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Most transient ischemic attacks (TIAs) are secondary to 
transient arterial occlusion from upstream blood clot. 

According to their new tissue-based definition, TIAs are char-
acterized both clinically by focal neurological symptoms of 
ischemic origin lasting <24 hours and radiologically by a lack 
of topographically congruent changes on diffusion-weighted 
imaging (DWI) or FLAIR magnetic resonance imaging (MRI) 
performed within 2 weeks of the clinical event.1 Normal imag-
ing in true TIAs, which account for 20% to 50% of all clini-
cally diagnosed TIAs,2 makes them difficult to differentiate 
from nonischemic transient focal neurological events; hence, 
their diagnosis rests entirely on clinical skills. Up to 45% of 
all DWI-negative transient focal neurological events are even-
tually not classified as genuine TIAs.2

The lack of detectable changes on structural MRI in TIAs 
does not, however, rule out the presence of microscopic 

damage, such as selective neuronal loss (SNL) and microg-
lial activation (MA). Recently, impairment in subtle cognitive 
tests after TIAs, despite normal neurological examination, 
has been repeatedly reported,3–5 suggesting underlying tissue 
damage. Interestingly, positron emission tomography imag-
ing using appropriate tracers is able to detect SNL and MA 
in vivo.6,7 It is therefore of translational importance to develop 
rodent models of MRI-negative TIAs to investigate whether 
these histopathologic changes effectively occur and, if so, 
characterize their behavioral counterparts.

Previous work using brief proximal middle cerebral artery 
occlusion (MCAo) in rats has documented the occurrence of 
SNL and MA, despite normal MRI.8,9 However, this model 
primarily targets the striatum, whereas in the clinical setting, 
TIAs tend to preferentially affect the cortex.10,11 Furthermore, 
cortical damage is more likely to result in long-lasting 
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behavioral changes.12 Three previous studies using brief (<1 
hour) distal temporary MCAo (tMCAo) targeting the cortex 
all reported pure SNL.13–15 However, none documented pure 
SNL as a consistent outcome nor addressed its behavioral 
correlates. Furthermore, they all used relatively early time 
points for histopathologic assessment, which may be sub-
optimal given the possibility of slow infarct maturation.16 
Here we validated and characterized a novel rodent model of 
cortical TIA using distal tMCAo in spontaneously hyperten-
sive rats (SHRs) by means of (i) MRI performed both soon 
after reperfusion and after several days; (ii) serial behavioral 
assessment; and (iii) quantitative assessment of SNL and 
MA throughout the MCA territory after survival delays ≤60 
days.

Materials and Methods
This study was performed in accordance with the legislation of UK 
Animals Scientific Procedures Act 1986 and after approval by the 
Cambridge University Ethical Review Panel. This included the re-
quirement to keep the number of animals to a minimum, yet sufficient 
to obtain meaningful results.

Overall Study Design
SHRs were elected because this strain is best representative of the 
clinical stroke population and because among rat strains it shows 
both the largest and least variable infarct size after MCAo, including 
with the distal clip model.17–20 We chose a 15-min distal MCAo dura-
tion based on previous literature and own previous work (Methods 
in the online-only Data Supplement). Two successive series of ex-
periments were performed, involving altogether 29 young adult (3–6 
months old) male SHRs (≈300 g; Charles River, UK). In the first 
(Part 1), we documented consistent cortical SNL without MRI or 
histopathologic evidence of infarction up to day 60, and in the sec-
ond (Part 2), we replicated this outcome and characterized its behav-
ioral correlates.

Part 1 used 23 consecutive rats, including 7 left to survive 28 days 
for the main study; 3 rats each to 45 or 60 days to ensure lack of 
delayed infarct maturation; and 5 rats each to 7 and 14 days as to 
examine early presence of SNL. NeuN, OX42, and GFAP immunohis-
tochemistry was performed to assess changes in neurons, microglia, 
and astrocytes, respectively. In Part 2, 6 consecutive SHRs were used; 
behavior was assessed serially until killing at 28 days; and immuno-
fluorescence using NeuN and IB4 was performed to assess SNL and 
MA, respectively.

Common Procedures

Anesthesia
Experiments were performed in freely breathing animals under 2% 
isoflurane and 1:3 O

2
/N

2
O mix.14 Body temperature was monitored 

with a rectal probe and strictly maintained at 37.0°C ausing a heated 
pad throughout all procedures. SaO

2
 and heart beat were continuously 

monitored using a pulse-oximeter and were within physiological lim-
its throughout.

