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Significance Statement

Animal modelling of stroke has overwhelmingly focused on severe forms, with analysis
limited to the sub-acute phase. However, stroke severity is highly heterogenous and there is
increasing evidence suggesting that moderate infarcts, including subclinical stroke, lead to
cognitive decline in the chronic phase. Thus, we describe a mild cortical infarction in rats that
model features of subclinical human stroke. The results show multiple levels of long-term
impact, including cortical atrophy, increased hippocampal neurogenesis and increased
inflammation persisting up to one year. These outcomes highlight that atrophy and
inflammation are interesting targets for therapeutic intervention in chronic phase after mild

stroke.

Abstract
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Animal modelling has played an important role in our understanding of the pathobiology of
stroke. The vast majority of this research has focussed on the acute phase following severe
forms of stroke that result in clear behavioural deficits. Human stroke, however, can vary
widely in severity and clinical outcome. There is a rapidly building body of work suggesting
that milder ischaemic insults can precipitate functional impairment, including cognitive
decline, that continues through the chronic phase after injury. Here we show that a small
infarction localised to the frontal motor cortex of rats following injection of endothelin-1
(ET-1) results in an essentially asymptomatic state based on motor and cognitive testing, and
yet produces significant histopathological change including remote atrophy and inflammation
that persists up to 1 year. While there is understandably a major focus in stroke research on
mitigating the acute consequences of primary infarction, these results point to progressive
atrophy and chronic inflammation as additional targets for intervention in the chronic phase
after injury. The present rodent model provides an important platform for further work in this

arca.

Introduction

The majority of pre-clinical stroke research deals with moderate to severe strokes and
analysis of acutely definable anatomical and behavioural outcomes over days or weeks [1],
[2]. Human strokes, however, can be milder in severity when they involve smaller vessels or
only involve brief periods of ischaemia, and can manifest as silent brain infarcts,
microinfarcts or transient ischemic attacks (TIA). These strokes are often asymptomatic, or
present with transient symptoms that resolve within hours of the event. Silent brain
infarction, also called subclinical stroke, is common. In the Northern Manhattan Study
(NOMAS), almost 18% of participants in their multiethnic community-based cohort were
found to have silent brain infarcts [3]. Importantly, one of the biggest drivers of cognitive
decline is silent brain infarction [4], [5]. Dhamoon et al/ (2019) reported that silent brain
infarction detected on serial MRI scanning was associated with a 3-fold greater cognitive
decline among those with silent infarction than in those without. In a 2019 meta-analysis, Lei
et al (2019) concluded that rather than being clinically silent, silent brain infarction may be a
major factor in the induction of cognitive impairment and decline [4]. Thus, understanding

the long-term effects of ‘minor’ stroke is extremely important, as mild ischemic events are
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more prevalent than currently recognised [6]. Their incidence is likely underestimated as they
are often asymptomatic or present transient symptoms, for which the person is unlikely to
seek medical attention. Post-mortem studies have shown the presence of microinfarcts in the
brain of 33% of cognitively healthy adults [7].

While many advances in understanding stroke pathology have been made in recent
years, the relationship between mild ischemic injury and cognitive decline later in life is
poorly understood. One possibility is the chronic activation of inflammatory cascades that
induce secondary neuronal damage, axonal degeneration and brain atrophy. There are
currently few animal studies that have modelled and examined the pathophysiology of mild
ischemic injury and the majority of these limit their analyses to the acute or subacute phase of
the injury over days or weeks [8], [9]. A single study in marmosets showed the accumulation
of TDP43 and APP over 12 months [10] but there are currently no studies of mild stroke
spanning longer than this timeframe in rodents.

Isolated cortical lesions are a common imaging finding in the 30% of patients
presenting with transient ischemic attacks who are then found to have infarcts on imaging.
Importantly, isolated cortical infarcts are highly represented in silent brain infarction: the
exact model we were trying to replicate in this study. Up to 80% of silent brain infarcts have
been demonstrated to be cortically located, especially in post-surgical, high vascular risk
populations [11]. Microinjection of the potent vasoconstrictor endothelin-1 has become a
widely used approach to model focal ischemic injury in rodents with the capacity to modulate
severity based on dosage [12]. We recently reported that ET-1 injection into the sensorimotor
cortex of athymic rats that have a compromised immune system, resulted in a focal ischemic
injury associated with a stable motor impairment over 36 weeks [13]. It prompted us to
explore motor and cognitive impacts in the present study using Long-Evans, an outbred strain
most commonly employed in rat behavioural studies. Interestingly, we found that the Long-
Evans strain is markedly less sensitive to ET-1-induced infarction such that the same dose
and injection parameters produced a mild ischemic injury that did not result in any detectable
motor dysfunction or cognitive impairment in attentional processing using a touchscreen-
based continuous performance task over 12 months. This provided a unique opportunity to
assess long-term pathological changes in a rodent model of mild ischemia analogous to
human asymptomatic, silent brain infarcts. The results showed multiple levels of long-term
impact following mild ischemic injury, including hemispheric cortical atrophy, increased
hippocampal neurogenesis and an increased level of inflammation in multiple nuclei

persisting for up to one year.
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Materials and Methods

Surgical procedures and study design

A total of 95 adult (22 weeks), male Long Evans rats were used in this study. The
experimental design and procedures were approved by the Florey Institute for Neuroscience
and Mental Health Animal Ethics Committee. All animals were housed in pairs under a 12h
light/dark cycle with ad libitum access to food and water. This work followed the
recommendations of the Stroke Therapy Academic Industry Roundtable (STAIR).

Animals under deep anaesthesia (2% isoflurane) were placed in a stereotaxic frame
and focal ischemic injury was induced by injection of the vasoconstrictor, ET-1 (800pmol in
saline; AusPep), into the sensorimotor cortex at two sites (0.5 and 2.0 mm rostral and 2.8 mm
lateral to bregma and 1.5 mm below the surface of the brain) as previously described [13].
Control animals received the same volume of saline injected at the same co-ordinates.

