogen
cooled copper rod for 7 s, the regions outside of the area of contact with the core of the
copper rod remained mostly above 20 °C.
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5.3.1.2 Cold Induced Cell Death in the Core Region
Unfixed cultures were incubated with calcein and propidium iodide (PI) at between 2
and 6 h after cryo-lesion in order to visualise the induction of cell death. Dying cells
with compromised cell membranes were unable to retain the green fluorescent
calcein dye within the cytoplasm while allowing the entry of PI to stain the nucleus.
Conversely, intact cells exhibited green fluorescence in the cell bodies and nuclei
unstained by PI. The experiments (n = 4) revealed essentially complete cell death
within the core while at the border region there was a sharp transition from complete
cell death inside the core to fully intact, viable cells outside the core (figure 5.3.3).

A

B

Figure 5.3.3 Fluorescence images of live cultures stained with calcein and propidium
iodide at 2 hours after cryo-lesion.
(A) All cells within the core region exhibited nuclei stained with propidium iodide
(red/magenta) while only weakly staining for calcein (green). (B) The image, taken along the
lesion boundary, revealed a sharp and distinct transition from near complete cell death within
the lesion (top half of image) to fully viable cells outside of the lesion (bottom half). Cells
outside of the core region exhibit intense staining for calcein and exclude propidium iodide
from their nuclei. Some void areas can also be seen within the core region where cells have
detached as a result of the cryo-lesion treatment (scale bar = 100 µm).
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5.3.1.3 Effects of Cryo-lesion on Microglial Morphology and Distribution
around the Lesion

i.

Morphological Changes

Under the culture conditions used for the current model, control cultures consisted of
microglia in varying states of activation based on morphological criteria (see section
5.2.10.1), including ramified and amoeboid microglia as well as microglia in
intermediate states. Figure 5.3.4 provides a representative image showing the
difference morphologies of microglia immunolabelled for CD11b/c in a control
culture.
Based on the criteria adopted for this study, the microglial population in a typical
control culture consisted of approximately 50% amoeboid microglia and between 10
to 15 % ramified microglia.
However, this proportion changed rapidly after cryo-lesion with a complete
disappearance of ramified microglia and a near complete shift to the amoeboid form
along the lesion border by 2 h after lesion (figure 5.3.5).

Figure 5.3.4

Microglial cells in control cultures at 14 DIV.

Microglia immunolabelled for CD11b/c in control cultures exhibit varying morphological
states ranging from ramified through intermediate to amoeboid. Examples of ramified
(arrows) and amoeboid (arrowheads) microglia are highlighted (scale bar = 100 µm).
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Figure 5.3.5

Microglial cells along the lesion border at 2 hours after cryo-lesion.

Microglia along the lesion border were essentially all in the amoeboid form at 2 h after cryolesion (scale bar = 100 µm).

ii.

Changes in Distribution

Figure 5.3.6 shows a series of montages generated from images for microglia
immunolabelled for CD11b/c taken around the lesion boundary over the first 48
hours following cryo-lesion. These montages provided a qualitative overview of the
changes in microglial distribution around the lesion boundary as well as within the
lesion core as a result of the cryo-lesion.
It can be seen that at 2 h after lesion, there was a marked decrease in microglia along
the lesion boundary and near complete absence within the lesion core. Few microglia
were observed with processes and almost none were ramified.
At 6 h, microglia can be seen to be accumulating along the lesion boundary.
Although more process-bearing microglia can be seen at this time, very few met the
criteria for the ramified form. The increase in microglial density can most likely be
attributed to migration from regions further away from the lesion due to the earlier
observation that essentially all cells would have died as a result of the cryo-lesion by
2 h and the duration was too short for significant proliferation to have occurred in
situ 6 h after cryo-lesioning.
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Figure 5.3.6

Infiltration of microglia into the lesion core over time.

Microglia migrated towards the lesion from the outer regions of the culture and gradually
infiltrated the core of the lesion over the course of 48 h following cryo-lesion. There was
also a marked shift in the morphological state of the microglial cells in the region along the
border of the lesion over the same time course (scale bar = 200 µm).
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At 24 h, although there was increased accumulation of microglia along the boundary,
most of the microglial cells have only infiltrated a short distance into the lesion core.
Outside the core, microglial density appeared to be near the level of control cultures,
but the bulk of the cells still remained amoeboid in form.
Finally, at 48 h, microglial cells can be found throughout the core of the lesion and
the microglial density became higher than that of control cultures before the lesion.
By this time, there was a clear shift in the morphology of the cells outside of the core
towards a more ramified form.
These changes in cell densities and microglial morphology were quantified at the
lesion border as well as 5 mm away and the results are presented in sections 5.3.1.4
and 5.3.1.5.

5.3.1.4 Effects of Cryo-lesion on Cell Densities

i.

At Lesion Border

Following cryo-lesioning, there was a rapid and marked decrease (~ 39 %) in
microglial cell density along the lesion border compared to unlesioned controls at 2 h
(figure 5.3.7 B). This decrease in microglial cell density remained significant at 6 h
and recovered by 24 h.
In contrast, there were no significant changes in total cell density within the same
region at 2 h following cryo-lesioning (figure 5.3.7 A). However, although there was
no further decrease in microglial cell density between 2 h and 6 h after cryolesioning, there was a significant decrease in total cell density at 6 h. The relative
changes in total and microglial cell densities suggested that there was an initial rapid
loss of microglial cells along the lesion border at 2 h that was followed by a delayed
loss of astroglial cells at 6 h within the same region.
Within the control cultures, the microglial cell density increased by approximately 36
% between 2 h and 48 h. In comparison, along the lesion border of cryo-lesioned
cultures, the microglial cell density increased by 89 % over the same time period.
Cold treatment did not result in changes to total cell density and microglial cell
density.
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Figure 5.3.7 Changes in total and microglial cell densities along the lesion border
following cryo-lesioning.
The charts show the changes in the (A) total cell density and (B) microglial cell density
along the lesion border in cryo-lesioned cultures and within the corresponding regions of
unlesioned and cold-treated controls. One-way analysis of variance detected highly
significant effects of treatment and time on total cell density (p < 0.01) and microglial cell
density (p < 0.001). Total cell density in cryo-lesioned cultures at 6 h and 24 h were
significantly decreased compared to control cultures at 2 h (*p < 0.05, **p < 0.01, vs.
"Control" at 2 h, Tukey's HSD). Microglial cell density in cryo-lesioned cultures at 2 h and 6
h were significantly decreased compared to control cultures at 2 h (**p < 0.01, vs. "Control"
at 2 h, Tukey's HSD). In control cultures, the microglial cell density increased significantly
between 2 h and 48 h (**p < 0.01, vs. "Control" at 2 h, Tukey's HSD). Cryo-lesioned
cultures exhibited marked increases in microglial cell density over the same time period (###p
< 0.001, vs. "Cryo-lesioned" at 2 h, Tukey's HSD). Values are shown as mean ± SD (n = 3 –
7 per group).

ii.

