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Abstract

It is generally accepted that the cerebellum is particularly vulnerable to ischaemic injury, and this may contribute to the high
mortality arising from posterior circulation strokes. However, this has not been systematically examined in an animal model. This
study compared the development and resolution of matched photothrombotic microvascular infarcts in the cerebellar and cerebral
cortices in adult 129/SvEv mice of both sexes. The photothrombotic lesions were made using tail vein injection of Rose Bengal
with a 532 nm laser projected onto a 2 mm diameter aperture over the target region of the brain (with skull thinning). Infarct size
was then imaged histologically following 2 h to 30-day survival using serial reconstruction of haematoxylin and eosin stained
cryosections. This was complemented with immunohistochemistry for neuron and glial markers. At 2 h post-injury, the cerebellar
infarct volume averaged ~2.7 times that of the cerebral cortex infarcts. Infarct volume reached maximum in the cerebellum in a
quarter of the time (24 h) taken in the cerebral cortex (4 days). Remodelling resolved the infarcts within a month, leaving
significantly larger residual injury volume in the cerebellum. The death of neurons in the core lesion at 2 h was confirmed by
NeuN and Calbindin immunofluorescence, alongside activation of astrocytes and microglia. The latter persisted in the region
within and surrounding the residual infarct at 30 days. This comparison of acute focal ischaemic injuries in cerebellar and cerebral
cortices provides direct confirmation of exacerbation of neuropathology and faster kinetics in the cerebellum.
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Introduction and endovascular clot retrieval are the only approved treat-
ments that aim to restore vascular patency following an isch-
aemic stroke, but are limited in administration and effective-

ness [1-4]. There is broad evidence that the cerebellum is

Focal ischaemic brain injury remains one of the leading causes
of mortality and morbidity in the world. Thrombolytic therapy
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more vulnerable to ischaemic excitotoxic injury than other
regions of the brain, as it shows a more rapid progression of
degeneration following global ischaemia [5, 6] and trau-
matic brain injury [7, 8]. Moreover, the mortality rate fol-
lowing a cerebellar infarction is greater than an infarct in
any other brain region [9, 10]. Currently, the most widely
used small animal models of focal ischaemia are directed to
middle cerebral artery occlusion (MCAO) via permanent or
temporary obstruction using endovascular suture or a
thread inserted via the carotid artery [11, 12], or by induc-
ing thromboembolic ischaemia, for example, by injecting
thrombin directly into the middle cerebral artery [13, 14].
Local injections of endothelin-1 and photothrombotic le-
sions following injection of a photosensitising dye into
the venous circulation have also been used to study acute
focal ischaemic brain injury [15—-17]. The endothelin-1
model provides versatility with regard to brain region, but
has inherent variability [18, 19]. The photothrombotic le-
sion model generates highly reproducible lesions with low
animal mortality rates when targeting cerebral cortex in
rodents [20-23]. This involves a systemic administration
of the photosensitive dye Rose Bengal, followed by irradi-
ation of the exposed skull with green wavelength light [17].
The coupling of the light and the dye in the vessels generate
oxygen-free radicals causing peroxidation in the endotheli-
al cell membrane leading to platelet aggregation and throm-
bus formation, thus occluding blood supply to the targeted
brain region [16, 17, 20]. All these approaches have en-
abled characterisation of the long-term progression of isch-
aemic brain injury in the cerebral cortex, including loss of
neurons and associated glial responses, and this careful
mapping of the ischaemic sequelae provides the basis for
addressing the complexities of the underlying biochemical
and immunological processes triggered by the acute focal
injury.

Despite the prevalence and severity of posterior circula-
tion strokes, preclinical models for characterising cerebellar
ischaemic brain injury have been limited to global ischae-
mia, injection of autologous clots in the vertebral artery [24]
or microsphere-induced embolisms via the internal carotid
artery [25], which are highly invasive and lack spatio-
temporal confinement. To address the question of whether
the cerebellar cortical tissue has differing vulnerability to
ischaemic brain injury than cerebral cortex, we adapted
the photothrombotic lesion model of focal ischaemia to tar-
get both the posterior circulation of the brain and the cere-
bral cortex, with identical primary lesions. By injecting
Rose Bengal dye via the tail vein and then delivering a
consistent flux of green light illumination to either the cere-
bral cortex or the cerebellar cortex, we were able to achieve
highly reproducible and equivalent primary infarcts in both
brain regions, thereby enabling a direct comparison of the
subsequent injury responses.
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Materials and Methods

All experiments were approved by the UNSW Sydney
Animal Care and Ethics Committee. The study utilised mice
(129/SvEv strain) aged 5 to 9 weeks, both males and females,
weighing 18-25 g, maintained on a 12-h light/dark cycle and
fed ad libitum. This reflects early breeding age animals, where
the requirement for thinning of the skull to achieve optimal
photo-illumination was minimal. Thus, the possibility for me-
chanical trauma activating microglia was reduced, and the
consistency of delivery of photo-illumination to the two re-
gions was maximised, as shown in Fig. 1. The mice were
randomly assigned to infarct target region and post-infarct
time point. The photothrombotic lesions were randomised,
but the experimenters were not blinded for the tissue process-
ing. The lesion volume measurements were randomly double
scored by multiple investigators.