A first cohort of animals were used for histological analysis at 1, 4, 12, 24, 36 and 48
weeks post-surgery (n=6 allocated per group for each time-point, based on our previous work
using this model [13]). Two rats died during the surgical procedure and two others
spontaneously developed tumour growth during the course of the experiment leading to
immediate euthanasia. The final group numbers for histological analysis were: 1week - ET-1
and Saline ( n=5); 4 weeks - ET-1 (n=6), Saline (n=5); 24 weeks - ET-1(n=5), Saline (n=6);
12, 36 and 48 weeks - ET-1 and Saline (n=6). A second cohort underwent touchscreen
training for 8 weeks prior to surgery followed by longitudinal touchscreen testing at 1, 4, 12,
24, 36 and 48 weeks, and staircase testing at 4 weeks (ET-1, n=13; Saline, n=9, based on our
previous work using this model [13]). In this group one rat died during surgery and one was
euthanised as a result of tumour growth, bringing the final behavioural group numbers to:
Saline - Pre-Stroke to 36 weeks, (n=10); 48 weeks (n=9) and ET-1 - Pre-Stroke to 12 weeks
(n=13); 24 to 48 weeks (n=12).

BrdU treatment

We were interested to see if this was accompanied by chronic changes in hippocampal

neurogenesis. Animals were injected with the thymidine analogue 5-bromo-2'-deoxyuridine
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(BrdU) with 100mg/kg doses at 12h intervals over 3 days beginning 4 weeks prior to the 12,

24, 36 and 48 week time-points for histological analysis.

Staircase testing

The staircase test was used to test motor performance as previously described [14],
[15]. Briefly, the animals were placed in a staircase apparatus (Campden Instruments, United
Kingdom) in a dark room for 20 minutes, where each forelimb had access to 50 sugar pellets
positioned on steps 2-6. The total number of pellets eaten using each forelimb was recorded
daily for each session over two weeks and expressed as the average performance of the last 3
days. Pretraining was done over 2 weeks before the stroke and testing was done 4 weeks
post-stroke. Animals who did not retrieve at least 20 pellets using their unimpaired limb were

excluded from the analysis. The test was performed blinded to saline (n=9) and ET-1 (n=13).

Attention testing in the rodent touchscreen system

Rats were housed in pairs in open-top cages under reverse light cycle (12h:12h, lights
off at 0700 hours). Behavioural testing was conducted during the dark (active) phase of the
cycle. Rats were handled and began training in the touchscreen chambers at 8§ weeks of age.
Rats were food restricted to ~85-90% free-feeding body weight only during touchscreen
testing. Prior to surgery and at all other times between behavioural testing, rats received ad
libitum access to food. Water was available ad libitum at all times throughout the experiment.
Apparatus: Cognitive behavioural training and testing was performed in the Bussey-Saksida
rat touchscreen chambers (Campden Instruments Ltd, UK). Detailed description of this
apparatus has been provided elsewhere (eg., [16]). Chambers were controlled using the
ABET II Touch software (Lafayette Instruments) using the WhiskerServer Controller
(Campden Instruments Ltd, UK).
Rodent Continuous Performance Test (rCPT): Training and testing on the rCPT was similar
to that described previously [17], [18]. Testing sessions were a maximum of 60 min in
duration or until an animal completed the required number of trials. Initial training comprised
of four stages and animals had to individually reach criterion on each stage prior to advancing
to the next one. In the first stage, rats were trained to attend, approach, and touch a solid
white square stimulus presented centrally for a set stimulus duration (SD) on the touchscreen.
Stimulus presentations were separated by an inter-stimulus interval (ISI) and screen touches
made within the response window either while the stimulus was presented or <500ms

following stimulus removal (limited hold (LH) period) were designated as hits (correct
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responses). Following hits, the stimulus was removed from the screen and a single sucrose
reward pellet (45 mg, BioServ) delivered to the magazine. No responses to stimuli within the
LH period were classified as misses. Stage 2 introduced a novel target stimulus (S+), and
Stage 3 introduced a novel nontarget stimulus (S-) to the stimulus set. Touching the S—
during the LH period was designated as a false alarm (incorrect response, mistake) and
resulted in immediate removal of the stimulus (if present) and initiation of a ‘correction-
trial’ ISI. On correction trials, the same S— was presented again and these trials served to
discourage nonselective responding to stimuli. Withholding responses to the S— during the
LH period was designated as a correct rejection and initiated a standard-trial ISI. In the final
training Stage 4, three additional S— stimuli were introduced to the stimulus set. All stimuli
were luminance matched in an attempt to equate their salience for simple brightness
detection. Like Stage 3, the probability of presentation of either an S+ or an S— on standard
trials was equal (50%) and other parameters remained the same, with touches to any of the S—
stimuli resulting in a correction trial in which an S— was presented randomly from the set of
four. All animals were trained on Stage 4 to establish a plateau rCPT performance prior to
receiving test sessions where task parameters (SD, stimulus contrast, ISI) were manipulated
to tax attentional processing (tested in that order) (Table 1). Rats completed 2-3 test sessions
on each parameter followed by 1-2 sessions on the standard parameters in between tests to re-
baseline performance levels. The same training procedure was undertaken both pre-surgery
and post-surgery. Based on pre-surgery performance (average d’), rats were equally allocated

to Sham or ET-1 groups. Animals were given daily touchscreen training, 5—7 days a week.
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Reward
A

Response to Target

" ‘hit’

No response (o Target
K ‘omission’

Test

Standard Baseline  Parameters
(Stage 4)

Stimulus Duration (SD)

Mixed within session variable

Stimulus Contrast

Mixed within session variable
Inter Stimulus Interval (ISI)
Fixed between session variable

Mixed within session variable

/N 7

Target Nontarget Stimuli
Stimulus S-
S+
Trial starts
= -

Inter-stimulus interval (ISI1)

v

Stimulus contrast

Stimulus duration (SD)