MCAo
Distal microclip left tMCAo was performed as detailed previous-
ly.14,15 The clip was removed after 15 mins and the wound closed. 
Reperfusion was visually confirmed on clip removal15 and by MRI an-
giography in a subset of rats (see below). We have previously reported 
consistent recanalization on time of flight-MRI angiography using this 
model.14 To avoid additional procedural complications that may affect 
tissue outcome, including blood loss from femoral cannulation, arte-
rial blood pressure was not measured here and is known to be already 
significantly elevated (>170 mm Hg) by 3 months of age in SHRs.21,22

MRI
MRI was performed at day 0, ≈20 min postreperfusion, and again 
immediately before perfusion-fixation in Series 1 and at 14 days 
in Series 2 subjects. The protocol included T2-weighted and DWI 
scans in all rats and MRI angiography in a subset of Part 1 rats. MRI 
data analysis was visual, although an ancillary analysis of MRI sig-
nal looking for potential subtle markers of SNL was also performed 
(Methods in the online-only Data Supplement).

Histopathology
On the final experimental day, perfusion-fixation was performed 
and the brain cryosectioned as detailed previously14,15 and in 
Methods in the online-only Data Supplement. Ischemic lesions 
were classified into 3 main subtypes,14 namely pan-necrosis, 
partial infarction, or SNL (Methods in the online-only Data 
Supplement).

Part 1: Specific Procedures

Immunohistochemistry
Immunohistochemistry for NeuN, OX42, and GFAP and standard 
Cresyl Violet staining were performed as previously detailed.14,15

Quantitative Assessment of Ischemic Changes
In animals allowed to survive 28, 45, or 60 days post MCAo, for-
mal cell counting was performed as described elsewhere23 in whole 
regions-of-interest (ROIs) spanning the MCA territory on both sides, 
using a template of 44 prespecified symmetrical ROIs (derived from 
Paxinos’ anatomic atlas24) belonging to 8 predetermined coronal sec-
tions, as described in detail elsewhere.15 See Methods in the online-
only Data Supplement for details.

For each ROI, changes in neuron and activated microglia density 
were expressed as percentage relative to the contralateral side. In 
addition, for each rat, a whole hemisphere average neuronal loss or 
MA, to be referred to as CellDens_Total below, was calculated as 
the weighted mean percentage change (normalized by the area of the 
ROI) across all 44 ROIs for NeuN and OX42, respectively.

Part 2: Specific Procedures

Behavior
Behavioral effects were assessed with both Garcia’s Neuroscore,25 
performed the day before surgery and at postoperative days 1, 7, 
14, 21, and 28, and the more sensitive modified sticky label test 
(mSLT),26 performed the day before surgery and at postoperative days 
1, 3, 7, 11, 14, 18, 21, 25, and 28. See Methods in the online-only 
Data Supplement for details.

Histopathology
Immunofluorescence was implemented using NeuN and IB4 antibod-
ies to map neuronal loss and MA, respectively (Methods in the on-
line-only Data Supplement). Quantitative assessment was performed 
on the same set of 8 coronal sections described earlier, according to 
procedures detailed in Methods in the online-only Data Supplement. 
Briefly, on whole-brain immunofluorescence sections of the 6 rats 
presented in random order and without knowledge of the affected 
side, 2 experienced raters independently delineated using computer 
mouse any areas with lack of NeuN immunoreactivity or increased 
IB4 staining, and total lesion volume across the whole hemisphere, 
to be referred to as Vol_total below, was computed for each side 
separately.

Results
There was no instance of micro- or macro-infarcts, hemor-
rhage, SNL, or MA in the unaffected hemisphere in any sub-
ject of any group.
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Part 1

Histopathology
28 Days Survival Group
There was no evidence of pan-necrosis or partial infarction in 
the occluded hemisphere in any subject. However, patchy or 
layer-wise cortical SNL was present at both low and high res-
olution in all 7 rats, not consistently involving a specific corti-
cal layer. Typical for recent SNL,27 MA consistently matched 
the areas of SNL, together with more diffuse astrocytosis on 
GFAP (Figure 1).

These findings were confirmed by cell counting showing 
similar regional pattern of SNL and MA involving the cortical 
MCA territory and reaching statistical significance in several 
ROIs (Figure IA and IB in the online-only Data Supplement). 
Accordingly, there was a significant (P<0.01) negative cor-
relation between NeuN and OX42 density changes across the 
44 ROIs (Figure IC in the online-only Data Supplement). The 
CellDens_Total values for NeuN and OX42 across the sample 
(Figure 2A) were significantly reduced and increased, respec-
tively, relative to the control side (P<0.0001 for both).