Induction of Photothrombotic Lesion

Anaesthesia was induced in the mice using 3% isoflurane with
0O, and maintained at 1.25% isoflurane for the duration of the
surgery. Heart rate and oxygen saturation were monitored
throughout the surgery, and the body temperature was
clamped at 37+0.5 °C (Physio Suite, Able Scientific,
Australia). The hair over the skull was shaved and the skin
sterilised with two alternative swabs of iodine solution and
70% (weight/volume) ethanol. Local anaesthetic, Lignocaine
(0.15 mg/kg), was subcutaneously injected at the site of inci-
sion. Analgesia, Temgesic (Buprenorphine; 0.15 mg/kg), was
administered prior to the incision. Mice underwent cranial
thinning [26] over the midline of cerebral cortex (centred
2 mm anterior to the lambda point), using a manual
micromotor drill (Volvere Vmax, NSK Nakanishi Inc.,
Japan) until translucent. Critical to the experimental design,
a dark PVC mask with a 2 mm diameter aperture was placed
over the thinned cranium to restrict the laser illumination (Fig.
la). A separate cohort of animals was used for lesions in the
cerebellum, which underwent cranial thinning 2 mm posterior
to the lambda point to target the cerebellar vermis (Fig. 1b).
Rose Bengal dye (tetrachlorotetraiodofluorscein; Sigma-
Aldrich, USA; 50 mg/kg, at 1% volume/body weight in nor-
mal saline) was injected via the tail vein, followed by imme-
diate irradiation of the cerebrum or cerebellar target region of
the brain surface with green (532 nm) laser light (~3 mW,
6 min) using a targeting frame. The surgical site was then
sutured, and the animal was allowed to recover under O,, with
monitoring of body temperature until conscious and walking
around. Animals in the two control groups (cerebral cortex
target and cerebellar cortex target, n = 3 per group) underwent
the surgical procedure, including cranial thinning and light
exposure but were administered with saline only, and then,
the mice were euthanized 24 h later for brain tissue collection
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Fig. 1 Equivalent
photothrombotic infarcts in the
cerebral cortex and the cerebellar
cortex were achieved by placing a
mask with a fixed aperture over
the skull to prevent stray light
causing blood vessel occlusion
outside of the target area. The
532 nm (green) laser used to illu-
minate the brain tissue was posi-
tioned at a fixed distance above
this mask using a frame. a
Schematic representation of the
targeting of the two different brain
regions of the photo-illumination.
Images of the two target brain re-
gions b cerebrum and ¢ cerebel-
lum, just prior to creating the
photothrombotic lesions, illus-
trate the richly perfused brain tis-
sue evident via cranial thinning.
The aperture in the mask has a

2 mm diameter, providing ~3.5-
mm? core infarct surface area

(1 day post-injury (DPI)). For the lesion groups, tissue collec-
tion was performed by euthanizing three mice at each census
time point (2 h post-injury (HPI), and 1, 4, 7, 14, and 30 DPI),
a total of 36 mice, which combined with the control groups,
reflects the 42 mice used for the study.

Tissue Processing

For histological examination, mice were euthanised with
Pentobarbital (100 mg/kg; 100 mg/ml intraperitoneal injec-
tion) and intracardially perfused with 10 ml of 0.01 M
phosphate-buffered saline (PBS) followed by 10 ml of 4%
paraformaldehyde (PFA) in 0.01 M phosphate buffer
(pH 7.4). Whole brain was dissected and postfixed in the 4%
PFA solution overnight at 4 °C. Tissue was cryoprotected in
10 and 30% sucrose in PBS overnight at 4 °C. Tissue was
embedded in Tissue-Tek OCT compound (Sakura, USA)
and sectioned coronally (50 pm thickness) using a cryostat
(CM 1850, Leica Biosystems, Australia).