At 5 mm from Lesion Border

There were initially no significant changes to the cell densities following cryo-lesion
at 5 mm away from the lesion border (figure 5.3.8). The microglial cell densities
increased over time in both control and cryo-lesioned cultures between 2 h and 48 h.
Over this period of time, the microglial cell density in the control cultures increased
by approximately 56 %. In comparison, the microglial cell density in the cryolesioned cultures increased by 149 % over the same duration.
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The large increase in microglial cell numbers in the cryo-lesioned cultures
contributed to a significant increase in total cell density whereas in control cultures
the total cell density was not significantly changed.
Similar to observations at the lesion border, cold treatment did not result in changes
to total cell density and microglial cell density.
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Figure 5.3.8 Changes in total and microglial cell densities at 5 mm from the lesion
border following cryo-lesioning.
The charts show the changes in the (A) total cell density and (B) microglial cell density at 5
mm from the lesion border in cryo-lesioned cultures and within the corresponding regions of
unlesioned and cold-treated controls. One-way analysis of variance detected significant
effects of treatment and time on total cell densities (p < 0.05) and microglial cell densities (p
< 0.001). Total cell density in cryo-lesioned cultures at 48 h was significantly increased
compared to control cultures at 2 h (*p < 0.05, vs. "Control" at 2 h, Tukey's HSD).
Microglial cell density in both cryo-lesioned and control cultures were significantly
increased at 48 h compared to control cultures at 2 h (**p < 0.01, ***p < 0.001, vs.
"Control" at 2 h, Tukey's HSD). Values are shown as mean ± SD (n = 3 – 7 per group).
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5.3.1.5 Quantifying the Effects of Cryo-lesion on Microglial Morphology

The proportions of ramified and amoeboid microglia under each of the treatment
conditions were determined based on morphological criteria as detailed in section
5.2.10.1. The proportions were expressed as a percentage of the total microglial
population at each of the time points at the lesion border and at 5 mm away.
i.

At Lesion Border

Cryo-lesion treatment induced a marked and rapid shift in microglial morphology
towards a more amoeboid form that was evident by 2 h after lesion (figure 5.3.9).
These changes persisted for up to 24 h after lesion and started to return towards
control proportions at 48 h. Microglial morphology was unaffected in cold-treated
and control cultures at 2 h after treatment and remained unchanged in control
cultures at 48 h.

Figure 5.3.9 Changes in the proportions of ramified and amoeboid microglia along
the lesion border following cryo-lesioning.
One-way analysis of variance detected highly significant effects of treatment and time on the
percentages of ramified (p < 0.001) and amoeboid (p < 0.001) microglia at the lesion border.
Induction of cryo-lesion resulted in marked and rapid shift in microglial morphology towards
a more amoeboid form that persisted out to 24 h after lesion (***p < 0.001, vs. "Ctl 2h",
Tukey’s HSD). Cold treatment did not result in significant changes to either the ramified or
amoeboid microglial fraction at 2 h. Values are shown as mean ± SD (n = 3 – 7 per group).
153

ii.

5 mm from Lesion Border

Similar to the lesion border, at 5 mm from the lesion border there was also a shift in
microglial morphology towards a more amoeboid form (figure 5.3.10). However,
these changes were less marked. The differences only became statistically significant
at 6 h but remained detectible at 48 h.

Figure 5.3.10 Changes in the proportions of ramified and amoeboid microglia at 5
mm from the lesion border following cryo-lesioning.
One-way analysis of variance detected highly significant effects of treatment and time on the
percentages of ramified (p < 0.001) and amoeboid (p < 0.001) microglia at 5 mm from the
lesion border. Induction of cryo-lesion resulted in a delayed shift in microglial morphology
that reached significance at 6 hours after cryo-lesion (**p < 0.01, ***p < 0.001, vs. "Ctl 2h",
Tukey’s HSD). While the amoeboid fraction started to return to control levels by 48 h, the
ramified fraction remained depressed even at that time. Cold treatment did not result in
significant changes to either the ramified or amoeboid microglial fraction at 2 h. Values are
shown as mean ± SD (n = 3 – 7 per group).

154

iii.

Effects of Distance on the Microglial Response to Cryo-lesioning

Further analysis was performed on the changes in the ramified microglial fraction in
cryo-lesioned cultures using 2-way ANOVA to determine if distance from the lesion
had an influence on the time progression of changes in microglial morphology. The
analysis revealed that there were significant effects of both distance (p < 0.01) and
time (p < 0.05), as well as highly significant interactions between the two factors (p
< 0.001). The analysis indicated that the time progression of changes in the
morphology of microglial cells as a result of cryo-lesioning at the lesion border is
different from the changes occurring at 5 mm away. Taken together with the results
in the previous sections (sections 5.3.1.5 i & ii), these results suggested that there
was a propagation of activation signals outwards from the lesion core that manifested
as a time delayed decrease in the ramified microglial fraction following cryolesioning.
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5.3.1.6 Effects of Cryo-lesion on Astroglia around the Lesion

Astroglial responses to cryo-lesion was investigated by immunolabelling the cultures
for GFAP and nestin – two of the intermediate filament proteins found in astroglia.
Both GFAP and nestin have been found to be highly expressed in reactive astroglial
cells in the injured and diseased CNS (see section 1.4).

i.

GFAP Expression

Figure 5.3.11 shows the typical expression of GFAP in a control culture at 14 DIV.
The GFAP fibrils appear to be aligned around the nuclei of the astroglial cells
without any overall order or organisation with the neighbouring cells.
Following cryo-lesion, cells within the lesion core exhibited intense GFAP staining
along with highly disrupted cellular structures (figure 5.3.12). However there were
very little changes in GFAP expression along the lesion border outside the core for
the first 6 hours after lesion. By 24 h, the astroglial cells have started extending
processes directed towards the lesion core with the GFAP organised into elongated
fibrils within the processes. At 48 h, GFAP expression within astroglial cells near the
lesion border were almost entirely organised into long fibrillar processes. In addition,
the cells nearest to the lesion edge had all extended processes well into the lesion
core by this time.

Figure 5.3.11 GFAP expression in control cultures at 14 DIV.
Astroglia stained for GFAP in control cultures appear flat and rounded with very few long
processes (scale bar = 100 µm).
156

2h

6h

24 h

48 h

Figure 5.3.12 Changes in astroglial GFAP expression along lesion border following
cryo-lesioning.
Cryo-lesion induction resulted in an intense GFAP staining of the astroglia in the lesion core.
Changes in GFAP expression along the lesion border were unremarkable over the first 6 h
after lesion. However, by 24 h, GFAP expression was concentrated in elongated processes
that extended noticeably into the lesion core. The fibrillar organisation and process extension
became more pronounced at 48 h (scale bar = 200 µm).
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ii.

Nestin Expression

Nestin expression in control cultures showed a similar pattern to that of GFAP,
although the intensity was much weaker. At 48 h cryo-lesioning, the nestin
molecules exhibited a similar reorganisation into long fibrils that extended towards
and into the core of the lesion. Unlike GFAP however, the intensity of nestin
immunolabelling is increased markedly along the lesion border (Figure 5.3.13).