Figure 1. Representative histologi-
cal sections (bregma+1 mm) from 1 rat 
demonstrating cortical selective neuro-
nal loss with topographically congruent 
microglial activation and astrocytosis 28 
days after 15 min middle cerebral artery 
occlusion (MCAo). A–D, Displayed are 
×10 NeuN, cresyl violet (CV), OX42 and 
GFAP images, respectively. The middle 
row shows ×50 and the left row ×100 
magnification of the insets shown on the 
×10 images. Layer-wise arranged patches 
of variously severe neuron loss are pres-
ent on NeuN (red arrows), with consistent 
but less clear findings on CV. Patches 
of activated microglia, topographically 
congruent with the selective neuronal loss 
(SNL) areas, are present on OX42 (blue 
arrows), whereas GFAP reveals conspicu-
ous, more diffuse astroglial reaction in the 
same areas.

Figure 2. A, Mean (and SEM) CellDens_Total, that is, the weighted percent cell density change averaged across the 44 regions-of-interest 
(ROIs; n=6 as NeuN staining was inadequate for ImageJ analysis in 1 rat) for NeuN and OX42, showing highly significant NeuN loss and 
increased OX42 binding 28 days after 15 min middle cerebral artery occlusion (MCAo). B and C, Same results for the 45 days and 60 
days survival groups, respectively (n=3 per group), showing statistically significant NeuN loss and increased OX42 binding at both time 
points. Note the essentially stable NeuN value relative to the markedly declining OX42 value over time.
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45 and 60 Days Survival Groups
No instance of infarction was found in any rat. At 45 days, no 
definite SNL, MA, or astrocytosis were identified at low mag-
nification, though consistently present at high magnification. 
In no rat survived 60 days could definite MA or astrocytosis 
be identified even at high magnification, despite the presence 
of a few small SNL patches in each rat (Figure 3).

Cell counting showed roughly similar NeuN reductions at 
both 45 and 60 days, both ≈2-fold less prominent than at day 
28, whereas OX42 values showed a sharp ≈6-fold decline from 
day 28 to day 60 (Figure II in the online-only Data Supplement). 
Accordingly, NeuN CellDens_Total values on the affected side 
were highly significantly reduced at both time points (Figure 2B 
and 2C). The corresponding OX42 values were also signifi-
cantly increased at both time points, but marginally so for the 
day 60 value. This is also illustrated in the scatterplots of NeuN 
versus MA cell counts, showing as compared with day 28 a flat-
tening of the OX42 values as opposed to persistently reduced 
NeuN values over time, with their correlation losing statistical 
significance (Figure III in the online-only Data Supplement).

Seven and 14 Days Survival Group
Definite SNL and MA were present in all subjects for both 
time points, adopting a regional distribution similar to that 
observed in the day 28 group (see Figure IV in the online-only 
Data Supplement for illustration). Because the aim of study-
ing these earlier time points was to ensure that definite SNL 
was already present, cell counting was not performed.

MRI
MRI angiography, obtained in 3 animals from the 28 days 
group, consistently showed full recanalization. No DWI or 
T2-weighted changes were visible either acutely or at follow-
up in any subject (Figure 4). Quantitative data are presented in 
the Table in the online-only Data Supplement.

Part 2

Overall Assessment
Patchy or layer-wise NeuN staining loss was present on visual 
inspection of the immunofluorescence sections in 5/6 rats, con-
sistently matched by IB4 staining increases (Figure 5A and 5B).

No visually detectable MRI changes were present in any 
subject either acutely or on day 14 (Figure 5C). Quantitative 
data are presented in the Table in the online-only Data 
Supplement.

Immunofluorescence Lesion Delineation
No rater delineated any lesion on the unaffected side. There 
was an excellent agreement in lesion volumes between the 2 
raters (kappa=0.57 and 0.667 for NeuN and IB4, respectively; 
intraclass correlation coefficient P<0.0001).

Affected-hemisphere Vol_Total values for NeuN and IB4 
(1.4±1.8 mm3 and 1.3±1.7 mm3 s, respectively) were signifi-
cantly higher than on the unaffected side (P<0.05; Figure 6A) 
and strongly intercorrelated (r=0.89, P<0.0001; data not 
shown).

Behavioral Data
Garcia Neuroscore
No neurological deficit was present at any time point in any rat.

mSLT
As expected,26 at baseline, all animals spent almost the entire 
observation period attending to the stimulus. After MCAo, 
there was a marked and highly significant deficit (P<0.0001, 
ANOVA), which on post hoc tests was significant for each 
time point relative to baseline, but showed significant recovery 
at last assessment (P=0.033; day 28 versus day 21; Figure 6B). 
There was no significant correlation between peak deficit or 
any time point mSLT data and either NeuN or IB4 Vol_Total 
values across the 6 rats.