Immunofluorescence

Successive serial cerebral (1200 wm apart) and cerebellar sec-
tions (1000 um apart) were probed with antibodies against
neuronal nuclei (NeuN; Millipore, USA), glial fibrillary acidic
protein (GFAP; Abcam, USA) and ionised calcium-binding
adapter molecule 1 (Iba-1; Abcam, USA) to visualise neurons,
astrocytes and microglia, respectively. In addition, cerebellar
sections were also probed for Calbindin (Millipore, USA) to

visualise Purkinje neurons. Sections were incubated with 15%
normal serum and 1% TritonX-100 in 0.01 M PBS for 1 h at
room temperature (RT) followed by overnight incubation with
diluted polyclonal primary NeuN (1 in 2000), GFAP (1 in
1000), Iba-1 (1 in 500) and Calbindin (1 in 500) antibodies
in 15% normal serum and 0.1% TritonX-100 in 0.01 M PBS at
room temperature. The following day, sections were washed
with PBS for 10, 20 and 40 min, incubated with diluted goat
anti-rabbit Alexa Fluor 594 for NeuN, goat anti-chicken Alexa
Fluor 647 for GFAP, goat anti-rabbit Alexa Fluor 488 for
Calbindin (1 in 500 each) and rabbit anti-goat Alexa Fluor
568 for Iba-1 (1 in 1000) made in secondary antibody solution
comprising 10% normal serum in 0.01 M PBS for 4 h at RT
during which tissue was shielded from light. Sections were
then washed with PBS for 10 and 20 min, followed by
10 min incubation with 4, 6-diamidino-2-phenyl indole
(DAPI; Sigma-Aldrich, USA; 1:5000 in PBS) for 10 min at
RT. Sections were washed in PBS for 10 and 40 min post-
DAPI labelling and mounted on Superfrost® PLUS slides
(Thermo Fisher Scientific, USA) using fluorescent mounting
medium (Vector laboratories, USA). In all the aforementioned
steps, normal goat serum was used for NeuN, GFAP and
Calbindin antibodies and normal donkey serum for Iba-1
antibody.

Haematoxylin and Eosin (H&E) Staining

H&E histochemical labelling was performed on every twelfth
cryosection (600 wm separation) of cerebral cortex infarct
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regions and every tenth section (500 um separation) for cere-
bellar cortex infarcts. The sections were mounted on
Superfrost® PLUS slides and air-dried overnight, then rinsed
in a series of xylol and decreasing concentrations of alcohol
before incubation with haematoxylin. One percent acid alco-
hol and Scott’s blue solutions were used to achieve contrast in
the staining. Sections were incubated with counter stain eosin
and dehydrated in increasing concentrations (70 and 100%) of
ethanol followed by clearing in xylene, and then were cover
slipped with DPX mounting medium.

Imaging and Infarct Analysis

Sections immunostained for NeuN, GFAP, Iba-1 and
Calbindin were imaged using a fluorescent slide scanner
(Aperio FL, Leica Biosystems) and converted to greyscale
(Photoshop software, Adobe). Images for haematoxylin and
eosin (H&E)-stained sections were captured using a bright
field scanner (Aperio XT, Leica Biosystems) and utilised to
draw contours around the circumference of the infarct in each
section using ImagelJ software (NIH, USA) to ascertain infarct
area measurements. Total infarct volumes were calculated by
summing of the infarct areas in each section multiplied by the
interval between sections. Descriptive statistics, one-way
analysis of variance (ANOVA) and two-way ANOVA, with
confirmation of normally distributed data, were performed to
determine significant differences among the treatment groups.
Where data were not normally distributed, non-parametric
(ranked) ANOVA was undertaken. Multiple pairwise compar-
isons were conducted using the Holm-Sidak method, and data
are represented as mean =+ standard error of mean (SEM). All
descriptive and statistical analysis used Sigmaplot software
(Systat, USA).

Results

Cellular Responses to Photothrombotic Lesion
in the Cerebral Cortex

H&E staining and immunofluorescence were employed to visu-
alise tissue integrity and cellular responses to photothrombotic
lesions in the mouse cerebral cortex at 2 HPI, 1, 4, 7, 14, and 30
DPI. Control sections stained with H&E showed normal cere-
bral cyto-architecture (Fig. 2a). Immunofluorescence with
NeuN revealed the healthy distribution of neurons in the cerebral
cortex and hippocampus (Fig. 2b). Irradiation with green light
resulted in a clear disruption of tissue integrity in the cerebral
cortex at 2 HPI, as seen in the H&E-stained sections; however,
the underlying hippocampal structure was not affected (Fig. 2¢).
NeuN immunostaining (Fig. 2f) showed clear loss of neurons
compared to the control at 2 HPI. Both H&E and NeuN staining
revealed an increase in tissue damage at 1 DPI (Fig. 21, j), and

@ Springer

this damage was greatest at 4 DPI, with a complete loss of
neurons beyond the initial lesion site (Fig. 2m, n). Evidence of
tissue shrinkage and scarring was visible at 7, 14 and 30 DPI
(Fig. 2q, 1, u, v, y, z) as the total area of tissue loss appeared
smaller compared to 1 and 4 DPL.