A

B

Figure 5.3.13 Changes in nestin expression in astroglia along lesion border following
cryo-lesioning.
The pattern of nestin expression in (A) control cultures appeared to be very similar to that
observed for GFAP (figure 5.3.10). (B) At 48 h after cryo-lesioning, astroglial processes
along the lesion border exhibited greatly increased immunoreactivity for nestin (scale bar =
100 µm).
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5.3.2 Modifying Glial Responses to Cold-Induced Focal Cell Death
The characterisation experiments revealed clear changes in morphology and evidence
of increased proliferation in microglial cells following cryo-lesion that are
characteristic of activation. These were also accompanied by changes in astroglial
morphology as well as a striking increase in the intensity of nestin immunolabelling.
The next series of experiments investigated if it was possible to modify the
microglial responses induced by cryo-lesion by treatment with minocycline, a
tetracycline antibiotic that has been reported to suppress activation in other models
(see sections 5.4 and 1.5.1). The experiments also investigated the influence of
microglia on the development of astroglial responses following cryo-lesion by using
minocycline treatment and depletion of microglia in the cultures.

5.3.2.1 Effects of Minocycline Treatment on Microglial Responses Following
Cryo-lesion

The effects of minocycline treatment on microglial responses were investigated by
assessing the changes in microglial morphology and cell density at 24 h after cryolesioning on cultures that were either untreated or pre-treated with 10 µM
minocycline.
Unlike the manual counting method used for the characterisation experiments, the
microglial responses in this investigation were assessed by determining the
parameters of microglial area fraction and circularity as identified by CD11b/c
immunolabelling (see section 5.2.10.2). This is similar to the approach used for the in
vivo studies described previously (section 2.3.10).
The parameter of area fraction is a composite function of cell number and average
cell size and is therefore related to cell density. However, by incorporating the effect
of cell size, the area fraction measurement should be sensitive to both the increased
proliferation and cellular hypertrophy that is typical of activated microglial cells. The
circularity of a microglial cell increases as it morphology changes from a ramified to
an amoeboid form therefore changes in the circularity parameter is indicative of
changes in the proportions of the ramified and amoeboid forms of microglial in the
cultures. This approach of assessing microglial response has the additional advantage
of being less observer dependent over manual cell counting as the quantification is
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performed using an automated function within the image analysis software ImageJ
(figure 5.3.14).

A

B
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D

Figure 5.3.14 Quantification of microglial area fraction and circularity in control and
cryo-lesioned cultures.
Microglia immunolabelled for CD11b/c in untreated control (A) and cryo-lesioned (C)
cultures at 24 h after cryo-lesioning were processed by thresholding and particle analysis (B,
D) in ImageJ to determine microglial area fraction and circularity. Thresholded pixels are
highlighted in red and particles identified as microglial cells are outlined in cyan. The
representative images shown here were taken along the lesion border in a cryo-lesioned
culture and at a corresponding region in a control culture (scale bar = 100 µm).
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i.

At Lesion Border

Consistent with the changes observed in microglial cell density in the
characterisation experiments (sections 5.3.1.4), there was a decrease in microglial
area fraction along the lesion border of cryo-lesioned cultures at 24 h (figure 5.3.15).
There was only a small increase in microglial circularity, but this was expected as the
fraction of ramified microglial cells was only approximately 13 % in control cultures
(see figure 5.3.9). Furthermore, cultured microglia generally have less extensive
ramification than microglia within the intact brain. Nonetheless, the shift in
morphology could be detected from the changes in microglial circularity.
However, minocycline treatment did not have significant effects on microglial area
fraction and circularity.

A

B

Figure 5.3.15 Effects of minocycline treatment on area fraction and circularity of
microglial cells along the lesion border following cryo-lesioning.
Control and lesioned cultures were either untreated (- Mino) or pre-treated with 10 µM
minocycline (+ Mino). Two-way analysis of variance detected a highly significant effect of
cryo-lesioning (**p < 0.01) but no effect of minocycline treatment on microglial (CD11b/c+)
area fraction (A). Similarly, there was also a significant effect of cryo-lesioning (*p < 0.05)
but no effect of minocycline treatment on microglial circularity (B). No significant
interactions between cryo-lesioning and minocycline treatment were detected for both
microglial area fraction and circularity. Values are shown as mean ± SD (n = 4).
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ii.

5 mm from Lesion Border

At 5 mm from the lesion border, cryo-lesioning did not result in changes to the
microglial area fraction. This is again consistent with the earlier characterisation
data. However, deviating from the earlier observations, there was also no apparent
effect of cryo-lesion on microglial morphology at this distance when measured using
the parameter of circularity (figure 5.3.16). This is perhaps unsurprising due to the
less marked shift in the ramified and amoeboid microglial fractions in this region
(see figure 5.3.10).
Minocycline treatment did not have a significant effect on microglial circularity but
resulted in a small increase in microglial area fraction.
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Figure 5.3.16 Effects of minocycline treatment on area fraction and circularity of
microglial cells at 5 mm from the lesion border following cryo-lesioning.
Control and lesioned cultures were either untreated (- Mino) or pre-treated with 10 µM
minocycline (+ Mino). Two-way analysis of variance detected a significant effect of
minocycline treatment but no effect of cryo-lesioning on microglial (CD11b/c+) area fraction
(A). No effects of cryo-lesioning and minocycline treatment on microglial circularity (B)
were detected. There were also no significant interactions between cryo-lesioning and
minocycline treatment detected for both microglial area fraction and circularity. Values are
shown as mean ± SD (n = 4).
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5.3.2.2 Effect of Minocycline Treatment on iNOS Expression and Nitrite
Production

The effects of minocycline treatment on the glial cell responses were further
investigated by assessing the changes in iNOS expression and nitrite production
following cryo-lesion.
Changes in iNOS expression were assessed at 24 h after cryo-lesioning on cultures
that were either untreated or pre-treated with 10 µM minocycline (figure 5.3.17). No
significant effects of cryo-lesioning and minocycline treatment on the expression of
iNOS in the cultures were detected.
The nitrite content of the cell culture medium at 24 and 48 h was measured using the
Griess reaction to assess possible changes in nitrite production as a result of cryolesioning and minocycline treatment (figure 5.3.18). There were significant increases
in the nitrite content of the culture medium over time from 24 to 48 h in the
experiment. However, consistent with the lack of effects on iNOS expression, there
were no significant effects of cryo-lesioning and minocycline treatment on the
production of nitrite in the cultures.

Figure 5.3.17 Particle count of iNOS-immunolabelled particles at the lesion border
and 5 mm away 24 hours after cryo-lesioning.
Control and lesioned cultures were either untreated (- Mino) or pre-treated with 10 µM
minocycline (+ Mino). Two-way analysis of variance revealed no effects of minocycline
treatment and no effects of cryo-lesioning on the number of iNOS-immunolabelled particles
at the lesion border and 5 mm away from the border. Values are shown as mean ± SD (n =
4).
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Figure 5.3.18 Increase in nitrite content at 24 and 48 hours after cryo-lesioning.
Control and lesioned cultures were either untreated (- Mino) or pre-treated with 10 µM
minocycline (+ Mino). Three-way analysis of variance revealed a highly significant effect of
time (p < 0.01) but neither minocycline treatment nor cryo-lesioning had any effects on
nitrite production at 24 and 48 h. Values are shown as mean ± SD (n = 3 - 5).