-

A A Response to Nontarget

x ‘false-alarm’

< 4 No response to Nontarget

+ ‘correctrejection’

Stimulus Duration Stimulus Contrast ISI (s)
®) (%)
2 100 5

Set 1:2,1.5,1,0.5 100 5

Set 2: 0.5,0.3, 0.2, 100 5
0.1 100 5

Set 3: 1.0,0.5,0.2
2 100, 50, 25, 12.5 5
2 100% Set1:2, 10
2 100% Set 2: 2,10, 20
2 100% Set3:1,3,5,7
2 100% Set4:0.5,1,3,5
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Table 1: Rodent Continuous Performance Test trial structure and parameters used to assess
attentional processing (flowchart adapted from Fisher et al., 2020 [19]). For each trial, the
inter-stimulus interval (ISI), stimulus contrast and/or stimulus duration (SD) can be variably
manipulated. Assessment of baseline performance was measured using the standard set of
parameters. To measure and probe attentional load as parameters changed, stimulus
duration, stimulus contrast or inter-stimulus interval was altered either within the same test
session (mixed within session variable) or across test sessions (fixed between session

variable).

Behavioural Measures: Analogous to human CPTs, a response to the target (S+) was
classified as a hit, failure to respond to the target was classified as a miss, withholding from
responding to a nontarget (S—) was recorded as a correct rejection (CR), and responding to a
nontarget was classified as a false alarm (FA). From these measures, for each animal, hit
rate (HR) was calculated as the number of hits as a proportion of the total number of CS+
presentations (hits / (hits + misses). False alarm rate (FAR) was calculated as the number of
false alarms as a proportion of the total number of CS— presentations (FA / (FA + CR)). The
discrimination sensitivity index (d’) was calculated as: d’ = z(hit rate) — z(false alarm rate)
with higher values indicating better discrimination sensitivity across the session. The
response criterion was calculated as: ¢ =—0.5(z(hit rate) + z(false alarm rate)) with larger
values indicating decreased overall responding to both the target and nontarget stimuli. Our
primary measures were discrimination sensitivity index (d’), response criterion (c), hit rate
and false alarm rate. Correct response latency, incorrect response latency, and reward

retrieval latency were also assessed.

Tissue processing and histological assessment

Animals were sacrificed by terminal dose of pentobarbitone (100mg/kg; Virbac,
Peakhurst, Australia) and were transcardially perfused with saline followed by
paraformaldehyde (PFA, 4% in 0.4M phosphate buffer with 0.2% picric acid). The brains
were collected and additionally post-fixed in 4% PFA for 2 hours, followed by equilibration
in 20% sucrose PBS solution for one to two days. The brains were snap frozen with dry ice
prior to cutting as 40 um coronal sections in 12 series using a freezing-microtome (Leica,
Wetzlar, Germany).

Free-floating immunohistochemistry was performed on a 1:12 series for chromogenic

labelling of NeuN and Ox42, or fluorescent labelling of BrdU/Prox-1, as previously described
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[20]. Tissue labelled for BrdU was pre-treated by incubation in Omnipur deionized
formamide (Merck Millipore) at 65°C for 2 hours, in 2M HCL at 37°C for 30 minutes and in
Borate buffer at room temperature for 20 minutes. Primary antibodies and dilutions (Table 2)
were: sheep anti-BrdU (Exalpha, A205P, 1:1000); rabbit anti-NeuN (Abcam, ab104225,
RRID:AB_ 10711153, 1:1500); rabbit anti-Prox-1 (Millipore, ABN278, RRID:AB 2811075,
1:2000) and mouse anti-OX42 (Bio-Rad, MCA275GA, RRID:AB 566455, 1:200).
Secondary antibodies included anti-sheep and anti-rabbit conjugated Dylight Fluorophores
488 and 555 (Jackson ImmunoResearch,1:200) for fluorescent staining and anti-rabbit and

anti-mouse biotin conjugated (Jackson ImmunoResearch,1:400) for chromogenic staining.

Antibody Immunogen Manufacturer Concentration
information
Anti-BrdU 5-methyl cytosine (5-MeC) Exalpha, A205P, sheep 1:1000
and bromodeoxyuridine = polyclonal
(BrdU)
Anti-NeuN FOX3/NeuN mouse, rat, Abcam, ab104225, 1:1500
antibody -  chicken, cow, human, pig / RRID:AB 10711153,

Neuronal Marker  synthetic peptide sequence rabbit polyclonal

not available

Anti-Prospero KLH-conjugated linear Millipore, ABN278, 1:2000
homeobox protein peptide corresponding to the RRID:AB 2811075,
1/PROX1 C-terminus of  human rabbit polyclonal
Antibody Prospero homeobox protein
1/PROXI.
Mouse anti-rat Resident rat  peritoneal Bio-Rad, MCA275GA, 1:200
CD11b/Ox42 macrophages. RRID:AB 566455,
antibody mouse monoclonal

Table 2: Antibody specifications.

Volumetric analysis: A 1:12 series of sections immuno-labelled for NeuN was used to
quantify cortical, hippocampal and thalamic volumes at all time-points. Photomontages of
whole sections were generated using a digital slide scanner (Pannoramic Scan 2, 3DHistech).
Areas of the cortex, hippocampus and thalamus were measured on 14, 5 and 8 consecutive
brain sections respectively, using CaseViewer 2.1 Software (3DHistech.Ltd,

RRID:SCR_017654) and volumes were extrapolated using the Cavalieri principle [21].
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Neuronal and microglial densities: NeuN density was calculated from one field of view
image at 20x magnification (Leica DM6000) of the ipsilateral and contralateral cortices,
ventral to the injury site at 1.68mm rostral to bregma. The number of NeuN+ cells in this
field of view was automatically counted using ImagelJ, giving a density reading. Microglial
density, labelled with Ox42, was estimated at all time-points in the cortex and cerebral
peduncle for ET-1 groups (both ipsilateral and contralateral) and for sham groups (ipsilateral
only). One field of view was acquired using a brightfield microscope (Leica DM6000) at 40x
magnification. Microglial density was assessed based on pixel intensity in Adobe Photoshop
CSé6. The results were reported as percentage of OX42+ pixels in one field of view for each
representative region.
Statistical analysis

Statistical analysis was carried out using GraphPad Prism 8 (RRID:SCR_002798). All
data are presented as mean+SD or as boxplot =+ Min and Max values. An alpha of p < 0.05
was adopted to establish statistical significance. For touchscreen data analysis, a mixed
effects model with post hoc Sidak's multiple comparisons test was performed. For
histological analysis, one-way or two-way ANOVAs were adopted with post hoc Tukey’s
multiple comparison test. When only two groups were analysed, t-tests were adopted at each
time-point. The nature of statistical testing for specific data sets is described in figure

legends. All analysis, behavioural and histologic were performed blinded to group allocation.