To investigate cellular responses to ischaemia, immunoflu-
orescence against astrocytes was performed with the GFAP
antibody. The majority of the astrocytic staining was restricted
to the outermost layer of the cortex and around the blood ves-
sels in the control, 2 HPI and 1 DPI tissue (Fig. 2c¢, g, k). At4
DPI, GFAP staining intensified around the lesion core (Fig. 20)
and continued around the lesion at 7, 14 and 30 DPI (Fig. 2s, w,
aa) forming a barrier between the healthy and damaged tissue.
Higher power imaging at 14 DPI (representative insert in Fig.
2w) revealed the reactive astrocytic phenotype encompassing
the lesion site.

Iba-1 staining was used to visualise changes in microglial
phenotype in response to the photothrombotic lesion. The
control slice demonstrated an evenly distributed basal level
of microglial Iba-1 staining. High magnification imaging re-
vealed that majority of the microglia were of the quiescent
ramified morphology, with few reactive/activated microglia
(Fig. 2d). At 2 HPI, microglia were evenly distributed; how-
ever, activated/reactive microglia, evident as enlarged cell
bodies with short or no processes, were the predominant phe-
notype in the injury zone (Fig. 2h). At 1 DPI, there was an
increase in the presence of activated microglia (Fig. 21) which
further increased at 4 DPI, with a particularly high density of
activated microglia now populated around the lesion (Fig. 2p).
At 7 DPI, activated microglia had infiltrated the lesion site
(Fig. 2t) and remained there at 14 and 30 DPI (Fig. 2x, ab,
respectively). The higher magnification inserts further illus-
trate the sustained increase in the density of microglia staining
following the lesion (Fig. 2a, x).

Cellular Responses to Photothrombotic Lesion
in the Cerebellar Cortex

Cerebellar damage and lesion progression were visualised using
the H&E staining in animals that underwent photothrombosis at
2 HPL, 1, 4, 7, 14 and 30 DPI. The cerebellar architecture,
including the granule layer (GL) containing granule cells, and
the molecular layer (ML) with the Purkinje neuron dendrites,
were clearly distinguishable in the control tissue (Fig. 3a). The
Purkinje layer (PL) located in between the GL and ML, contain-
ing Purkinje neuron somata, was not readily discernible in this
staining. Damage to these layers was evident at 2 HPI at the site
of irradiation (Fig. 3b). A stark increase in tissue damage was
observed at 1 DPI (Fig. 3c), where regions of complete disrup-
tion of GL, PL and ML were evident at the site of irradiation of 1
DPI and 4 DPI (Fig. 3¢, d). Tissue remodelling can be observed
at 7 DPI where the infarct region was reduced (Fig. 3e) and this
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H&E

Injury resolution Injury progression
14 DPI 7 DPI 4 DPI 1DPI 2 HPI Control

30 DPI

Fig. 2 Cellular responses to photothrombotic lesions in the mouse
cerebral cortex out to 30 days post-injury (DPI). Representative
haematoxylin and eosin (H&E) stained images from the following:
photo-irradiation only control (no Rose Bengal dye) (a), mid-infarct 2 h
post-injury (HPI) (e), 1 DPI (i), 4 DPI (m), 7 DPI (q), 14 DPI (u) and 30
DPI (y), highlight the expansion and remodelling of the ischaemic injury.
Immunofluorescence was performed on serial sections with the neuronal
nuclei (NeuN) antibody to label neurons, glial fibrillary acidic protein
(GFAP) antibody to label astrocytes and ionised calcium-binding adapter
molecule 1 (Iba-1) antibody to visualise microglia, from cryosections
adjacent to the H&E sections. Tissue integrity in the infarct was particu-
larly compromised at 1 DPI. Representative greyscale images illustrate
neuronal labelling in control tissue (b) and the damage ensued at 2 HPI
(f), 1 DPI(j), 4 DPI (n), 7 DPI (r), 14 DPI (v) and 30 DPI (z). Basal level
of GFAP staining was observed in the representative greyscale image
from control section (c¢), 2 HPI (g). Increased levels of GFAP staining

is continued through 14 and 30 DPI, with evidence of tissue
shrinkage (Fig. 3f, g).