5.3.2.3 Effects of Modulating Microglial Activity on Astroglial Responses
Following Cryo-Lesioning
As observed previously, cryo-lesion induction resulted in changes in the expression
of GFAP and nestin in astroglial cells. The influence of microglia on astroglial
responses was investigated by assessing the changes in the expression of these
proteins following cryo-lesion when microglial activity was modulated with
minocycline treatment or ablated by depleting microglial cells from the cultures.

i.

Microglia Depletion

Preliminary trials using different incubation times and concentrations of Ara-C and
LME were used to identify a suitable treatment regime to eliminate microglial cells
from the cultures. The final conditions chosen was a 3 day treatment with 8 µM AraC followed by a 60 minute treatment with 50 mM LME that produced essentially
microglia-free cultures. Cultures that were treated in this way were grown under
standard conditions for a further 5 days before being used in the subsequent cryolesion experiments. The effectiveness of the microglia depletion treatment was
assessed from CD11b/c immunolabelling of controls in these experiments.
164

Duplicate cultures from a total of 4 sets of microglia depletion treatments were
assessed by sampling images at 8 different locations on each culture as described in
section 5.2.9. In 63 of the 64 images sampled, the only detectible CD11b/c
immunolabelling were cell debris and enucleated cell bodies (figure 5.3.19). It was in
only 1 out of all the images sampled where 2 intact microglial cells were identified.

Figure 5.3.19 Primary mixed glial culture 6 days after microglia depletion treatment.
A typical image field taken from a fluorescently labelled microglia depleted control culture
is shown. Cell nuclei were stained with Hoechst 33258 (blue). Some microglial cell debris
can be seen by CD11b/c immunolabelling (red) but no intact microglial cells can be detected.
Note that the prominent CD11b/c+ cell body near the bottom left of the image does not colocalise with a nucleus (scale bar = 50 µm).

ii.

GFAP Expression

Although cryo-lesioning resulted in striking changes in the morphology of astroglial
cells along the lesion border (see figure 5.3.12), GFAP expression as measured by
fluorescence intensity in immunolabelled cultures was not significantly different
compared to unlesioned controls at 48 h (figure 5.3.20). GFAP fluorescence intensity
was also not affected by minocycline treatment and microglia depletion.
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Figure 5.3.20 Normalised GFAP fluorescence intensity at 48 hours after cryolesioning.
Control and lesioned cultures were either untreated, pre-treated with 10 µM minocycline (+
Mino), or depleted of microglia (MD). Fluorescence intensities at the lesion border, and 1
mm, 2.5 mm and 5 mm away are shown. Three-way analysis of variance detected no
significant effects of cryo-lesioning, treatment and distance. Values are shown as mean ± SD
(n = 4 - 5).

iii.

Nestin Expression

In contrast to GFAP expression, quantification of nestin expression in terms of
fluorescence intensity revealed a large response in astroglial cells to cryo-lesioning
(figure 5.3.21). This was consistent with the striking changes observed in the
characterisation experiments (see figure 5.3.13). Cryo-lesioning resulted in an
increased nestin expression in astroglia that was most marked along the border of the
lesion.
Microglial depletion led to a further increase in nestin expression in the cryolesioned cultures. Interestingly, microglial depletion also resulted in a similar
increase in nestin expression in the unlesioned cultures. These results suggested that
microglia has an influence in regulating the basal level of nestin expression in
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astroglial cells, but may not be involved in mediating the astroglial response to cryolesioning.
In contrast, minocycline treatment did not have any effect on the astroglial response,
at least with respect to changes in nestin expression.

Figure 5.3.21. Normalised nestin fluorescence intensity at 48 hours after cryo-lesioning.
Control and lesioned cultures were either untreated, pre-treated with 10 µM minocycline (+
Mino), or depleted of microglia (MD). Fluorescence intensities at the lesion border, and 1
mm, 2.5 mm and 5 mm away are shown. Three-way analysis of variance detected highly
significant effects of cryo-lesioning (p < 0.001), treatment (p < 0.01) and distance (p <
0.01). There was a highly significant interaction between cryo-lesioning and distance effects
(p < 0.001). No other interactions between the factors were detected. Microglial depletion
resulted in significant increases in nestin fluorescence intensity (**p < 0.01, vs. "Untreated"
& "+Mino", Tukey's HSD). Values are shown as mean ± SD (n = 4 - 5).
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5.4

