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Few  animal  models  can  produce  a mild  ischemia,  minor  stroke  and  its  recurrence.
A  minor  photothrombosis  was  developed  to  produce  small  cortical  infarcts.
This  minor  stroke  was  accompanied  by  a peri-infarct  region  of mild  ischemic  injury.
A  minor  recurrent  stroke  was  produced  by  repeating  the  mild  photothrombosis.
T2 magnetic  resonance  imaging  was  key to  identify  regions  of mild  ischemic  injury.
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a  b  s  t  r  a  c  t

Background:  Transient  ischemic  attack,  minor  stroke  and  stroke  recurrence  need  improved  treatment  but
lack animal  models  for research.  The  aim  was  to modify  photothrombosis  methods  thereby  producing
both  a  minor  stroke  (with  adjacent  mild damage)  or a  minor  recurrent  stroke.
New method:  A  minor  stroke,  as detected  using  magnetic  resonance  imaging  and  histology,  was  produced
using  a low  intensity  beam  of white  light  with  a  bright  centre,  a low  dose  of  Rose  Bengal  and  a  short  5  min
illumination  of  thinned  skull.  A recurrent  minor  stroke  was  produced  by  repeating  the  procedure  two
days  later  except  the  cortical  mask  was  positioned  1.5  mm  posteriorly.
Results:  The  minor  photothrombosis  procedure  produced  a small  superficial  infarct  surrounded  by a
region  of  scattered  necrosis  detected  histologically.  Marked  hyperintensities  in diffusion  weighted  and
T2 images  identified  the  infarct.  Peri-infarct  regions  with  modest  T2 increases  corresponded  to  regions
of scattered  cell  death.  A recurrent  minor  photothrombosis  produced  additional  damage  in  regions  with
overlapping  mild injury.
Comparison  with  existing  methods:  Previous  photothrombosis  methods  usually  produce  large  cortical
infarcts  with  little  penumbra.  The  current  method  produces  small  infarcts  with  diffuse  mild  peri-infarct

ischemic  injury  that  can  be diagnosed  using  T2 imaging.
Conclusions:  The  modified  photothrombotic  procedure  will  produce  a minor  stroke  consisting  of  a  small
infarct  in  a region  with  marked  diffusion  and  T2 hyperintensities  and  a  peri-infarct  region  of  selective
necrosis  with  modest  T2 changes.  Minor  recurrent  stroke  is  readily  produced  but  imaging  is key  for
assessing  size  and  location  of  each  insult.

© 2016  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
Abbreviations: Dw,  diffusion weighted; MRI, magnetic resonance imaging;
ba1, Ionized Calcium-Binding Adapter Molecule 1; T2w, transverse relaxation time

eighted; TIA, transient ischemic attack.
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2E36, 3280 Hospital Drive N.W., Calgary, Alberta T2N 2T8, Canada.
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1. Introduction

Minor stroke or TIA is relatively common and often precedes
major stroke (Easton et al., 2009; Kernan et al., 2014). Mild tran-
sient focal cerebral ischemia, as occurs with a TIA, can be produced
experimentally by brief direct occlusion of the middle cerebral
artery to produce selective cell necrosis (Ejaz et al., 2015; Qiao

et al., 2009). Such mild episodes of cerebral ischemia are not nec-
essarily associated with MR  changes. In addition to potential mild
ischemic changes, patients with TIA, despite functional recovery,
often have small Dw lesions indicative of minor stroke (Brazzelli
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t al., 2014). How frequently this is accompanied by peri-infarct tis-
ue with milder ischemic injury is not clear but there are reports of
trophy following TIA and minor stroke (Li et al., 2015; Weiller et al.,
993) indicating that despite good functional recovery there may
e diffuse ischemic damage difficult to detect with MR  imaging.
urthermore, minor stroke and TIA are predictive of stroke recur-
ence; and, as an increasing proportion of our population ages the
ncidence of TIA, minor stroke and recurrent stroke is anticipated to
ncrease. However, their diagnosis, pathophysiology and manage-

ent remains suboptimal with effective treatment options limited
o thrombolytic or endovascular therapy.

A factor curbing advances in this area of stroke research is
hat there are relatively few simple animal models of minor and
ecurrent stroke available. Photothrombosis is a relatively sim-
le method technically for producing rather non-invasively a focal

nfarct in experimental animals (Watson et al., 1985). However,
he majority of previous studies using photothrombosis have pro-
uced rather large focal infarcts throughout the entire cortex that
ften include subcortical white matter (Dietrich et al., 1987a; Lee
t al., 1996; Pierpaoli et al., 1993; Watson et al., 1985). A few stud-
es have produced smaller infarcts or single vessel infarcts using
hotothrombosis (e.g. (Harrison et al., 2013; Moon et al., 2009;
evsner et al., 2001; Shih et al., 2013)) and spontaneous reperfu-
ion of thrombosed vessels has been observed (Zhang et al., 2005).
owever, producing infarction rather than mild ischemic injury in

he peri-infarct region has been the focus of such previous stud-
es. The aim of the current study was to investigate the conditions
equired to produce diffuse mild ischemic injury surrounding a
mall photothrombotic lesion—an insult that that could then model
linical minor strokes with a penumbra and could also be used to
otentially model recurrent minor strokes.