NeuN immunostaining in the control tissue revealed the
characteristically high neuronal density of the GL (Fig. 4a).
Calbindin staining in the control tissue showed the Purkinje
neuron somata in the PL and the associated dendrites in the
ML (Fig. 4b). Both markers revealed loss of granule cells and
Purkinje neurons at 2 HPI, indicated by reduction in NeuN
and Calbindin staining, respectively (Fig. 4e, f). A complete
loss of staining was observed at 1 DPI and 4 DPI suggesting
loss of granule cells and Purkinje neurons at the site of irradi-
ation (Fig. 41, j, m, n). Tissue remodelling began at 7DPI and
continued at 14 and 30 DPI, resulting in a reduced area of
neuronal loss (Fig. 4q, r, u, v, y, z).

indicated astrocytic activation at 1 DPI (k) and 4 DPI (o), with glial scar
formation at 7 DPI (s), 14 DPI (w) and 30 DPI (aa) around the site of
photothrombotic lesion. Iba-1 immunofluorescence exhibited ramified,
quiescent microglia sparsely yet evenly distributed across the control
section (d). A change in the morphology to a more reactive microglia
phenotype was observed in 2 HPI (h) and 1 DPI (i) sections. At4 DPI (p),
the density of microglial staining further increased and the majority of the
microglia surrounding the lesion site were of the activated phenotype. At
7 DPI (t), 14 DPI (x) and 30 DPI (ab), the phagocytic amoeboid shaped
microglia had infiltrated the lesion site. High power images of NeuN,
GFAP and Iba-1 enclosed in the yellow boxes for control and 14 DPI
sections show detailed cell morphology (scale bar b—d, f-h, j-1, n—p, r-t,
v—X, z-ab = 100 pm). The lesions were predominantly centred around the
midline, but some laterality was evident across the rostro-caudal extent of
a few of the cerebral cortex infarcts

Immunofluorescence with the GFAP antibody showed the
activation of astrocytes in response to the photothrombotic
injury. Astrocytic labelling was observed around blood ves-
sels in control tissue and at 2 HPI (Fig. 4c¢, g). An increase in
GFAP expression was seen at 1 and 4 DPI (Fig. 4k, o). Dense
recruitment of astrocytes was observed at the infarct border at
7 DPI (Fig. 4s), indicating glial scar formation, and this astro-
cytic scarring was maintained at 14 and 30 DPI (Fig. 4w, aa).
Immunolabelling with Iba-1 antibody was again used to in-
vestigate microglial response to photothrombotic lesion. An
evenly distributed level of microglial staining was observed in
control tissue (Fig. 4d), and a reasonably similar staining in-
tensity was observed at 2 HPI and 1 DPI (Fig. 4h, 1). However,
at 4 DPI, microglial staining began to intensify around the
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H&E

14 DPI 7 DPI 4 DPI 1 DPI 2 HPI Control

30 DPI

Fig. 3 Haematoxylin and eosin (H&E) staining of the mouse cerebellum
following photothrombotic lesions. a Representative image of the photo-
irradiation only control (no Rose Bengal dye) demonstrates the healthy
granule layer (GL), containing granule cells and the healthy molecular
layer (ML), containing the Purkinje neuron dendrites, devoid of injury.
Representative mid-infarct cerebellar sections at 2 h post-injury (b), 1 day
post-injury (DPI) (¢), 4 DPI (d), 7 DPI (e), 14 DPI (f) and 30 DPI (g),
illustrating injury expansion and tissue remodelling

@ Springer

infarct boundary, with the cells adopting an activated
(circular) morphology (Fig. 4p). At 7, 14 and 30 DPI, amoe-
boid shaped reactive microglia had infiltrated into the lesion
core at a high density, resulting in a more intense Iba-1 stain-
ing pattern (Fig. 4t, X, ab).

Quantitative Comparison of Photothrombotic Infarcts
in the Cerebral Cortex and Cerebellum over Time

The sizes of the infarcts were calculated from the reconstructed
injury zones in series of coronal cryosections stained with
H&E. Figure 5 maps out the infarct volumes for the cerebral
cortex (Fig. 5a) and cerebellum (Fig. 5b) across the different
post-injury time points. The highest infarct volume in the ce-
rebral cortex was observed at 4 DPI, followed by a steep de-
cline in the infarct volumes at the subsequent time points due to
tissue remodelling (Figs. 5a, 2). In comparison, in the cerebel-
lum, infarct volumes expanded rapidly, to a maximum at 1 DPI
(equivalent in size to the 4 DPI cerebral cortex lesion), and
resolved more gradually during the 30-day census period
(Figs. 3, 4 and 5b). For cerebral cortex, at 2 HPI, the infarct
volume was 2.77+0.76 mm® (Fig. 5a). This expanded to a
maximum volume of 17.33 +3.98 mm’ at 4 DPI (Fig. 5a)
(p= 0.002, 2 HPI vs 4 DPI, one-way ANOVA). In contrast,
the infarct volume in the cerebellum at 2 HPI was 7.20 +
0.76 mm> (Fig. 5b) and reached a maximum of 18.85+
3.92 mm® at 1 DPI (Fig. 5b) (p= 0.014, 2 HPI vs 1 DPI,
one-way ANOVA). There was an overall significant difference
between the lesion volumes of the cerebral cortex and cerebel-
lum across the time intervals (p < 0.001, two-way ANOVA on
ranks; n = 3 for each brain region at each time point). The mean
infarct volumes in the cerebellum were higher than the infarct
volumes in the cerebral cortex at 2 HPI, 1 DPI, 7 DPI, 14 DPI
and 30 DPI (p =0.029, 0.002, 0.040, 0.034, 0.029, respective-
ly; Holm-Sidak multiple comparisons). At 4 DPI, the mean
infarct volumes in the cerebral cortex and cerebellum were not
significantly different (p = 0.324; power of performed test with
alpha=0.0500, for time point x region: 0.359).