Discussion

This study demonstrates that brief exposure of mixed glial cultures to focal cooling
generates a well demarcated lesion in which there is rapid death of all cells in the
cooled region with preservation of essentially all other cells in the culture. More
importantly, the formation of this lesion induces rapid morphological changes
indicative of activation in neighbouring microglia that spread during the subsequent
hours to distant parts of the culture. Microglia increased in numbers and accumulated
along the lesion boundary, gradually migrating into the lesion core over time.
Astroglial changes developed over a longer duration of time compared to microglial
responses and included an increased expression of nestin and extension of processes
into the lesion by cells along the lesion boundary.
The system for culturing primary mixed glial cells in the current study was based
largely on the original work of Booher and Sensenbrenner (1972) that was adapted
and refined by Hansson and co-workers (Hansson et al. 1982; Hansson et al. 1980).
A detailed study of the cellular composition of such cultures by Hansson (1984)
indicated that the cultures were primarily comprised of mixed glial cells, with
astroglia constituting the majority of all cell types (~70%) and microglia making up
approximately 10 % of the total cell population. This method was established in our
laboratory and was the basis for several published works investigating astroglial cell
function (Muyderman, Nilsson & Sims 2004; Muyderman et al. 2007; Muyderman et
al. 2010; Wadey et al. 2009). Further modifications to the cell culture system were
made in this study to promote microglial ramification as detailed in section 5.2.1 that
also enriched the microglial fraction to approximately 25 – 30%.
The conditions for lesion induction involved a brief contact of the underside of the
culture dish to a copper rod cooled by insertion into liquid nitrogen. In preliminary
studies, contact for approximately seven seconds was observed to result in highly
localised cooling and essentially complete cell death within the region of contact but
little change in the temperature and viability of cells outside this region. The extent
of temperature decrease outside of the contact region was unlikely to be responsible
for the peri-lesional glial cell changes based on control experiments exposing
cultures to medium cooled to a similar extent.
The rapid loss of cell viability and widespread incorporation of PI into cell nuclei
indicated that necrosis was the major form of cell death induced in this model.
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Again, this feature mimics the major role played by necrotic cell death in ischemic
stroke in humans and in animal models (Back & Schuler 2004; Garcia et al. 1993;
Grome et al. 1988; Li, Y, Powers, et al. 1998).
Thus, although the insult is clearly different to that producing tissue damage in
cerebral ischemia, the cryo-lesion method closely mimics key features of ischemic
stroke, including the focal aspect of the insult, the mode of cell death within the
lesion and the glial cell responses outside of the lesion. The induction of these
responses suggests the suitability of the cryo-lesion model as a platform for
investigating peri-infarct glial cell responses after focal ischemic stroke.
Microglial activity can significantly influence the eventual outcome of stroke either
by directly affecting the survival of neuronal cells during the development of
ischemia or through modulation of the environment of the peri-infarct tissue to either
facilitate or inhibit plasticity of the surviving neurons.
One of the pathways in which microglia may influence post-stroke recovery is
through the modulation of astrogliosis within the peri-infarct tissue. Although the
processes involved in the development of astrogliosis are not fully understood at
present, it is known that certain aspects of the astroglial response, such as the
secretion of CSPGs can be inhibitory to neuronal plasticity (Morgenstern, Asher &
Fawcett 2002; Sandvig et al. 2004).
The possible role that microglia may play in astrogliosis was first raised by studies
linking the presence of activated microglia and microglia-derived factors with
astroglial responses to insults (Balasingam et al. 1996; Balasingam et al. 1994; Gao,
Z et al. 2013; Giulian & Baker 1985; Zhang, D et al. 2010), leading to suggestions
that the development of reactive gliosis is largely dependent on microglial activation
(Liu, W, Tang & Feng 2011; McMillian et al. 1994; Wu & Schwartz 1998; Zhang, D
et al. 2010).
The present cell culture model was devised as an approach to investigate glial cell
responses and interactions within the peri-infarct tissue after stroke and to study the
effects of manipulating these responses. We have used this model to specifically test
the hypothesis that the development of astrogliosis in the peri-infarct tissue is
primarily driven by microglial responses and can be suppressed by inhibiting
microglial activation.
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We have used two approaches in an attempt to investigate the effect of microglial
activation on the development of astroglial changes within the peri-infarct tissue. The
most direct approach was to deplete microglia from the cultures by treatment with
Ara-C and LME using the method described by Hamby et al. (2006). This treatment
resulted in the upregulation of the expression of nestin, a marker associated with
astrogliosis, in astroglial cells. However, cryo-lesioning resulted in further increases
in nestin expression that was unaffected by microglial depletion. This suggests that
signals such as the loss of contact with other cells rather than those initiated by
microglia might be more important in the development of peri-lesional astroglial
responses.
In the second approach, minocycline was used due to previous reports that it was
effective in inhibiting microglial activation (see section 1.5.1). In particular, it has
been shown to be beneficial in animal models of stroke, with its effects mainly
attributed to the suppression of microglial activation although evidence to support
these claims were rarely presented (see sections 1.5.1 & 4.4). In contrast with these
studies, the results from our study using the photothrombotic model of stroke did not
reveal any evidence that minocycline treatment suppressed post-stroke microglial
activation (see sections 4.3 & 4.4). In fact, almost all direct evidence of minocycline
inhibition of microglial activation has been derived from cell culture studies.
In our cell culture model however, other than a subtle increase in the microglial area
fraction, we did not detect any direct effects of minocycline treatment in suppressing
microglial activation. Consistent with the lack of influence on microglial activity, we
also did not detect any changes in astroglial responses to the focal lesion. These
results contrasted with the findings from other studies that have used different cell
culture models.
There are several key factors that may have contributed to this disparity between the
results obtained in the present study and other studies investigating glial cell
reactivity. Perhaps the most important factor in the resultant differences is the large
number of cell culture studies that have used conditions that are not appropriate or
inadequate for simulating the in vivo situation, especially in the context of focal
ischemic stroke.
A large proportion of studies investigating microglial responses have used
lipopolysaccharides (LPS) as the insult to induce activation in microglial cells
170

(Brahmachari, Fung & Pahan 2006; Chao et al. 1992; Drew & Chavis 2000; Munch
et al. 2003; Zhou et al. 2009). LPS are a class of bacterial endotoxins that trigger a
robust response in immune cells including microglia. However, LPS are molecules
that are not normally encountered in the CNS except in bacterial infections and
results of studies using LPS as a stimulus cannot be directly extrapolated to sterile
pathologies such as stroke.
In fact, the importance of the use of an appropriate stimulus has been demonstrated
in various studies that revealed critical differences in microglial responses to
different activating stimuli (Bauer et al. 1997; Huang et al. 2010; Kobayashi et al.
2013; Lai et al. 2013; Nikodemova, Duncan & Watters 2006). Of particular
relevance to the present study, the study by Huang et al. (2010) revealed that while
LPS treatment strongly induced NO production in primary microglia, OGD treatment
did not trigger a similar response. Consistent with these results, Kaushal and
Schlichter (2008) also did not detect any increase in NO production in an OGD
model. Similarly, Lai et al. (2013) observed that while LPS treatment triggered large
increases in both NO and TNF-α production in microglia, ATP treatment only
induced a mild response. Furthermore, Kobayashi et al. (2013) also demonstrated
that LPS treatment triggered a predominantly pro-inflammatory response in
microglia that is inhibited by minocycline treatment whereas IL-4 treatment resulted
in anti-inflammatory responses that are not affected by minocycline treatment. As a
final example of the importance of the stimuli in microglial activation, a study by
Neumann et al. (2006) revealed, using a microglial cell line, that OGD-stimulated
microglia provided neuroprotection when introduced to hippocampal slice culture
challenged by OGD, whereas LPS-stimulated microglia did not exhibit any
neuroprotective activity.
What is perhaps most relevant to the present study is the fact that the large majority
of studies reporting significant effects of minocycline treatment in suppressing
microglial activation in culture have used LPS treatment as the activating stimulus
(Filipovic & Zecevic 2008; Fordyce et al. 2005; Gibbons & Dragunow 2006; Henry
et al. 2008; Kremlev, Roberts & Palmer 2004; Liu, X et al. 2013). This is especially
significant in light of the revelation by Kobayashi et al. (2013) that the effect of
minocycline treatment on microglial activation is dependent on the nature of the
insult.