Results
Mild ischemic injury with an asymptomatic behavioural phenotype.

Injection of ET-1 into the sensorimotor cortex of adult Long-Evans rats produced a
discrete ischemic injury, evident 1 week after injection as a continuous volume of neuronal
loss throughout the frontal cortex (Figure 1A). The size of the infarction was measured in
coronal sections immunohistochemically labelled for NeuN as areas devoid of NeuN and
extrapolated as volumes to show ET-1 produced an average lesion size of 9.51£1.86mm?.
This was significantly greater than damage from injection of the saline vehicle alone
(Unpaired t test with Welch’s correction t(4.388)=3.882;**p=0.0047, n=5) (Figure 1B),
which resulted in smaller loss of NeuN limited to the injection site.

Long-Evans rats did not display any detectable level of motor impairment in the
staircase test and thus model an asymptomatic motor phenotype (Figure 1C, D). Similarly,
the ischemic injury did not affect cognitive performance in a sensitive test of attentional

processing and response inhibition assessed using a touchscreen-based continuous
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performance test (rCPT) (Figure 2), which is analogous to human CPTs that measure the
same executive processes. We found no significant difference in performance between the
ET-1 and saline treated groups based on the primary measures of hit rate (Figure 2A), false
alarm rate (Figure 2B), discrimination sensitivity index (Figure 2C) and response criterion or
strategy (Figure 2D)(Mixed effects model: Interaction non-significant; Time factor Fj o9,
8538=15.06, p<0.0001; Group factor non-significant). We also assessed various response
latencies (correct response, incorrect response, reward collection) during performance that
serve as measures of processing speed, motivational drive and/or motoric capacity and found
no changes between the ET-1 injected rats and the saline group (Supp Figures 1-5). We tested
longitudinally in order to assess whether we might detect a latent development of cognitive
changes, but did not find significant differences between any of the behavioural measures on
our rCPT task even up to 48 weeks. These data suggest mild ischemic injury in Long-Evans

rats models features relevant to human subclinical stroke.

Focal ischemic stroke induces progressive hemispheric cortical atrophy.

Characterisation of the ischemic injury over time was performed by histological
analysis of serial coronal sections at 1-, 4-, 12-, 24-, 36- and 48-weeks after ET-1 injection.
The infarcted area of neuronal loss was most clearly evident at 1- and 4-weeks and appeared
progressive in size between these two time-points, extending into the dorsal striatum in a
number of animals from the 4-week group (Figure 3). From 12-weeks the infarcted area of
neuronal loss resolved around the injection site and progressed to morphological appearance
resembling glial scarring that persisted up to 48-weeks. The saline injected group displayed a
minor neuronal loss at the surface of the cortex corresponding to the needle injection site at 1-
week, but this was resolved by 4-weeks (Figure 3).

Cortical area was measured unilaterally in coronal sections immunohistochemically
labelled for NeuN in serial sections (1:12) across the rostro-caudal axis between +3.6mm and
-2.64mm relative to bregma (Figure 4A). The same approach was used to measure the size of
the thalamus and rostral hippocampal lobes. At 1-week post-ischemia 3 cortical levels
surrounding the injury site were found to be significantly reduced in size in the ET-1
ipsilateral group (n=5) compared with the saline group (n=10)(Two-Way ANOVA:
Interaction non-significant (1-, 4-, 12-, 36-week); F526=2.04, p=0.0028 (24-week);
F6204=2.79, p<0.0001 (48-week); Distance from injection site factor Fi3=13.66, p<0.0001
(1-week); Fi3264=28.27, p<0.0001 (4-week); Fi3204=36.54, p<0.0001 (12-week);
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F13226=35.83, p<0.0001 (24-week); Fi3204=17.69, p<0.0001 (36-week); Fi3204=34.55,
p<0.0001 (48-week); Group factor F,1=17.88, p<0.001 (1-week); F;,6=53.79, p<0.0001
(4-week); Fr004=111.1, p<0.0001 (12-week); F,2,6=100.9, p<0.0001 (24-week); F,294=51.39,
p<0.0001 (36-week); Fy204=37.4, p<0.0001 (48-week). Tukey’s multiple comparison: Supp
table 1) (Figure 4B). This cortical atrophy of the ET-1 injured cortex (ipsilateral side; n=6),
was accentuated at 4-weeks post-ischemia (Figure 4B). Around the injection site, +1.68mm
from bregma, the ipsilateral ET-1 cortex was 1.5 to 2mm? smaller compared to saline (n=10)
and to contralateral ET-1 cortex (n=6). This further extended caudally to -1.68mm for the
contralateral side and -2.64mm for the saline injected cortex. (Tukey post hoc test: Supp
Table 1).