Figure 6 provides spatiotemporal profiles of the lesions in
the two brain regions, by reporting the mean cross-sectional
areas of infarcted tissue at different rostro-caudal locations
through the lesions. This shows that the infarct expansion is
proportionately greater in the dorso-ventral plane at the centre
of the infarcts, relative to rostro-caudal spread, for both cere-
bral cortex (comparing 2 HPI with 4 DPI) and cerebellum
(comparing 2 HPI with 1 DPI). For cerebral cortex, the
rostro-caudal spread of the infarcts expanded by ~ 1.8 mm to
a maximum of 4.2 mm (75% increase) (Fig. 6a); with the
largest change in cross-sectional area occurring at the mid-
point of the lesion, where the mean increased from ~2 to ~
6 mm? (200% increase). The tissue injury in the cerebellum at
2 HPI spanned 4 mm rostro-caudally, with the mean cross-
sectional area of infarct within these sections being ~2 mm?



Transl. Stroke Res. (2018) 9:643-653

649

NeuN

Calbindin

14 DPI 7 DPI 4 DPI 1DPI 2 HPI Control

30 DPI

Fig. 4 Characterisation of cellular responses to photothrombotic lesions
in the mouse cerebellum. Adjacent serial sections were stained with
neuronal nuclei (NeuN) and Calbindin antibody to visualise granule cells
and Purkinje neurons, respectively. Glial fibrillary acidic protein (GFAP)
and ionised calcium-binding adapter molecule 1 (Iba-1) antibodies were
employed to visualise changes in astrocyte and microglia density and
morphologies, respectively. Representative mid-infarct greyscale images
of NeuN immunofluorescence sections: photo-irradiation only control
(no Rose Bengal dye) (a), 2 h post-injury (HPI) (e), 1 day post-injury
(DPI) (i), 4 DPI (m), 7 DPI (q), 14 DPI (u) and 30 DPI (y) and corre-
sponding Calbindin immunofluorescence sections from the same infarct
regions: control (b), 2 HPI (), 1 DPI (j), 4 DPI (n), 7 DPI (r), 14 DPI (v)
and 30 DPI (z) indicate loss of granule cells and Purkinje neurons.

(Fig. 6b). There was no rostro-caudal expansion of the cere-
bellar infarcts at 1 DPI, but the cross-sectional area of injury
increased to a maximum of ~9 mm? at the mid-point of the
lesion (~350% increase) (Fig. 6b).

Discussion

In this study, we have established and compared the spatio-
temporal profiles of the expansion and resolution of
photothrombotic lesions in the cerebral cortex and the cere-
bellum, along with characterisation of the neuronal damage
and glial responses to the focal ischaemic injury. Equivalent
brain microvascular occlusions in the cerebellar and cerebral
cortices were achieved by delivering the same flux of 532 nm

GFAP Iba-1

Representative greyscale images indicate a basal level of GFAP staining
in the control (¢) and 2 HPI (g) cerebellar sections. Increase in GFAP
levels was evident at 1 DPI (k), 4 DPI (o) and the formation of scar tissue
was observed at 7 DPI (s), 14 DPI (w) and 30 DPI (aa). d Representative
greyscale images of immunofluorescence of microglia labelled with the
Iba-1 antibody shows a low level of staining in the control section with a
low density of ramified microglia evenly distributed through the tissue. h
At 2 HPI, the ramified microglia were observed at a higher intensity as
compared to control. At 1 DPI, the majority of the microglia appeared to
be of the activated morphology (1) and at 4 DPI these activated microglia
were more densely populated around the lesion area (p). At 7 DPL, the
microglia had infiltrated the lesion site (t) and remained there at 14 DPI
(x) and 30 DPI (ab)