Modifying the intensity and the duration of light illuminating
he cerebral cortex following Rose Bengal injection produced small
ortical infarcts with peri-infarct regions of scattered necrosis. T2
maging facilitated identification of the precise size and location
f the small ischemic lesion and its peri-infarct region of mild

schemic injury. The photothrombotic insult could be repeated
o produce a recurrent stroke and overlapping regions of mild
schemic damage.

. Methods

.1. Animals

The care and handling of all animals were carried out in accor-
ance with the guidelines of the Canadian Council on Animal
are for care and use of experimental animals. Experiments were
pproved by the University of Calgary Health Sciences Animal Care
ommittee (Protocol M11017). Male Wistar rats (Charles River,
ontreal, Canada) were acclimatized to a 12 h light/dark cycle
ith free access to food and water. Animals weighed 226–395 g

median 263) at the time of surgery. Following stroke, rats were
oused in separate cages with free access to soft and hard food,
ater and environmental enrichment. All surgical procedures were

erformed using aseptic techniques.

.2. Minor photothrombosis model

The photothrombotic stroke method uses a photo-activatable
ye, Rose Bengal, to generate coagulation within vessels using
xperimental conditions that have generally resulted in a rela-

ively large ischemic infarct within the entire depth of the cortex
nd often also white matter and subcortical structures (Dietrich
t al., 1987a; Lee et al., 1996; Pierpaoli et al., 1993). Injection and
llumination conditions were chosen to potentially produce minor
ce Methods 268 (2016) 56–65 57

strokes by selecting conditions that could enhance early platelet
disaggregation and thrombus clearance as has been reported to be
visualized directly using confocal microscopy (Zhang et al., 2005).
Thus the concentration of Rose Bengal (Sigma–Aldrich, St Louis,
MO)  administered IV (prepared as 10 mg/ml  in sterile distilled
water and filtered through an 80 �m filter) was low (10 mg/kg,
1 ml/kg) compared to many previous studies using 15–50 mg/kg
(Jolkkonen et al., 2007; Pierpaoli et al., 1993; Van Bruggen et al.,
1992; Verlooy et al., 1993). The pharmacokinetics of Rose Bengal
was used to help select the duration of illumination (Fig. 1A). Rose
Bengal levels were measured spectrophotometrically in plasma
from timed samples of arterial blood. Concentrations were deter-
mined from means of triplicate measures using a standard curve
of known Rose Bengal concentrations and absorptions measured at
532 nm.  Rose Bengal concentration peaked within the first minute
following IV administration, clearing over 10 min  (Fig. 1A), simi-
lar to observations in the mouse (Boquillon et al., 1992; Zhang and
Murphy 2007). Thus, for the duration of illumination, a rather short
period of five minutes was selected compared to the 15–30 min
periods of illumination used in previous studies (e.g. Jolkkonen
et al., 2007; Moon et al., 2009; Pevsner et al., 2001; Pierpaoli et al.,
1993; Schroeter et al., 2001; Van Bruggen et al., 1992; Watson et al.,
1985).

The animal was  prepared to optimize illumination of the cor-
tex under normally maintained physiological conditions. Rats were
anesthetized with isoflurane (1.5–2.5% in 30% oxygen remainder
nitrogen) to allow restraint of the head in a stereotaxic frame and
surgical exposure of the skull. A femoral vein catheter was  inserted
surgically to allow effective intravenous injection of Rose Bengal.
Normothermia (rectal temperature 36.5–37.5 ◦C) was maintained
using a heating pad. Anesthesia was adjusted to maintain normal
spontaneous respiration (55–75 breaths/min, mean 65 ± 9) result-
ing in good oxygenation (>98% saturation) confirmed with pulse
oximetry in a subgroup of animals. To limit potential variations in
light transmission into cortex, the skull was thinned to translucence
over an area somewhat larger than the illumination region using a
saline cooled dental drill. Bleeding was controlled using bone wax
to provide a clean field of illumination. In some animals, regional
cerebral blood flow (rCBF) within the illuminated region was mea-
sured prior to and post illumination using laser-Doppler flowmetry
(Periflux PF5010, Perimed) with a 1.0 mm probe (403, Perimed)
placed perpendicular to the skull. Rectal temperature was moni-
tored and maintained throughout the experiment and for 1 h after
surgery confirming that thermoregulation and body temperature
was normal. After illumination, surgical sites were closed with 3-0
nylon sutures and buprenorphine (0.03 mg/kg) was administered
to provide analgesia.