Peak atrophy was observed at 12-weeks post-ischemia, where the ipsilateral ET-1-injected
cortex (n=6) was 1.6-3mm? reduced in size compared with saline group (n=12) throughout
the 14 cortical sections measured (Figure 4B). The reduction when compared to contralateral
cortex of ET-1 animals was more limited, reflecting that there was also some atrophy of
contralateral cortex compared to saline animals (Tukey post hoc test: Supp Table 1). This was
most pronounced in the frontal cortex rostral to the injury. A similar pattern was observed at
24-weeks post-ischemia, where a reduction in cortical size was observed in the injured cortex
(n=5) compared to saline (n=12), ranging from 1.6 to 2.6mm? across the 14 sections
measured (Figure 4B). The ipsilateral ET-1-injected cortex was significantly smaller
compared to the contralateral side around the site of injury (2mm? reduction) (Tukey post hoc
test: Supp Table 1). This atrophy was stable and persistent at the long term time-points, 36-
and 48-weeks post ischemia, where there remained a reduced cortical area both in ipsilateral
and contralateral hemispheres of the ET-1 group (n=6) compared to the saline control group
(n=12), most notably in the frontal cortex, rostral to the infarction (Figure 4B, Supp Table 1).
This was reflected when represented as hemispheric cortical volume spanning +3.6 to -2.64
relative to bregma, where there was a significant reduction in ET-1 infarcted cortex from 4
weeks and persisting through to 48 weeks (Two-way ANOVA: Interaction non-significant;
Time factor Fs,,,=7.600, p<0.0001; Group factor F;;1,=48.93, P<0.0001; Tukey’s multiple
comparison: Supp Table 1) (Figure 4C). Interestingly, these measurements also showed a
progressive decline in cortical volume in saline controls over time, from 4 — 48 weeks
(equivalent to 24 — 68 weeks of age), corresponding to ~10% loss over that period. To assess
if atrophy was associated with neuronal loss, as opposed to a collapse of extracellular
volume, neuronal density was measured in an area immediately proximal to the infarction

(Supp Figure 6A). Cell counting showed that neuronal density was not different between
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groups (One-Way ANOVA F;,6=0.9085 (1 week); F;,3=0.7232 (4 week); F3,0=2,606 (12
week); F315=1.935 (24 week); F320=2.908 (36 week); F3,0=0.2573 (48 week); n=5) (Supp
Figure 6B) and thus reduction of tissue volume represented neuronal loss. Volume of the
thalamus (Figure 4A) showed no significant change between ET-1 and saline injected
animals (Figure 4D; t-test at each time-point t(10)=2.481; t(10)= 2.437; t(10)=0.2177);
t(10)=1.731; t(10)=1.185; t(10)=0.04417. n=6).

Mild ischemia reduces hippocampal volume contralateral to the injury and induces cellular
proliferation and neurogenesis.

Measurement of hippocampal volume showed there was no change in the ipsilateral
hippocampus of ET-1 injected rats (n=5-6) at any time-point compared to the saline group
(n=10-12)(Figure 5A), however there was a reduction in volume of the contralateral
hippocampus (n=5-6), from 12-weeks, and progressing to reach statistical significance at the
36-weeks (Two-way ANOVA: Interaction non-significant; Time factor Fs;;3=3.436,
p=0.0063; Group factor F,;;3=3.46, p=0.0348. Tukey’s multiple comparison : p=0.0419)
(Figure 5B).

Part of our original hypothesis when embarking on this study was that mild ischemia
may present as a delayed cognitive deficit at later time-points, accompanied by reduced
hippocampal neurogenesis. In the contrary, we observed a robust proliferative response in the
ipsilateral dorsal hippocampus, peaking at 24-weeks, that was associated with a significant
increase in neurogenesis (Two-way ANOVA: Interaction Fgg,=2.66, p=0.0208; Time factor
F;3$,=22.33, p<0.0001; Group factor F,,=3.635, p=0.0307; Tukey’s multiple comparisons:
ET-1 ipsi vs Saline p=0.0006; ET-1 ipsi vs ET-1 contra p=0.0236) (Figure 5C). The number
of BrdU+/Prox1+ cells in the dentate gyrus 4 weeks after BrdU injection was increased by 2-
fold in the ipsilateral hippocampus of ET-1 treated animals compared to the saline group
(Two-way ANOVA: Interaction Fgg,=2.449, p=0.0315; Time factor F3g,=20.57, p<0.0001;
Group factor non-significant. Tukey’s multiple comparisons: p=0.0006) (Figure 5D-E). There
was no change in proliferation or neurogenesis in the contralateral hippocampus following

ischemic injury.

Mild cortical ischemia induces long-term microglial activation in remote brain regions.
The inflammatory response induced by ET-1 focal ischemia was measured through
immunohistochemical characterisation of microglia using the Ox42 antibody, which

recognises the microglia-specific CR3 complement receptor (Figure 6A). A significant
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microglial response, including proliferation of reactive cells with ameboid morphology, was
evident as early as 1 week after ischemia. This included a prominent level of microglial
activation in and around the infarcted area but also extending dorso-ventrally throughout the
injured cortical hemisphere at rostro-caudal levels closest to the injury (Figure 6A). Up-
regulated microglial activity was also prominent along the ipsilateral cortico-bulbar and
cortico-thalamic pathways of ET-1 treated rats, including along fibre bundles of the dorsal
striatum, the globus pallidus (GP), the motor nuclei of the thalamus, the entopeduncular (EP)
nucleus and the cerebral peduncle (CP) (Supp Figure 7). We observed high internal
variability in microglial activation in the hippocampus ipsilateral or contralateral to the ET-1
and saline injection, which translated into absence of clear difference in microglial activation
between ipsilateral and contralateral hippocampi or between ET-1 and saline groups (Supp
figure 7).

To determine the longer-term impact on inflammation, microglial activation was first
assessed by semi-quantitative scoring of intensity of labelling in selected regions throughout
the brain at all time-points (Table 3). This showed a persistent increase in microglial activity
in the ipsilateral hemisphere that was consistent across all animals up to 24-weeks after local
ischemic injury, including throughout the cortico-bulbar and cortico-thalamic pathways, as
well as other remote locations such as the globus pallidus (Supp Figure 7; Table 3).
Inflammation in areas remote to the infarction was also evident at the later 36- and 48-week
time-points but was more variable, with only around half the animals displaying increased
microglial activity (Supp Figure 7). At 48-weeks microglial activation remained elevated in
the ipsilateral cortex.