laser light for photothrombotic activation via the same masked
aperture and for the same fixed time period. This was evident
from the visualisation of the initial thrombosis at ~ 3.5 mm?” on
the brain surfaces, when the mask was removed. Infarct pro-
gression was consistently greater in the cerebellum from as
early as 2 HPI, and the larger cerebellar infarct areas were
maintained across the 30-day study period. The peak of the
injury in the cerebellum was earlier than that in the cerebrum
(1 DPI), indicating a faster expansion of the ischaemic pen-
umbra in the cerebellar cortex. The controls matched the skull
thinning and photonic excitation, but the Rose Bengal
photosensitising dye was substituted for normal saline carrier
in the tail vein injections. The lack of injury markers in the
controls indicates that the laser light alone, or the thinning
procedure, did not contribute to the injury response.
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Fig. 5 Assessment of infarct volumes of the mouse cerebral cortex and
cerebellum following photothrombotic lesions. a Cerebral infarct
volumes at 2 h post-injury (HPI), 1 day post-injury (DPI), 4 DPI, 7
DPI, 14 DPI and 30 DPI. Infarct volume at 4 DPI in the cerebral cortex
was higher than at any other time point. b In the cerebellum, the maximal
infarct volume was observed at 1 DPI. n =3 per time point for both brain
regions; one-way ANOVA, Holm-Sidak post hoc

A primary assumption of the study is that the thrombosis
generated by photo-illumination of the Rose Bengal dye in the
blood vessels is equivalent for the two targeted brain regions.
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Fig.6 Maximum expansion of the photothrombotic lesion in the cerebral
cortex and cerebellum was seen at different time points. The mean cross-
sectional infarct area for the rostro caudal series of haematoxylin and
eosin stained cerebral sections at 2 h post-injury (2 HPI, grey circles)
and 4 days post-injury (4 DPI, black circles; a) and cerebellar sections
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The superficial blood vessels are shown in Fig. 1 and are
evidently comparable across the two sites; however, occlusion
of the underlying microvessels are the primary substrate of the
acute photothrombotic infarct. These microvessels may have
diameters as small as ~8 pwm and are at a consistently high
density in the brain, forming a complex with pericytes and
astrocytes to establish the neurovascular unit that ensures ox-
ygen and nutrient supply to the immediately adjacent neurons
and glia [27, 28]. Consistent with this, masking around the
field of illumination was effective in achieving consistency in
the blood flow occlusion both between experiments and
across the two target brain regions.

While the progression of the infarct and the ensuing neuro-
nal damage in the cerebral cortex following photothrombotic
lesions in rodents has been previously studied [16, 20, 26, 29,
30], the inherent utility of this approach to provide highly
reproducible, discrete thrombotic infarcts for direct compari-
son of ischaemic injury in different brain regions has not been
exploited. In the cerebellum, the infarct volume was found to
be greatest at 1 DPI with subsequent tissue remodelling and
glial responses progressively resolving the injury from 7 DPI
onwards [30, 31]. This was different to the infarct progression
in the cerebral cortex, as those lesions did not reach peak ex-
pansion until 4 DPI, suggesting that the complex processes
underlying ischaemic brain injury [18] contribute differentially
to the progression of the injury in these two brain regions.
There are a number of potential molecular mechanisms that
may be responsible for this different rate of injury expansion.
For example, ischaemia in cortical neurons leads to glutamater-
gic excitotoxic neuronal injury triggered via Na* and Ca®*
loading of neurons, largely through the N-methyl-D-aspartate
(NMDA) receptor [32, 33]. Adult Purkinje neurons, however,
do not express functional NMDA receptors [34], and
excitotoxic neuronal injury in Purkinje neurons likely involves
Ca** entry through the alpha-amino-3-hydroxy-5-methyl-4-
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at 2 HPI (grey circles) and 1 DPI (black circles; b), demonstrated the
expansion of the infarct area over time (shaded regions). Note the expan-
sion of the penumbra from the central regions of both brain regions over
time. n =3 infarcts for each time point for each brain region
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isoxazolepropionic acid (AMPA) receptor and Kainate
receptor-type ionotropic glutamate receptors [35-38]. This
vulnerability reflects the extensive glutamatergic parallel and
climbing fibre inputs [39], combined with an insufficiency in
glutamate reuptake following ischaemia [40, 41]. The more
prominent white matter tracts in the cerebellum may also con-
tribute to a differential ischaemic injury response [42].

The increased vulnerability of Purkinje neurons to undergo
the necrotic form of cell death, which is more rapid than apo-
ptotic cell death, has been linked to post-synaptic class I me-
tabotropic glutamate receptor (mGluRI; either mGluR1 or
mGluR5)-mediated signal transduction in an incomplete glob-
al ischaemia canine model [43]. Such mGluRI-driven gluta-
mate excitotoxicity in the cerebellar Purkinje neurons is very
likely to be mediated by canonical transient receptor potential
(TRPC) ion channels. In mice, TRPC3 is the exclusive non-
selective cation channel effector of mGluR1 signalling (via
Gaq—Pphospholipase Cg, —phosphoinositol bisphosphate—diac-
ylglycerol) and is responsible for the slow excitatory post-
synaptic potential component of parallel fibre synaptic trans-
mission [44]. Additionally, across rodent species, Purkinje
neurons dominantly express a truncated isoform of the
TRPC3 gene, which lacks a regulatory domain providing neg-
ative feedback inhibition of the channel in the presence of high
cytosolic Caz+, which would further exacerbate the contribu-
tion of these ion channels to depolarization and Ca** loading
in the Purkinje neurons following an ischaemic excitotoxic
insult [45, 46]. This ‘Ca**-feedback uncoupled’ splice variant
of the TRPC3 ion channel is also present in the human cere-
bellum [45], and these channels, along with related mGluRI-
linked TRPC channel subtypes (TRPC1, C6, C7), show dif-
ferential expression in the cerebellum and cerebral cortices
(Allen Mouse Brain Atlas: http://mouse.brain-map.org/).
Overall, this potential enhanced vulnerability of cerebellar
Purkinje neurons to excessive mGluR-mediated TRPC cation
channel activation with ischemia may be a primary driver for
the enhanced vulnerability of the cerebellum established here.