For photothrombosis, an opaque foil mask with an opening size
of 3 mm × 3 mm was fabricated in order to illuminate a region
encompassing several 1 mm  thick MR slices. This was placed
directly on the skull, with the centre of the mask at stereotaxic
coordinates of 1.5 mm anteroposterior from bregma and 2.5 mm
mediolateral from the midline (Paxinos and Watson 1998). The illu-
mination apparatus used light from a 150 W halogen bulb (NCL 150
illuminator, Volpi) transmitted perpendicularly from the source
through an infrared filter (#46-386, Edmund Optics, Barrington, NJ)
and a 30 cm length of 13 mm diameter fibre optic cable (Fig. 1B).
In initial studies light intensity of illumination was varied from
200,000 to 400,000 lux as measured at the skull (Light Meter, Sper
Scientific Ltd.) which is the equivalent of approx. 30–60 mW/cm2

at 555 nm.  Direct comparisons of intensities used between studies
are difficult; intensities reported have ranged from 3 to 30 mW or

285 to 580 mW/cm2  for green laser/light (Dietrich et al., 1987b;
Harrison et al., 2013; Kao et al., 2014; Zhang et al., 2005) and 100 to
580 mW/cm2 for white light (Lee et al., 1996; Pevsner et al., 2001).



58 U.I. Tuor et al. / Journal of Neuroscience Methods 268 (2016) 56–65

Fig. 1. Production of a mild photothrombotic lesion. (A) Mean arterial plasma concentration at different times following administration of Rose Bengal (10 mg/kg, IV, n = 3)
demonstrated maximal levels of photochemical dye in blood soon after injection. (B) The method involved using a halogen light source, heat filter and fibre optic cable with
foil  collimator positioned perpendicular to the thinned skull that was  covered with an opaque mask with a 3 mm × 3 mm rectangular opening.

Fig. 2. MR  imaging of cerebral cortex 24 h following a minor photothrombotic insult. T2 weighted (T2w) images (A) or diffusion weighted (Dw) images (B) showed hyperintense
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ortical  changes within different slices through the cerebrum. Perfusion imaging (P
nlarged in C–E). A modest T2w increase (arrowhead) was  evident in the region adj
f  the references to colour in this figure legend, the reader is referred to the web ve

Presently, lesions were generally produced in the right hemi-
phere. In some experiments the skull was thinned over both the
ight and left hemispheres and illuminated simultaneously with the
ight centred at the midline but some lateral variation in lesion size
ccurred. A 15 mm length of a reflective foil collimator (Fig. 1B)
as added to the end of the optic fibre to increase homogene-

ty of the light intensity over the 13 mm diameter of the fibre.
he intensity distribution remained maximal centrally with slight
radations of surrounding lower light intensities. The illumination
roduced regions of milder ischemic injury posteriorly and ante-
iorly as detected with MRI  (e.g. Fig. 2). In animals in which two
hotothrombotic insults were produced, the right side was pre-
ared for photothrombosis and the first illumination was  followed

 days later by a second venous cannulation under anesthesia and
xposure of the previously thinned skull prior to a second pho-

othrombosis procedure.
s performed in a slice containing the lesions of increased intensity (outlined in red;
to the hyperintense lesion observed in the T2w and Dw images. (For interpretation
of this article.)

2.3. Magnetic resonance imaging (MRI)

To assess ischemic injury, MR  scans were acquired the day fol-
lowing a photothrombotic insult to determine the ischemic injury
detectable using T2 or diffusion weighted imaging e.g. Qiao et al.
(2004). Rats anesthetized with isoflurane were scanned using a
35 mm quadrature volume radiofrequency coil and a 9.4 T Bruker
Biospin MR  imaging system with Paravision 5.1 software and
Avance II hardware. Each scanning session acquired T2 weighted
(T2w) and diffusion weighted (Dw) images with a 3 cm × 3 cm field
of view, a 128 × 128 matrix and at least twenty 0.7 mm thick
contiguous slices covering the cerebrum. The T2 scan (repeti-
tion time = 7 s) acquired a set of 32 T2 weighted images with an
inter-echo spacing of 10 ms.  A set of diffusion weighted images
(repetition time = 5 s, echo time = 40 ms)  were acquired with 5 b val-