For a more quantitative insight into persistent microglial activation, density of Ox42
labelling was measured in the cortex and CP. Microglial activation was significantly
increased in the ipsilateral cortex of ET-1 treated animals compared to the contralateral side
from 1- to 36-weeks and compared to sham from 1- to 12-weeks (Two-way ANOVA:
Interaction non-significant; Time factor Fsg4=6.859, p<0.0001; Group factor F,g,=37.99,
p<0.0001. Tukey’s multiple comparisons: ET-1 ipsi vs Saline: p=0.0493, 0.0071, 0.001; ET-1
ipsi vs ET-1 contra: p=0.0015, <0.0001, 0.0007, 0.0374, 0.0026) (Figure 6B-C). In the CP,
the ET-1 ipsilateral group also presented an increased microglial density compared with the
contralateral side at the early time-points until 12-weeks, and compared with the saline group
at 12- and 24-weeks (Two-way ANOVA: Interaction non-significant; Time factor non-

significant; Group factor F;4,=24.75, p<0.0001. Tukey’s multiple comparisons: ET-1 ipsi vs
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Saline:

p(12w)<0.0001, p(24w)=0.0051;

ET-1

p(4w)=0.0052, p(12w)=0.0004) (Figure 6B,D).

ipsi vs ET-1 contra:

p(1w)=0.0005,

Location
Regions relative to
1 week 4 weeks | 12 weeks | 24 weeks | 36 weeks | 48 weeks
inspected Bregma
(mm)
Cortex +1.70 ++ ++ ++ + + +
Dorsal striatum +1.70 ++ ++ ++ + + /
Hippocampus -3.0 +/ +/ +/ +/ +/ +/
Thalamus -3.6 ++ ++ ++ + ++ /
Entopeduncular
-2.8 ++ ++ ++ ++ ++ /
nucleus (EP)
Cerebral
-4.8 ++ + ++ ++ + /
peduncle
Globus pallidus -0.92 ++ ++ ++ + ++ /

Table 3: Qualitative comparison of microglial density at high magnification for all time-
points, of the ipsilateral hemisphere of ET-1 injected rats compared to saline injected rats.
“++” represents a strong increase in microglial density in the ET-1 group compared with
saline and “+” representing a smaller increase and “/” represents no qualitative difference

between the groups. “+/” indicates variable ranging from a small increase to no change.

Discussion

These results show that modelling of mild, asymptomatic ischemic injury in rats leads
to significant histopathological outcomes, including diffuse atrophy of the ipsilesional cortex
and a chronic inflammatory response persisting for almost a year after the infarction. Animal
modelling of human stroke has overwhelmingly focussed on severe forms, with analysis of
the functional and histopathological outcomes generally limited to the sub-acute phase up to a
few weeks after injury [22]-[26]. However, stroke is highly heterogenous with respect to

severity and there is increasing evidence to suggest that more moderate forms, including
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subclinical stroke, can lead to significant brain changes with delayed behavioural and
cognitive decline manifesting much later in the chronic phase after injury [4], [27], [28].

We found that the Long-Evans rats did not display any detectable level of motor
impairment in the staircase test. We interpret this as modelling an asymptomatic stroke
phenotype. Similarly, the ischemic injury did not affect cognitive performance in a sensitive
test of executive function assessed using a touchscreen apparatus. We have previously
reported that the same ET-1 injection procedure in athymic rats resulted in focal cortical
ischemic injury with similar size (9.0+2.7mm?) and a robust deficit in skilled forelimb use as
revealed by pellet retrieval in the staircase test [13]. The development of a focal ischemic
injury after injection of ET-1 into the sensorimotor cortex is consistent with findings from
previous studies [29]-[31], including our own recent work in athymic rats [13]. Interestingly,
the resulting impairment of skilled forelimb function seen in T-Cell deficient, athymic rats
was not observed here when using the same procedures on Long Evans rats, highlighting
strain-dependent differences for the threshold for impairment of motor function following
mild ischemic injury. This may also be related to a role of the immune system in the
development of injury and impairment. Previous studies have suggested a beneficial role for
T-cells in the chronic phase after infarction, e.g. through clearance of cellular debris [32], and
thus the lack of this process may contribute to the greater sensitivity to injury in athymic
animals. In addition to a lack of impact on motor function in the present study in Long
Evans rats, we did not observe any impact of the injury on attentional processing in a
complex touchscreen-based test, a cognitive ability often impaired following stroke [33]. This
injury model thus approximates more mild forms of human stroke, such as asymptomatic or
subclinical stroke, compared to other commonly used pre-clinical models that produce large
ischemic infarction associated with robust deficits in motor and/or cognitive function in the
acute phase after injury [23], [25], [26], [34].

Despite the mild nature of the initial injury, there followed a significant and
progressive atrophy across the entire ipsilateral cortical hemisphere, including rostral and
caudal levels remote to the site of injury. The atrophy was progressive up to 12 weeks and
maintained up to 48 weeks, representing ~10% loss in cortical volume compared to controls.
The progressive cortical thinning in the sham animals was also interesting to note, as thinning
of the cortex with healthy aging has been reported in humans, with an annual decline of
0.5%, and an accelerated rate in diseased brains such as those suffering from Alzheimer

disease [35], [36]. Quantification of neuronal density showed that atrophy represented
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neuronal loss and not shrinkage of the extra-cellular compartment. This is consistent with our
recent observations using the same model of injury in athymic rats [13].