Despite a different rate of brain tissue injury progression,
and resolution, in cerebellum and cerebral cortex, the glial
spatiotemporal response profiles were conserved across the
two brain regions. Astrocytic responses and microglia activa-
tion occurred jointly with injury in both regions, astrocytic
invasion of the infarct was tied to the initiation and progression
of the tissue remodelling, and a resident microglia population
was also installed and remained even once resolution of neu-
ronal damage had stabilised at 30 DPI. These glial responses
match those characterised in previous photothrombotic lesion
studies [31, 47]. GFAP immunolabelled astrocyte staining in-
tensity and changes in the astrocytic morphology to the reac-
tive form occurred around 7 DPI in both the brain regions.
Enlarged reactive astrocytes encompassing the infarct site re-
sulted in formation of a barrier between healthy and injured
tissue at 7, 14 and 30 DPI. The role for the astrocytes in

remodelling brain tissue with stroke has been established using
GFAP knock out mice, where loss of expression of this
astrocyte-specific protein resulted in increased cerebral cortex
infarct volumes [48, 49].

Microglia, the principal innate immune cells of the brain,
were identified by Iba-1 immunolabelling in this study. In
cerebral cortex, the activation of microglia at the site of lesion
and changes in the morphological phenotype of microglia was
consistent with previous studies involving MCAO focal is-
chaemia [50] and photothrombotic lesions [21, 30].
Activated microglia were observed at 1 DPI in both the cere-
bral cortex and cerebellum as a result of neuronal damage
[51], demonstrating enlarged soma size and stout processes
compared to the quiescent or non-activated microglia pheno-
type in the control. A dense population of activated microglia
at the vicinity of the infarct could be a result of proliferation of
local microglia [52], or by migration of more distal microglia
via ATP signalling [53]. It has been demonstrated in cortical
inflammation models that the activated microglia are able to
migrate to the site of lesion and strip the axosomatic synapses,
improving neuronal survival [52, 54]. Studies of organotypic
hippocampal cultures demonstrated the microglia migrated
and surrounded the neurons at the site of injury to confer
neuroprotection from ischaemic insult within 4 h of the injury
[55]. Hence, at 7 DPI, activated microglia that infiltrated the
lesion site completely in both the regions likely contributed to
clearance of cellular debris, overall resolution of the
photothrombotic lesion and reduced infarct volume.

The photothrombotic lesion method employed in this study
is ideal for the comparison of brain injury at the cellular level
across brain regions, as the lesions are constrained to a con-
sistent superficial level of the cortex (due to limits to the pen-
etration of the photo-illumination that activates the Rose
Bengal dye in the microvessels). This essentially dissects the
cellular response of strokes, but does not address the variance
and complexity of stroke injury evident in the clinic due to
broad and highly varying occlusion and reperfusion of the
brain associated with the major vessels coupled to the circle
of Willis and the medial cerebral arteries, which dominate
thrombotic or haemorrhagic strokes, as described previously
[56, 57].

In conclusion, this study established that photothrombosis
is an effective model for delivery of focal ischaemic injury to
the cerebellum, as well as the cerebral cortex. The injuries
produced in this model were quantifiable, reproducible,
spatio-temporally constrained, produced a penumbra and elic-
ited glial responses and therefore validated our aperture-
regulated photothrombotic infarct protocol for direct compar-
ison of acute focal ischaemic brain injury in the mouse be-
tween the cerebellar cortex and cerebral cortex. The data re-
solved the faster progression and greater vulnerability of cer-
ebellar ischaemic injury to the same photothrombotic chal-
lenge, which suggests that different and more excitotoxic
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transduction cascades are inherent within the cerebellum.
These findings further indicate that the mouse model is rele-
vant to the evidential clinical vulnerability of patients with
posterior circulation strokes and highlight the need for verify-
ing therapeutic efficacy in multiple brain regions during drug
development studies.
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