ues (74.5, 292, 655, 891 and 1164 s/mm2). In a subgroup of animals
a perfusion-weighted map  was  also acquired in a single slice 1 mm
thick to determine changes in cerebral blood flow using a continu-
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us arterial spin labelling method (Qiao et al., 2004; Williams et al.,
992). Briefly, within the slice direction and in a plane 2–3 mm
istal to the edge of the skull, a 2 s long radiofrequency labelling
ulse was applied to the neck vessels in the presence of a 2 G/cm
radient. This was followed with a delay of 400 ms  by a HASTE (Half-
ourier Acquisition Single Shot Turbo Spin Echo) sequence using a
epetition time of 3 s, effective echo time of 13.3 ms  and a RARE
actor of 36 for a total of 16 averages. Magnetization in unsaturated
ontrol images were obtained by using the same radiofrequency
xcitation applied symmetrically opposite to the labelling plane
o help eliminate magnetization transfer effects. Cerebral perfu-
ion (Williams et al., 1992) was calculated using magnetization
easured in regions of interest (i) as a percentage of flow in non-

lluminated cortex (c) using:
Flow (%) = 100 × ((Mi

control − Mi
saturated)/2Mi

control)/((Mc
control −

c
saturated)/2Mc

control) and assuming constant values for T1apparent
nd the partition coefficient for water. The MRI scans were con-
erted to T2 or perfusion maps using the Bruker software and
egions of interest included the outer cortex (lesion), the mid  cortex
peri-lesion), the inner third of cortex and a control region within
ither temporal or homologous contralateral cortex.

.4. Histology

At 24 h after MR  imaging, animals were perfusion fixed with
ormalin under deep anesthesia and brains were removed and
mbedded in paraffin. Several coronal sections (6 �m thick) match-
ng the coronal MR  images (at least 3–4 MR  slices per animal)

ere stained with hematoxylin and eosin or cresyl violet. Histo-
ogical sections were registered to MR  images according to distinct
natomical features that included matching ventricles and white
atter structures. To evaluate the scattered cell death observed fol-

owing mild ischemic insults, a score for brain injury was assessed
linded to the animal identity similar to that described previously
Qiao et al., 2009). The cortical thickness was divided into 3 areas
f outer and mid  and inner thirds of cortex. A cumulative score was
btained from the score for each region graded as: 0 for normal,

 for <10% of cellular injury, 2 for 10–50% of cellular injury, 3 for
50% cellular injury (partial infarct) and 4 for confluent areas of pan-
ecrosis (infarct). If more than one severity of injury was observed
he scores were averaged.

Ischemic cell changes were also investigated using two  addi-
ional staining methods. Sections with photothrombotic injury
ere stained for a marker of cell death or degenerating neu-

ons using fluorojade B (Schmued and Hopkins 2000) according to
anufacturer’s instructions (Histo-Chem, Inc., Jefferson, Arkansas,
SA). Briefly, deparaffinised sections were exposed to 0.06% potas-

ium permanganate for 15 min  washed in distilled water and then
tained with 0.001% fluorojade solution. In addition, early acti-
ation of microglia was assessed immunohistochemically using
n antibody against Ionized Calcium-Binding Adapter Molecule 1
Iba1, 1:1000, AB 839504, Wako Chemicals, USA) which is specifi-
ally expressed in microglia and is upregulated following cerebral
schemia (Ito et al., 2001). Sections were incubated with 10% goat
erum, then primary antibody rabbit anti-Iba1 followed by the sec-
ndary antibody, Alexa Fluor® 488 goat anti-rabbit IgG (Thermo
isher Scientific, Waltham, MA,  USA).

.5. Statistical analysis

All group data is reported as mean ± SD and statistical compar-
sons were performed using SigmaPlot 13 software (Systat Software

nc., San Jose, CA) and differences were considered significant at

 < 0.05. Differences between multiple groups were analysed using
n analysis of variance (ANOVA) or a repeated ANOVA for repeated
easures, followed by a Student Neuman–Keul’s test for a multi-
ce Methods 268 (2016) 56–65 59

ple comparison of groups. Comparisons of the difference of means
between two groups used a Student’s t-test. For the investigation
of the relationship between illumination intensity and ischemic
lesion volume a Pearson product correlation analysis was  per-
formed. Histology scores were compared using an ANOVA on ranks
followed by a Rank Sum Test.

3. Results

3.1. Mild ischemic injury produced with the minor
photothrombotic method

In the first experiments, light intensity was varied. These exper-
iments demonstrated that 5 min  illumination with a low light
setting (approx. 280,000 lux) at the illuminated area produced
smaller T2 lesions than more intense light levels. Similar to reports
in the literature (Alaverdashvili et al., 2008; Kao et al., 2014), the
intensity of light correlated to volume of damage (n = 15, R = 0.86,
P < 0.0002, Pearson correlation). Thus, for production of a minor
photothrombotic lesion, we  subsequently focused on illuminat-
ing with a light intensity of 280,000 lux at the skull (approx.
41 mW/cm2 at 555 nm)  for 5 min  starting at 1 min  following bolus
injection. For each light source, optic fibre and filter configuration,
this optimal light intensity will likely need to be confirmed empiri-
cally. Note that centring the light fibre on the mask and positioning
the fibre perpendicular to the skull were important factors affecting
lesion induction along with spatial distribution of the light inten-
sity. It is prudent to confirm central light intensity routinely thereby
avoiding potential variations (e.g. 25% increased central intensity
with replacement of an ageing halogen bulb). Light intensity, after
a warming period, was relatively stable over 5 min  of illumination
(coefficient of variation of 1.2%) and stable after initial bulb replace-
ment (e.g. range of 41–44 mW/cm2 without decline over 3 months);
with some light sources stabilizers have been used and are impor-
tant for maintaining constant illumination (Alaverdashvili et al.,
2015; Verlooy et al., 1993).