Progressive atrophy remote to the site of infarction is increasingly becoming
recognised as an important feature of stroke pathophysiology. Recent clinical imaging studies
have reported whole brain, hemispheric and nuclei-specific atrophy following stroke, with
rapid progression in the first 6 months [37] and persisting for years after the injury [38], [39].
The relationship between the development of dementia after stroke and progression of
atrophy in brain regions remote to the site of damage is becoming an increasingly important
area [40]. It is thus important to consider that even mild strokes, initially appearing
asymptomatic or with transient symptoms, may trigger a progressive atrophy as the substrate
for cognitive decline later in life. Given we did not observe deficits in attentional processing
in the present study, it will be important to investigate other cognitive domains in order to
establish a model linking brain atrophy to cognitive decline. It should also be noted that the
acute injury was targeted unilaterally to the motor cortex. Deficits in cognitive function are
more likely to arise after damage to other cortical areas as previously shown following
bilateral focal ischemic injury to prefrontal cortex [41], [42]. Age of infarction may also be
an important factor. Clinical studies showing mild strokes such as single microinfarcts are
associated with subtle cognitive decline have been largely based on observations in older
patients [5], [43].

Measures of other brain structures such as thalamus and hippocampus did not reveal
additional areas of remote atrophy. This is in contrast to other rodent [44], [45], [23], [46] and
clinical imaging studies [22], [37], [47], [48], and may reflect a threshold level of severity of
the initial injury required for involvement of secondary atrophy in remote structures beyond
the cortex. Indeed, previous observations of reductions in contralesional thalamic volume
have indicated that the degree of atrophy is proportional to the severity of stroke [49], [50].

On the basis of our original hypothesis that the cortical infarction may precipitate an
ipsilesional hippocampal atrophy with accompanying cognitive deficit, we were interested to
assess if there was an accompanying decrease in hippocampal neurogenesis as a correlative
feature. Interestingly we observed the opposite, where there was an overall proliferative
response and transient increase in hippocampal neurogenesis. A recent study using a series of
immunohistochemical analyses of human biopsy tissue from stroke patients, has shown the
first evidence of stroke-induced neurogenesis in humans [51]. This is consistent with studies
of rodent brain injury including both epilepsy [52] and stroke [53] where both reports show

an increase in hippocampal neurogenesis but aberrant functional integration of new neurons
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generated in an inflammatory environment. The study by Woitke et al concluded that
ischemia-induced maladaptive plasticity may be a contributing factor to the accompanying
cognitive impairment [53]. While we did not directly assess function of the new neurons here,
the results are nonetheless significant in that they show that mild stroke can affect
fundamental aspects of physiology in remote brain areas as potentially contributing factors to
clinical outcome and thus targets for therapy.

Inflammation is a universal response to stroke that has been well described clinically
and in animal models as a target for therapeutic intervention [54], [55]. The vast majority of
these studies have limited their analyses to the acute and sub-acute period after injury, i.e.
days or weeks after large strokes [56]-[58]. Here we show that even a mild, localised
ischemic injury can produce a diffuse and chronic inflammatory response throughout the
ipsilesional cortex and also in remote brain areas persisting up to 48 weeks. Microglial
activation along striatal fibre bundles, entopeduncular nucleus and cerebral peduncle likely
represents axonal degeneration of the cortico-bulbar projection pathway. Inflammation in
other areas may represent die-back of afferently connected nuclei and/or diffusion of
inflammatory cytokines from the infarcted area, for example through the ipsilateral cortex.
While interventions aimed at reducing inflammation after stroke have shown to be effective
in the acute phase [59]-[61], less is known about the impact of chronic inflammation and
how it might relate to progressive atrophy and latent cognitive decline as an additional
therapeutic target. The present results provide a platform for further investigation in this area.

In summary, these results show that modelling of mild, focal ischemic injury in rats
produces significant and long-lasting histopathological outcomes despite a lack of obvious
impact on motor or cognitive function. Our evolving understanding of the heterogeneity of
stroke pathophysiology and the relationship to clinical outcome demands parallel
development of animal models that capture different elements of human stroke. This is
particularly true at the milder end of the spectrum, where there is rapidly building evidence
that the clinical burden associated with mild forms of stroke may be greater than previously
recognised. The present results highlight that atrophy and inflammation are interesting targets

for therapeutic intervention in the chronic phase after mild stroke in rats.

Study limitation: Due to logistical limitations (i.e. housing of animals limitation for the
duration of the study and personnel limitation to handle a cohort double the current size (190

rats)), only males were used in this study. It should be noted, however, that studying sex-
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dependent effects will be important for future work. Although the age of rats at 22 weeks is
older than those used in most stroke modelling studies, these animals are still regarded

physiologically as ‘young adult’, whereas stroke is more common in older patients.
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Figure legends

Figure 1. Mild ischemic injury with cortical infarction and lack of robust motor deficit. A)
Representative coronal sections immunolabelled for the neuronal marker NeuN shows the
infarcted area as absence of neurons 1 week after ET-1 treatment. B) The average infarcted
volume was significantly greater in the ET-1 compared to saline group (Unpaired t test with
Welch’s correction t(4.388)=3.882;*p=0.0149, n=5). C-D) The staircase test is a sensitive
measure of skilled forelimb use and at 4 weeks showed no difference in performance
between the ET-1 and saline treated groups for the relative (C) or absolute (D) number of
pellets retrieved with the left or right forelimbs (Saline n=9; ET-1 n=13). All data shown as
boxplot + Min and Max values. Scale bar: A, 500pm.

Figure 2. Attentional processing as a measure of cognitive performance after mild ischemic

injury. A rodent touchscreen-based Continuous Performance Test (rCPT)to assess attentional

processing showed no difference in performance between the ET-1 and saline treated groups
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on a range of parameters, including: A) Hit Rate, B) False Alarm Rate, C) Discrimination
Sensitivity Index (d’) and D) Response Criterion (Pre-Stroke to 36 weeks: Saline n=10; 48
weeks: Saline n=9; Pre-Stroke to 12 weeks: ET-1 n=13; 24 to 48 weeks: ET-1 n=12; Mixed
effects model: Interaction non-significant; Time factorFy ;99 3535=15.06, p<0.0001; Group

factor non-significant) All data shown as boxplot + Min and Max values.