171

In addition to the nature of the insult, the focal aspect of the insult is a specific
consideration necessary in the modelling of the peri-infarct tissue in focal ischemic
stroke. In focal ischemia, the insult initiating subsequent events is a deprivation of
oxygen and metabolic substrates due to an interruption of blood supply which leads
to pan-necrotic cell death within the affected brain tissue. This may appear to suggest
that OGD treatment is the ideal stimulus to simulate the conditions of ischemic
stroke in culture. However, in focal ischemia the bulk of the peri-infarct tissue is
generally not directly affected by ischemia, but rather the cell responses within that
tissue are triggered by signals arising from the dead and dying cells within the
infarcted tissue.
In contrast, in OGD models, the entire culture is exposed to the insult and incomplete
cell death is often induced even after exposure for periods greatly in excess of those
causing damage in vivo (Goldberg, MP & Choi 1993; Yenari & Giffard 2001; Zhao,
G & Flavin 2000). As a result, astrogliosis (Gao, Q et al. 2008; Wang, R et al. 2012)
and microglial activation (Chock & Giffard 2005; Kong et al. 2014) induced by
OGD are likely to be more relevant as models of glial cell responses to metabolic
stress rather than peri-infarct responses to cell death within the infarct core.
Kaushal and Schlichter (2008) devised an indirect OGD model that they described as
a model of the stroke penumbra. In the model, microglial cells cultured on Transwell
inserts were exposed to OGD pre-treated neuronal-astroglial cultures to trigger
microglial activation. Subsequently, the Transwell inserts with the activated
microglia were transferred onto naïve neuronal-astroglial cultures. The authors then
examined the influence of the activated microglia on neurotoxicity in the naïve
cultures. However, as with the other OGD models, this model only induced partial
cell death (~ 40 %). Glial cell responses to the insult were also poorly characterised
in the model. Furthermore, the lack of direct contact between the microglial cells and
the neuronal-astroglial cultures meant that an important signalling component is
missing from the model.
More recently, Richard et al. (2010) reported a significantly improved OGD model in
which focal OGD can be induced in a brain slice culture. The experimental set-up
involved the immersion of an acutely prepared rat brain slice in a laminar flow bath
of artificial cerebral spinal fluid (aCSF). Focal OGD was induced in a section of the
brain slice by applying glucose and oxygen-free aCSF through a nozzle positioned
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just above the brain slice. Despite the fact that this method more closely models the
in vivo conditions of focal ischemia than most other cell culture models to date, the
difficulties of maintaining brain slice cultures for extended periods in vitro very
likely limits its usefulness in investigating peri-infarct processes that occur after the
maturation of the infarct core. Although it would probably not be difficult to adapt
the method for cell cultures, the complexity of the experimental set-up limits its
effectiveness in routine use requiring larger sample sizes.
Amongst the other forms of insults that have been used in the study of glial cell
reactivity, the scratch wound is one of the few that is capable creating a focal insult
(Mandell, Gocan & Vandenberg 2001; Yu, Lee & Eng 1993). However, the process
of creating the scratch wound is more a process of physical removal of the cells with
only a minor component of injured cells along the edge of the scratch. In fact, in the
original study of Yu, Lee and Eng (1993), extensive scoring of the culture surface in
a grid pattern, which effectively negated the focal nature of the scratch wound, was
required to induce measurable responses in astroglia.
Another key factor that may have contributed to the differences between the results
obtained in our study and that reported by others is the nature of the cell culture
system used in the models. The use of primary cultures or cell lines, and monotypic
or mixed cultures has been demonstrated to be important determinants of cell
responses to stimulus.
The convenience and ease of establishment and maintenance of microglial cell lines
in culture compared to primary microglial cells have led to their widespread use in
studies of microglial properties. However, the process of immortalising cells to
create cell lines can significantly alter their properties. When challenged with an LPS
insult, primary microglial cells exhibited significant differences in the expression of
markers including Iba1, TNF-α, IL-1β, IL-6, MCP-1, pERK 42/44 and nitrite
production when compared to a rat (HAPI) and a mouse (BV-2) microglial cell line
(Horvath et al. 2008). Roy et al. (2006) examined the expression of CD11b mRNA, a
microglial marker, and nitrate production in LPS treated primary microglia and BV-2
cells. Although no direct comparisons were made in the study, the results clearly
showed a much larger increase in CD11b mRNA expression and a more than 10-fold
higher nitrite production in BV-2 cells in comparison to primary microglia. In
addition, significant differences were also reported in the response of primary
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microglia and BV-2 cells to minocycline treatment (Silva Bastos et al. 2011).
Specifically, while Kim, SS et al. (2004) reported that minocycline treatment
significantly decreased Cox-2 expression in LPS-challenged BV-2 cells, Silva Bastos
et al. (2011) did not detect a similar response using primary microglia. The results of
these studies strongly suggested that microglial cell lines do not accurately model
microglia in vivo both in terms of their response to insults as well as to
pharmacological treatments.
Many of the studies have also looked at microglial activity in monotypic cultures of
microglial cells or have investigated the effects of conditioned medium from
activated microglial cells in these cultures on other neural cell types. Although
monocultures of microglia may be a useful system for studying their basic cell
properties, their basal activity and responses to stimuli within the brain environment
are strongly modulated by interactions with other neural cell types. In particular,
astroglia have been shown to induce ramification in microglial cells (Schilling, T et
al. 2001; Sievers, Parwaresch & Wottge 1994; Tanaka, J & Maeda 1996; Tanaka, J et
al. 1999; Wilms, Hartmann & Sievers 1997; Wirjatijasa et al. 2002). The studies by
Sievers, Parwaresch and Wottge (1994) and Wilms, Hartmann and Sievers (1997)
identified the presence of both contact-dependent and diffusible factors from
astroglial cells that induced ramification in microglial cells. More surprisingly, these
studies also demonstrated that even peripheral macrophage can be induced to ramify
by co-culture with astroglial cells, further highlighting the importance of astroglial
modulation on microglial activity within the brain environment. Similar observations
were made in a later study by Hailer et al. (2001) where the authors observed
increased ramification of cultured microglia treated with astrocyte-conditioned
medium.
Furthermore, other studies have also demonstrated astroglial modulation of
microglial reactivity to insults. Vincent, Tilders and Van Dam (1997) observed that
LPS-induced nitrite production in microglial cells was inhibited by astroglial cells in
mixed glial cultures. Their observation of astroglial inhibition of microglia was
further supported by the results of a later study by Tichauer, Saud and von Bernhardi
(2007) in a model using IFN-γ-activated microglia. Acevedo et al. (2013) showed
that astroglia inhibited both microglia and bone marrow derived cells from activation
into a mature dentritic cell-like phenotype via a contact-dependent process following
stimulation with granulocyte/monocyte colony-stimulating factor and LPS. Costello
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et al. (2011) also demonstrated that contact signalling by astroglial cells via CD200CD200R inhibits microglial production of inflammatory cytokines.
These studies suggest that astroglial cells play critical roles in maintaining microglia
in a quiescent state under normal conditions in the brain, as well as modulating
microglial reactivity and preventing over-activation in response to insults. As a
result, studies using monotypic cultures of microglial cells are unlikely to be
representative of their normal function and responses to insults in the brain (Biber,
Owens & Boddeke 2014).
In our investigations, we have assessed microglial activation in the cryo-lesion model
based on the physical changes (i.e. retraction of processes, hypertrophy and
proliferation) that are stereotypical of their response to insult. In addition to these, we
also attempted to detect changes in the expression of iNOS and nitrite production that
have been widely used as indicators of microglial activation in cell culture studies.
Although the cryo-lesion elicited marked physical changes that were consistent with
microglial activation, there were no corresponding increases in iNOS expression or
nitrite production detected (see section 5.3.2.2). This result stands in contrast to the
studies that have used LPS as the stimulus, but is consistent with some of the studies
that have used other types of stimulus as discussed previously. Furthermore, the
presence of astroglial cells in the mixed glial cultures used in our model would have
acted to further suppress the microglial response, including nitrite production, to the
lesion. Nonetheless, it is important to note that those studies using stimulus other
than LPS have also detected induction of markers such as TNF-α and IL-1β that are
suppressed by minocycline (Huang et al. 2010; Suk 2004). It will be necessary to
look at these and other potential markers of microglial activation in future studies in
order to fully characterise the changes induced by cryo-lesion and to detect effects of
treatments.
The astroglial cells in our model responded to the cryo-lesion with marked increases
in nestin expression along with a striking remodelling of the processes of the perilesional cells. Peri-lesional astroglia extended long processes arranged in parallel
“palisading” arrays towards the lesion core (see figures 5.3.12 & 5.3.13) in a similar
manner to that seen in our animal stroke model as well as in other animal studies
(Katsman et al. 2003; Sun & Jakobs 2012). We did not detect significant increases in
GFAP expression as a result of the cryo-lesion, but this is perhaps not surprising as
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very few cell culture studies have reported measurable increases beyond the
morphological changes. Studies that have reported quantifiable increases in GFAP
expression have normally used insults that are more severe than the lesion induced in
our model. For example, Yu, Lee and Eng (1993) managed to induce only 70-80%
increase in GFAP expression after extensive scratch injury distributed across
approximately 37% of the total culture surface. In contrast, the lesion induced in our
model is limited to a focal area covering less than 10% of the culture surface.
Although the effect of cryo-lesioning on GFAP expression was limited in our model,
we can nonetheless readily detect changes in the astroglial response by measuring
nestin expression that exhibited a much higher capacity for upregulation.
The lack of sensitivity of GFAP expression in response to insults in culture is also
likely to be partially due to the high basal level of expression in astroglia as a result
of the culture conditions as compared to the in vivo environment (McMillian et al.
1994; Wu & Schwartz 1998). Neuronal inhibition is an important factor regulating
astroglial responses in vivo and has been demonstrated to downregulate many of the
markers associated with astrogliosis in neuron-glial co-cultures (McMillian et al.
1994; Wu & Schwartz 1998). Although the mixed glial culture used in our study is
an improvement over other studies that have used monotypic cultures, it still does not
provide a complete picture of the peri-infarct glial responses. It will be important to
investigate how the presence of neuronal cells affect the glial cell responses in future
studies by using mixed cortical cultures or neuron-glial co-cultures. The addition of
neurons to the cryo-lesion model will further extend the model to facilitate the
investigation of neuronal plasticity in the peri-lesional regions, and how it may be
influenced by manipulating glial responses.
A novel feature of the cryo-lesion model that has not been previously reported in
other cell culture models of stroke is the propagation of microglial activation from
the lesion boundary to distant regions over time. Astroglial gap junctions have been
implicated in the facilitation of microglial signalling in ischemia (Baroja-Mazo,
Barbera-Cremades & Pelegrin 2013; Bennett, MV et al. 2012; Dale & Frenguelli
2009) and could be the mechanism underlying the propagation of microglial
activation signals in the cryo-lesion model. This suggests that the cryo-lesion model
may also be a potential platform for investigating the role of gap junction signalling
in the development of glial responses within the peri-infarct. This possibility could
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be investigated in future studies by studying the effects of channel blockers such as
carbenoxolone on the progression of microglial activation following cryo-lesion.