With our minor photothrombotic procedure, ischemic changes
detected in T2w (e.g. Fig. 2A) and Dw (e.g. Fig. 2B) images consisted
of lesions in multiple slices detected as marked hyperintensities
in the superficial cortex. The central slice had the largest areas of
superficial hyperintensity changes. Within the perfusion weighted
scan of the central slice, the regions of marked hyperintensity
(Fig. 2C and D) corresponded to an area of marked hypoperfusion
(Fig. 2E). Adjacent to the marked hyperintense regions of T2w, there
were more modest increases in T2 corresponding to regions with
either slight or little apparent reduction in cortical perfusion. Of  23
consecutive animals subjected to conditions to produce a minor
photothrombosis, one died during surgery and one had no MR
changes. The majority (14/21) had small infarcts with mild/minor
lesions (mean volume of 1.7 ± 0.8 mm3) and the remainder had
somewhat larger infarcts with moderate lesions (total volume of
5.9 ± 1.8 mm3) overlying regions with mild T2 changes.

3.2. Variablity in lesion size and the cerebral perfusion changes

To analyse similar lesion sizes, the Dw lesions in each slice
selected for analysis were classified according to their size: i.e. mild
(no lesion or slight superficial spot <0.7 mm2), minor (superficial
lesion 0.8–2.5 mm2) and moderate (2.5–6 mm2) (e.g. Fig. 3A, a–c).
Irrespective of the Dw lesion size, modest T2 intensity increases
were also observed in cortex adjacent to the Dw/T2 hyperintense

core (arrow heads, Fig. 3A, d–f). laser Doppler flowmetry changes
measured immediately post-illumination (Fig. 3B), within a region
likely encompassing both photothrombotic and non-affected cor-
tex, tended to show recovery towards baseline after the end of
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Fig. 3. MR  imaging assessment of differing severities of photothrombotic lesions 24 h following illumination. (A) Representative diffusion weighted (Dw) images (a–c), T2

weighted (T2w) images (d–f) and perfusion weighted (PW) images (g–i) following a mild, minor or moderate photothrombotic insult. Marked altered intensities occur within
the  ischemic lesion (arrows) and modest changes in adjacent regions (arrowhead). (B) Cortical blood flow changes measured using Doppler flowmetry in control animals
without  illumination (n = 5) and animals with mild/minor (n = 7) or moderate/severe (n = 8) lesions indicating a decrease in flow post-illumination with some recovery in
animals  with smaller ischemic lesions. *P < 0.01, **P  < 0.001, different from baseline; +P < 0.01, ++P  < 0.001 different from moderate/severe group. (C) Mean perfusion (% of
normal  control cortex) within lesions of mild (n = 5), minor (n = 4) or moderate (n = 4) severity demonstrating marked hypo-perfusion within the diffusion weighted (Dw)
l  < 0.05
l dition
l . *P < 0
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e
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esion  area and less marked perfusion deficits in adjacent mid  peri-lesion areas. *P
esion  region (paired Student’s t-test). (D) In animals imaged at 1d and at various ad
esions  (n = 11, 4, 5, 4 and 10, 3, 5, 4 for the 1, 2, 3–5, and 7 day points, respectively)

llumination and the recovery was greater in animals with mild
R lesions compared to those with larger lesions. In cerebral per-

usion images acquired using MRI  at 24 h post photothrombosis,
Fig. 3A, i–k) there was persistent marked hypoperfusion in all
esion regions (arrows) and flow reductions were substantial in

oderate but not mild lesions (Fig. 3C). Quantitative assessment of
erfusion in cortex adjacent to the lesions was significantly reduced

n moderate but not mild or minor MR  lesions.

.3. Longitudinal changes in T2

In order to help characterize the cerebral effects of mild or mod-
rate photothrombotic lesions, the T2 changes were assessed at
ifferent time points in additional animals that were imaged at
d post and then at one or more additional time points up to
d later (Fig. 3D). T2 in both the lesion (outer cortex) and adja-
ent peri-lesion (mid cortex) increased relative to control cortex

ith increases in the moderate lesions exceeding those of the mild

esions (P < 0.001). The T2 changes decreased over the first few days
s edema resolved (P < 0.01) (2 way ANOVA with Holm Sidak test).
ystic formation occurred in the superficial cortex by 5–7 days
, **P < 0.005, different from control; +P < 0.05, ++P < 0.005 different from mid  peri-
al times, the T2 increase (% control) declined over time for either moderate or mild
.01, **P < 0.001, different from 1 day post insult.

resulting in very high T2 (not shown as cortical tissue was lost)
whereas there was a normalization of T2 within the mid  cortex.