Figure 3. Longitudinal assessment of cortical infarction following focal ischemic injury.
Immunohistochemistry for NeuN in representative coronal sections at the level of ET-1 or
saline injection illustrates gross morphology and the progression of the ischemic infarction 1-

, 4-, 12-, 24-, 36- and 48-weeks following treatment. Scale bar: 500um.

Figure 4. Progressive cortical atrophy up to 48 weeks following focal ischemia. A) Colour
overlays on representative coronal sections illustrate anatomical boundaries used to quantify
area for specific brain regions. B) Cortical area measured at each of 14 coronal sections from
3.6mm rostral to 2.64mm caudal to bregma showed a progressive and significant atrophy of
the cortex both proximal and remote to the infarction and including both the ipsilateral and
contralateral hemispheres (Two-Way ANOVA: Interaction non-significant (1-, 4-, 12-, 36-
week); Fag266=2.04, p=0.0028 (24-week); F6204=2.79, p<0.0001 (48-week); Distance from
injection site factor Fi326=13.66, p<0.0001 (1-week); F3264=28.27, p<0.0001 (4-week);
F13204=36.54, p<0.0001 (12-week); Fi326=35.83, p<0.0001 (24-week); Fi3204=17.69,
p<0.0001 (36-week); Fi3294=34.55, p<0.0001 (48-week); Group factor F,,,=17.88, p<0.001
(1-week); Fr264=53.79, p<0.0001 (4-week); F1294=111.1, p<0.0001 (12-week); F,26=100.9,
p<0.0001 (24-week); F,,94=51.39, p<0.0001 (36-week); F;,94=37.4, p<0.0001 (48-week).
Tukey’s multiple comparison *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. n=5-6). C)
Hemispheric cortical volume spanning +3.6 to -2.64 relative to bregma was significantly
reduced in the ipsilateral hemisphere from 4 weeks and persisting up to 48 weeks (Two-way
ANOVA: Interaction non-significant; Time factor Fs;;,=7.600, p<0.0001; Group factor
F,11,=48.93, P<0.0001. Tukey’s multiple comparison *p<0.05, **p<0.01,
*#%p<0.001,****p<0.0001. N=5-6). D) Thalamic volume was not significantly changed by
ET-1-induced ischemia up to 48-weeks. (t-test at each time-point t(10)=2.481; t(10)= 2.437;
t(10)=0.2177); t(10)=1.731; t(10)=1.185; t(10)=0.04417. n=6). All data shown as the group

mean £+ SD. Scale bar: I, Imm.
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Figure 5. Contralateral hippocampal volume loss and increased neurogenesis following ET-
1 induced ischemia. A) Colour overlays on representative coronal sections illustrate
anatomical boundaries used to quantify the dorsal hippocampus. B) Quantification of dorsal
hippocampal volume showed a moderate but stable reduction in the contralateral
hippocampus relative to the ipsilateral hemisphere, reaching significance at 36-weeks post-
ischemia (Two-way ANOVA: Interaction non-significant; Time factor Fs;;3=3.436,
p=0.0063; Group factor F,;;3=3.46, p=0.0348. Tukey’s multiple comparison *p=0.0419.
n=5-6. C) The number of BrdU+ cells was significantly higher in the ipsilateral dentate gyrus
of ET-1 treated rats compared with both contralateral ET-1 and Saline treated rats at 24
weeks post-ischemia (Two-way ANOVA: Interaction Fgg,=2.66, p=0.0208; Time factor
F;3$,=22.33, p<0.0001; Group factor F,,=3.635, p=0.0307; Tukey’s multiple comparisons,
*p=0.0236, ***p=0.0006. n=6). D) Representative image of immunohistochemistry for BrdU
and Prox1 in the dentate gyrus with boxed insets at higher magnification showing 2 cells
double labelled for BrdU and Proxl. E) Cell counting showed that the number of
BrdU+/Prox1+ cells was significantly increased at 24-weeks post-ischemia in the dentate
gyrus of ET-1 ipsilateral group compared with the saline group (Two-way ANOVA:
Interaction Fg,=2.449, p=0.0315; Time factor F;5,=20.57, p<0.0001; Group factor non-
significant. Tukey’s multiple comparisons, ***p=0.0006. n=6). All data shown as the group
mean £ SD. Scale bar: A, Imm, D, 100um (50pum inset).

Figure 6. Chronic and remote microglial activation following focal ischemic injury. A)
Immunohistochemistry for Ox42 in serial coronal sections in a representative example from 1
week and 24 weeks after injury shows the inflammatory response at acute and chronic phases
after injury, respectively. B) High magnification images of immunohistochemistry for Ox42
in the cortex and cerebral peduncle (CP) of ET-1 injected animals at 1-, 4-, 12-, 24-, 36- and
48-weeks post-ischemia shows persistence of microglial activation over time, relative to
saline controls. This was quantified by optical density measurements and showed a
significant increase in microglial density up to 36 weeks in the cortex C); Two-way ANOVA:
Interaction non-significant; Time factor Fsg,=6.859, p<0.0001; Group factor F,g4=37.99,
p<0.0001. Tukey’s multiple comparisons, *p<0.05, **p<0.01, ***p<0.001. n=5-6) and up to
24 weeks in the CP D); Two-way ANOVA: Interaction non-significant; Time factor non-
significant; Group factor F,5,=24.75, p<0.0001. Tukey’s multiple comparisons, **p<0.01,
*E#%p<0.001, ****p<0.0001. n=5-6.) All data shown as boxplot = Min and Max values. Scale
bar: A, Imm and B, 50um.
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Table 1. Rodent Continuous Performance Test parameters used to assess attentional

processing.

Table 2: Antibody specifications.

Table 3. Qualitative comparison of microglial density at high magnification for all time-
points, of the ipsilateral hemisphere of ET-1 injected rats compared to saline injected rats.
“++” represents a strong increase in microglial density in the ET-1 group compared with
saline and “+” representing a smaller increase and “/” represents no qualitative difference

between the groups. +/ indicates variable ranging from a small increase to no change.
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