177

5.5

Conclusion

We have presented a cell culture model that recapitulates many of the features of
peri-infarct glial cell responses following focal ischemia in animal models. These
included readily detectible activation of microglia that spreads over time to regions
distant from the infarct and subsequent astroglial responses including increased
nestin expression and extension of processes into the lesion. The rapid induction of a
focal lesion is the defining feature that makes the model more suitable for the
investigation of processes involved in post-stroke recovery and plasticity, whereas
other models are generally more appropriate for the study of the acute processes
involved in neurotoxicity and neuronal survival.
The results of our initial investigations using the model suggest that the initiation of
astroglial responses within the peri-infarct tissue may be largely independent of
microglial activation, although certain aspects of the astroglial processes may be
regulated by microglia activity. Further studies will be necessary to elucidate the
nature of these interactions between astroglia and microglia.
We have also observed that the glial cell responses that have been characterised in
this model were largely unaffected by minocycline treatment. Although our study
does not preclude the possibility that minocycline may influence aspects of glial cell
responses that were not measured in our experiments, it does suggest that caution
needs to be applied to the interpretation of results obtained from cell culture studies.
Most studies, especially those that have used LPS stimulus, cell lines or monotypic
cultures are likely to trigger changes that are not representative of glial cell responses
in the post-stroke peri-infarct tissue. Consequently, although minocycline may have
therapeutic benefits in improving post-stroke recovery, it may not act through the
pathways identified in those models.
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CHAPTER 6
GENERAL CONCLUSIONS AND
FUTURE DIRECTIONS
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In the studies presented in the thesis, we have quantitatively characterised the
microglial and astroglial responses, as well as the recovery of function, over the first
7 days after photothrombotic stroke in rats. Using the quantitative approaches
developed in this part of the studies, we have made the novel observation of a
transient loss in peri-infarct microglial cells at 24 hours following photothrombotic
stroke.

We have also reported that the morphological changes associated with

microglial activation can be detected quantitatively as early as 3 hours after stroke
induction.
Using the characterised model, we investigated the consequences of modifying the
early microglial responses using time-targeted treatment with minocycline, a widely
reported inhibitor of microglial activation, on the development of astrogliosis and
functional recovery after stroke. Although we have used dosages comparable with
other studies that have reported strong inhibition of microglial activation, we have
only observed limited effects of minocycline treatment on the microglial response in
our investigations. Nonetheless, the treatment resulted in downstream changes to the
astroglial response and subsequent improvements in functional recovery. Crucially,
the improved functional recovery was not associated with changes in the infarct
volume. Surprisingly, the changes observed in the astroglial response were
upregulation in the expression of GFAP and vimentin. These changes were indicative
of increased astrogliosis and are not usually associated with improved recovery of
function after stroke.
The increase in astroglial response was unexpected as the reactive astroglia are a
source of CSPGs that have been demonstrated to be inhibitory to neuro-regeneration.
Interestingly, although the minocycline-treated animals exhibited increased astroglial
expression of GFAP and vimentin, the expression of neurocan was not significantly
affected. These results suggested that beneficial the aspects of astrogliosis were
selectively enhanced as a result of the minocycline treatment. These may include the
increased astroglial production of various trophic factors or signalling molecules that
promote or support the neuroplastic processes underlying functional recovery (as
discussed in section 1.4.1). Future studies to identify and characterise the particular
molecules that are involved will be useful in the development of treatment regiments
to maximise the benefits of minocycline treatment after stroke.
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The increased astrogliosis may also have had a further beneficial effect by presenting
a heightened barrier that reduced the infiltration of peripheral immune cells into the
peri-infarct tissue (see figure 1.4.2). Evidence that supported this possibility can be
found in the results from ED1 immunolabelling as discussed below.
We have used immunolabelling for ED1 as an additional measure of the
inflammatory response that may be modulated by minocycline treatment. In
agreement with other studies that have also used this marker, we observed significant
decreases in ED1 expression in minocycline treated animals following stroke. These
results suggested that the effects of minocycline treatment may be mediated through
the modification of the activated microglial phenotype rather than the direct
suppression of activation. However, the expression of ED1 is highly localised to the
infarct and only extends a short distance into the peri-infarct tissue. This is a pattern
that is consistent with the infiltrating peripheral immune cells observed from studies
using bone marrow chimeric and parabiotic animals (see section 1.4.2.3). The
reduced expression of ED1 in the peri-infarct tissue therefore suggests that some of
the beneficial effects of minocycline treatment may be attributed to the restriction of
infiltration by the peripheral immune cells.
The results of these investigations revealed that early short-course minocycline
treatment can improve functional recovery via non-neuroprotective mechanisms.
However, the observations from our study suggested that microglia may not play a
significant role in mediating the effects of the treatment. Taken together with the
results from other studies, the current evidence suggests that minocycline treatment,
at least at the commonly used dosages, may have a greater effect on the peripheral
immune response than on the local microglia. However, the nature of the
involvement of the two immune cell populations is unclear at present due to the
difficulty