3.4. Histological changes corresponding with MR  changes

Investigation of the histological correlates of the changes in
the MR  images generally demonstrated a good correspondence
between severity of ischemic injury (Fig. 4A, a–d and B, a–c) and
T2 changes at 1d post-insult (Fig. 4A, e). Both hematoxylin and
eosin and cresyl violet stained sections showed extensive loss of
neurons and a developing infarct within the T2 lesion of marked
hyperintensity (T2 generally greater than 150% control). In regions
of deep cortex adjacent to and surrounding the infarct there were
regions of scattered necrosis or selective neuronal necrosis that,
in the corresponding MR  slices, reflected modest increases in T2
(approx. 115–150%). Minimal T2 increases (e.g. 10–15%) could be
observed without apparent signs of ischemic tissue injury, partic-

ularly in deeper cortical layers. Also infrequently, small infarcts
were observed in superficial cortex histologically without visible
hyperintense Dw/T2 lesions detectable in MR  images. Such discrep-
ancies between imaging and histological changes were considered
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Fig. 4. Representative histological section containing a minor photothrombotic lesion and the T2 measures within these regions selected from the corresponding T2w MR slice
(A—e).  (A) Hematoxlyin and eosin stained section (a) and magnified subregions (b–d) and their T2 measures along with a normal control region (f) for comparison. A marked
T2 increase (e.g. >50%) within the lesion (b) was  associated with infarction whereas within mid  or inner cortex a modest increase in T2 (approx. 15–50%) corresponded to a
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egion  with scattered cell death (c,d). (B) Cresyl violet stained section (a) and magn
lso  demonstrate the presence of pannecrosis (b) and scattered necrosis (c) within t
oderate (n = 4) lesions within outer, mid  and inner levels of cortex. *P < 0.02, mod

o be due to differences in sensitivity and spatial resolution of
he two methods; the 0.7 mm thick MR  slice reflecting a tissue
verage of 6 �m histology sections. For sections with a good reg-
stration of the T2 lesion and histology, blinded grading of the
njury in hematoxylin and eosin stained sections at 1 or 2 days
fter the photothrombotic insult demonstrated greater ischemic
njury in moderate than mild T2 lesions at all depths of cortex
Fig. 4C). Infarction or extensive necrosis occurred within the lesion
n outer cortex with more modest to minimal changes at mid  and
nner levels, respectively (P < 0.001). In a subset of animals (3 per
esion severity) additional indications of mild ischemic injury were
bserved in adjacent sections stained with fluorojade and Iba1 (e.g.
ig. 5). In these animals, within mid  and inner cortex, there were
cattered necrotic or degenerating neurons stained with fluorojade
e.g. Fig. 5B–D) and these regions were associated with modest
yperintense T2 changes. In addition, in regions with modest T2

yperintensity, microglia stained with Iba1 were generally larger
nd of a bushy morphology (Fig. 5E–G) compared to microglia in
ontrol cortex (Fig. 5H).
subregions (b–d) matching the hematoxylin and eosin stained sections (b,c,f) that
rtex. Scale bar = 200 �m.  (C) Damage score assessed for mild (n = 5), minor (n = 4) or
ifferent from mild for corresponding depth of cortex.

3.5. Brain damage with a recurrent minor photothrombotic insult

We also investigated the ability to produce multiple minor pho-
tothrombotic insults as a novel model of recurrent minor stroke.
For stroke recurrence, the mild photothrombotic model producing
a minor stroke (Fig. 6A) was  repeated 2 days later (n = 4). The skull
was re-exposed and Rose Bengal was injected followed by illumi-
nation of the cortex—with one difference being that the mask over
the skull was positioned 1.5 mm more posterior than the initial
insult (Fig. 6B). The first insult of minor stroke that was  produced
had several slices with modest T2/Dw ischemic changes, particu-
larly in the most anterior and posterior slices (e.g. Fig. 6A). With a
second illumination two  days later, the most anterior slice did not
receive another ischemic insult and thus there was some recovery
towards normal in the T2 change within the lesion (Fig. 6C), similar
to that reported in Fig. 3D. With an overlap in illumination in the

initial mild posterior slice, there was  evidence of additional dam-
age and T2 augmentation. The new most posterior slice with the
second illumination had only a single insult and mild T2 changes.
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Fig. 5. Ischemic injury in regions of modest hyperintense T2 changes. (A) A T2 weighted MR image of a representative animal with a minor photothrombotic lesion showing
m n stai
l ction s
m x (H).
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odest T2 hyperintensity within mid  and inner cortex. (B) A corresponding sectio
esion  and within mid (C) or inner (D) depths of cortex. Within a corresponding se

id  (F) and inner (G) cortex compared to microglia in contralateral uninjured corte

istologically this corresponded to a median damage score of 5.5
range of 3–6) for the single mild injury and a median score of 7
range of 7–9) for the double injury slice (P < 0.03, Mann–Whitney
ank Sum Test). Although additional injury was detectable with
he use of MRI, the actual number of slices and severity of injury in
ach slice along with the number of slices with overlap varied so
hat MRI  was important for identifying insult severity and location
hen producing recurrent insults.