in

distinguishing

between

them

in

immunohistochemistry-based

approaches.
The recent discovery of the microglia specific marker, TMEM119, provides a
potentially powerful new tool in investigations regarding the role of microglial
responses in the facilitation of recovery after stroke (Bennett, ML et al. 2016;
Butovsky et al. 2014; Satoh et al. 2016). In particular, the use of antibodies against
TMEM119 in immunolabelling studies will help to distinguish between the
responses of infiltrating peripheral immune cells from locally recruited microglia
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within the infarct and peri-infarct tissue. This will further assist in clarifying the
relative influence of the two immune cell populations in the facilitation of recovery
after stroke.
A further obstacle to the investigation of microglial responses and their involvement
in the processes underlying post-stroke recovery is the lack of well characterised
markers that are associated with the promotion or inhibition of neuroplasticity and
regeneration. As discussed in section 1.4.2.2, the use of M1/M2 markers in such
investigations is not likely to be useful at present. Very few such markers have been
well characterised in stroke due, in part, to the difficulty in measuring the expression
of these markers within the peri-infarct tissue. Even fewer have been demonstrated to
have a clear role in the processes involved in recovery. For example, although M1
markers such as IL-6 and TNF-α are generally regarded to be indicative of a
deleterious phenotype in microglia, some studies have shown that they may promote
functional recovery during the later stages of stroke (see section 1.4.2.1). In general,
there is insufficient knowledge at present regarding what constitutes a beneficial or
detrimental phenotype at different times following stroke to apply the concept in a
meaningful manner in investigations. This deficiency will need to be addressed in
future studies designed to identify and characterise markers that are relevant to the
processes involved in post-stroke recovery.
As discussed in section 2.4, an important distinction between our study and most
other studies is the use of loss of NeuN immunolabelling as the method of
identifying the infarct and demarcating the boundary of the peri-infarct tissue in
brain sections. This is a crucial difference as most other studies have either not
defined their method for delineating the infarct boundary, or have used Nissl staining
that did not allow clear visualisation of the boundary between the infarct and periinfarct regions. This may potentially have led to mis-identification of process
occurring within the infarct, peri-infarct or even in regions distant from the infarct.
The study by Yrjanheikki et al. (1999) offers a particularly pertinent example. This is
a study that has been very influential in attributing the beneficial effects of
minocycline treatment to the suppression of microglial activation. In the study, the
authors did not describe any method for identifying the infarct in immunolabelled
brain sections. In fact, it appears that they have sampled images from identical brain
regions in examining the effects of minocycline treatment on microglial activation.
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However, given that the treatment resulted in marked reductions in infarct volume,
such a sampling strategy would have resulted in images being sampled at different
distances relative to the infarct in minocycline-treated and control animals. For
example, the same region located in the peri-infarct tissue of a control animal would
be located some distance away from the infarct in minocycline-treated animals due to
the reduced infarct volume. In effect, the inhibitory effect on microglial activation
attributed to minocycline treatment was probably an indirect result of
neuroprotection.
In the final portion of this thesis, we reported on the development of a new model of
the peri-infarct tissue based on a previously reported method of producing focal cell
death in cultured cells. We have characterised this model of injury in primary mixed
glial cultures and demonstrated that the peri-lesional glial cells recapitulated key
features of the peri-infarct glial cell responses in stroke. Specifically, induction of the
focal lesion led to rapid activation of peri-lesional microglial cells that spread to
distant regions and accumulation of activated microglia along the lesion boundary
that gradually migrated into the lesion. Changes consistent with astrogliosis
developed over a longer period of time in peri-lesional astroglial cells with increased
expression of nestin and gradual extension of processes into the lesion.
Furthermore, using the newly developed model, we investigated the role of
microglial activation in the development of astrogliosis following focal cell death
using two different approaches. The first approach was by pre-treating the cultures
with minocycline and the second by depletion of microglial cells from the cultures by
treatment with Ara-C and LME. Our results revealed that minocycline was not
effective in suppressing microglial activation induced by focal cell death. Also,
neither minocycline treatment nor microglial depletion had significant effects on the
astroglial response to lesion induction. However, microglial depletion resulted in
increased expression of nestin in both lesioned and unlesioned cultures. These results
suggest that although astroglial reactivity may be influenced by microglial activity, it
can be triggered directly by lesion induction and is not dependent on microglial
activation.
The development of the cell culture model of the peri-infarct tissue provides a new
platform for the investigation of the effects of drug treatments on the glial responses
to focal lesions. For example, pharmacological manipulations of the mechanisms
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underlying the propagation of microglial activation, such as gap junction signalling
in astroglial cells, using the model may shed further light on the development of periinfarct glial responses in stroke. Furthermore, there is also the potential of using the
model for studying the effects of modifying glial cell responses on the development
of neuroplastic processes by using primary cortical cultures or neuron-glial coculture systems.
In the cell culture model, we observed a lack of effects of minocycline treatment on
both the microglial activation and, unlike in the animal model, the astroglial response
following lesion induction. It is expected that peripheral immune cells would be
absent or only present in small numbers as contaminants in the cultures. Therefore,
these observations would be consistent with the hypothesis that minocycline
treatment primarily influenced the peripheral immune response in the animal model.
This hypothesis can be investigated in future studies using the cell culture model by
introducing peripheral immune cells into the cultures.
In conclusion, the outcome of the investigations in this thesis revealed that the early
immune responses following stroke can significantly influence the stroke outcome
through mechanisms that are not related to the development of infarction.
Furthermore, the results from our studies suggests that effects of the immune
response may, at least in part, be mediated through the modulation of the astroglial
response that can influence the processes underlying recovery. Finally, the evidence
from our studies as well as others suggested a greater involvement of the peripheral
immune responses than the brain resident microglia in facilitating the beneficial
effects of minocycline treatment following stroke.
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