. Discussion

.1. Production of a minor cerebral photothrombotic lesion

Photothrombosis has traditionally been used to produce con-
istent rather large infarcts within the cortex and similar to the

resent study, MR  imaging changes of increased T2 and Dw within
he infarct lesions have been reported previously (Pierpaoli et al.,
993; Van Bruggen et al., 1992). Similar to the present results,

 reduction in T2 from maximal values at 1–2d post insult has
ned with fluorojade indicating increased degenerating or necrotic cells within the
tained with Iba1 there were increased numbers of ramified microglia in outer (E),

 Scale bar = 25 �m.

been reported to occur during resolution of edema within the
lesion by others (Jolkkonen et al., 2007; Schroeter et al., 2001).
Two different studies have also reported the production of smaller
infarcts using white light. One provided evidence for some penum-
bra or transition zone of milder ischemic changes acutely whereas
the other investigated chronic histological changes and observed
cortical thinning and brain atrophy (Moon et al., 2009; Pevsner
et al., 2001). The very small infarct size of less than 3.0 mm3 in
the current study is generally smaller than that of Moon et al.
(2009) (1.16–6.43 mm3) and markedly less than the majority of
studies using standard photothrombosis (e.g. infarct volumes of
15–100 mm3) (Jolkkonen et al., 2007; Kao et al., 2014; Lee et al.,
1996). Even smaller infarcts (approx. 0.2 mm3) can be produced by
permanent occlusion of single cerebral vessels using focused beams
of green laser light (Harrison et al., 2013; Shih et al., 2013). How-

ever, mild peri-infarct ischemic changes have generally not been
investigated and/or reported in these studies.

MR  imaging and histological characteristics of such mild insults
producing small infarcts with hyperintense T2 and Dw lesions have
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Fig. 6. Effects of a recurrent minor photothrombosis. (A) T2w MR slices demonstrating ischemic changes 24 h after a minor photothrombosis (top panel). Also shown (lower
panel)  are the T2w changes 24 h following a second minor photothrombosis produced 2d later in the same animal. Ischemic T2 changes from single insults are observed
in  the two  anterior slices (from the first insult) and the posterior slices (from the second insult) whereas T2 changes from a double insult are observed in a central slice.
(B)  The sketch demonstrates that the position of the mask for illumination was  moved 1.5 mm posterior between the first and second procedure resulting in an overlap of
illumination and a double photothrombotic insult in mid-slices. (C) Quantitative measures of the T2 increases for 3 different depths of cortex – 1. outer, 2. mid  and 3. inner –
within  4 different MR slices. Following the first insult, anterior slices have significant increases in T , whereas following the second photothrombosis such T increases are
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bserved in posterior slices. In the slice with overlap and a double insult the T2 incre

ortex; +P < 0.05, ++P  < 0.005, increased from 1st insult; ‡ P < 0.05 decreased from 1

ot been well characterized. Novel to our study is the observation
hat following a minor photothrombotic insult, regions with scat-
ered necrosis generally had modest T2 increases but lacked either
iffusion weighted changes or major reductions in perfusion at 24 h
ost-insult. Modest T2 changes appeared to be within a region with
ransient thrombotic vessel occlusion as indicated by the recov-
ry of reductions in laser Doppler flowmetry post-illumination
nd are consistent with a reported spontaneous recannalization
bserved following photothrombosis (Zhang et al., 2005). Doppler
ow not returning to pre-lesion baseline values likely reflect persis-
ent ischemia in the core lesion as was observed in the MR  perfusion

cans. Similar substantial and persistent flow reductions have been
ommonly observed in the locus of major photothrombotic insults
Gu et al., 1999; Kao et al., 2014; Schoknecht et al., 2014). Thus,
his minor photothrombosis provides a technically straightforward
2 2

 enhanced following the second photothrombosis. *P < 0.003 different from control

lt (paired Student’s Bonferroni corrected t-test).

method with relatively low invasiveness for producing modest
flow reductions and mild ischemic injury; an insult which provides
a promising target for investigating new treatments. Such mild
ischemic injury may  be relevant not only to TIA and minor stroke
but also for vascular dementia and ageing for which animal models
are limited. T2 imaging provides a non-invasive method for assess-
ing the extent of the infarct (not amenable to treatment) and mild
ischemic changes (potentially amenable to treatment) prior to ran-
domization for testing new therapies promoting neuroprotection
or repair.
4.2. Limitations of the minor photothrombotic stroke model

There are several limitations of the current study regard-
ing the production of the minor photothrombotic insult. Despite



6 oscien

s
a
t
d
b
a
i
m
a
b
d
t
d
i
o
a
t
o
d
i
s

o
s
i
i
i
n
i
e
s
o
v
(
i
a
i
e
t
a
f
m
m
t
p
i

4
p

h
d
Q
m
d
r
p
i
a
a
t
d
o
o
i

4 U.I. Tuor et al. / Journal of Neur

tandardizing many of the procedures there remained some vari-
bility in the lesion sizes so that MRI  scanning was useful to confirm
he severity and exact location of the small infarcts produced. A
egree of variability in lesion size may  be unavoidable for a num-
er of reasons. The relatively low illumination intensity to produce

 mild insult may  be near a threshold where modest differences
n Rose Bengal pharmacokinetics and angle/intensity of light illu-

ination affect efficacy of photothrombosis and infarct size. In
ddition, the exact location of the small infarcts is likely affected
y anatomical variations in the pial vasculature producing localized
ifferences in thrombi production and their spontaneous dissolu-
ion. However, some of these limitations might be overcome by
esigning the light source so that it provides a well character-

zed stable intensity of light illuminating the cortex within a range
f intensities sufficient to produce mild photothrombosis. Also,
dding additional imaging, such as laser speckle perfusion imaging
o identify the duration and distribution of microvascular occlusion
r the degree of hypoperfusion, as might occur with small vessel
isease, could help further standardize methods, reduce variabil-

ty and/or allow appropriate selection of animals for drug therapy
tudies.

Another limitation may  be that the MR  imaging responses
bserved, which are useful to diagnose mild ischemic injury, may  be
pecific to the mild photothrombotic model. Modest T2 increases
n perinfarct regions reflected mild damage associated with mild
schemic cellular changes. This differs from transient ischemia
nduced by clip occlusion of the middle cerebral artery where
o T2 or Dw changes have been observed 24 h later despite mild

schemic changes histologically. The modest T2 changes provide
vidence for early vasogenic edema which is not unexpected con-
idering that Rose Bengal interacts with light to produce single
xygen species resulting in damage to the endothelium followed by
asoconstriction, platelet aggregation and production of thrombi
Dietrich et al., 1986; Watson et al., 1985). Indeed, photothrombotic
nsults are accompanied by increases in blood–brain barrier perme-
bility (Dietrich et al., 1987a) with blood–brain barrier dysfunction
n peri-infarct regions observed acutely and chronically (Reeson
t al., 2015; Schoknecht et al., 2014). However, with large pho-
othrombotic lesions, the peri-infarct region is narrow (<500 �m)
nd appears to be accompanied by marked gradations of hypoper-
usion or ischemia (Schoknecht et al., 2014) whereas our model of

inor photothrombosis is associated with only mild ischemia and
odest T2 changes reflecting some blood–brain barrier dysfunc-

ion. Taken together, the minor photothrombosis model appears to
rovide a model useful for investigating novel treatments acting to

mprove both mild ischemic damage and/or vascular injury.

.3. Recurrent minor stroke produced using repeated minor
hotothrombosis

Methods to produce overlapping recurrent mild ischemic insults
ave been limited to using multiple transient occlusions of the mid-
le cerebral artery for relatively short intervals (Clark et al., 2012;
iao et al., 2009). However, the middle cerebral artery occlusion
odel of recurrent stroke is challenging with multiple technically

emanding invasive surgeries. We  demonstrate that a minor recur-
ent stroke can be produced using multiple minor photothrombosis
rocedures that are relatively straight forward technically and less

nvasive than repeated microclip occlusion of the middle cerebral
rtery. However, because the strokes are small and somewhat vari-
ble in location, T2 imaging using MRI  is required to help identify
he extent and location of the initial insult and is useful for assessing

amage from the recurrent insult. Further reducing the variability
f a single minor photothrombosis would facilitate T2 guided study
f the pathological effects and treatment of multiple mild ischemic

njury associated with minor photothrombosis insults.
ce Methods 268 (2016) 56–65

To conclude, the modified photothrombotic procedure pre-
sented in the present study will produce a minor stroke consisting
of a small infarct in a region with marked Dw and T2 hyperinten-
sities. Adjacent to the very small infarct is a peri-infarct region of
selective necrosis with modest T2 changes that can guide selection
of animals and help in assessment of novel treatments of the mild
ischemic injury that occurs with TIA or in the penumbra region of
a stroke. We  also found that a recurrent insult is readily produced
but T2 imaging with MRI  is important for assessing the extent of
single and double mild ischemic injury.
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