NeuN OX42

*
*

*

*
* *

Day 45

A

Day 60

B

GFAP

Figure 3. Representative NeuN and OX42 ×10 sections, and 50× magnification of the dotted line boxes, from the same coronal level of 
2 rats survived 45 (A) and 60 days (B) after 15 min middle cerebral artery occlusion (MCAo). A corresponding 50× magnification GFAP 
image is also shown on the right hand side. This figure illustrates the presence of selective neuronal loss (SNL) at both post-MCAo time-
points, hardly detectable at low magnification but evident at high magnification (stars). Microglial activation (MA) is even fainter at 45 days 
but visible at high magnification within the SNL areas, together with mild astrocytosis. At 60 days, neither definite MA nor astrocytosis 
were detectable even at high magnification.
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Discussion
Fifteen-minute distal MCAo in SHRs resulted in corti-
cal SNL in 28/29 subjects, with no evidence of associated 
infarction in any subject either on MRI or at postmor-
tem performed as late as day 60. Because pure SNL was 
already present at day 7, it does not represent a delayed 
phenomenon; however, longitudinal studies would be 
worth performing to determine the precise time course of 
postischemic SNL. Consistent with the histopathologic 
literature on SHR,21,22 there was no evidence in this study 
of SNL or microinfarcts, nor of any MRI changes, in the 
contralesional hemisphere, so the observed changes can 
be confidently ascribed to the MCAo. However, SHRs are 
known to develop brain vasculature changes secondary to 
chronic hypertension that make them particularly suscep-
tible to ischemic injury.17,18,21,22

Our model mimics true TIA not only as no MRI changes 
were detected at any postreperfusion time point, but also 
because neurological examination was normal throughout. 
However, finer behavioral tests disclosed significant senso-
rimotor dysfunction still incompletely recovered at 4 weeks. 
Finally, MA was consistently associated with SNL, although 
declined over time, and represents another salient conse-
quence of brief focal ischemia.

Rodent TIA Model
Striatal SNL after proximal tMCAo has been extensively 
reported.27 Across studies, striatal SNL—occasionally 
associated with mild cortical SNL—regularly follows 
≤20 min MCAo in the rat, whereas longer occlusions 

consistently cause striatal infarcts.27 Two previous articles 
only have been published as rodent models of TIA.28,29 In 
one,29 striatal and occasional cortical microinfarcts were 
present 24–72 hours after 5 to 10 minutes proximal MCAo 
in Sprague–Dawley rats, but the definition used for micro-
infarcts is questionable because key criteria to distinguish 
pan-necrosis from SNL, such as coagulation necrosis, astro-
cytosis, and MA, may not develop that early. Additionally, 
this outcome was present in 9/32 subjects only, and neither 
MRI nor behavior were assessed. In the other study,28 mice 
subjected to proximal MCAo lasting 5 to 12.5 mins con-
sistently exhibited cortical selective neuronal necrosis on 
H&E performed at 24–72 hours together with normal MRI 
and Neuroscore. However, postmortem assessment was 
again too early, whereas neither quantitative immunohis-
tochemistry nor finer behavioral tests were performed. The 
latter have to date been reported in a single study where rats 
subjected to 20 min proximal MCAo showed impaired SLT 
performance followed by full recovery occurring between 
days 7 and 21, associated with normal MRI but striatal 
selective neuronal necrosis and milder cortical selective 
neuronal necrosis at postmortem.8

Although the above reports are useful as models of TIAs 
resulting from proximal MCA occlusion, they do not model 
cortical TIAs, and more generally, cortical SNL is never 
extensive following proximal MCAo unless striatal infarction 
also occurs.27 Using 45 min distal MCAo in SHRs, isolated 
cortical SNL was present in a subset of rats but the major-
ity showed clear infarcts,14,15 indicating this duration is inad-
equate for a consistent outcome. Brief distal MCAo was 
previously assessed in a study on Wistar rats focusing on 

Figure 4. Illustrative MRI findings of the same coronal section in 1 rat from each survival group (ie, D7, D14, D28, D45, and D60), depict-
ing diffusion-weighted imaging (DWI) obtained at day 0 (A; ≈20min postrecanalization) and T2-weighted obtained just before perfusion-
fixation (B), showing no evident abnormalities. The slightly brighter signal on the right hand side of images is caused by slight field 
inhomogeneity of the magnet used.
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recurrent ischemic insults.13 A single 40 min MCAo episode 
caused mild selective neuronal necrosis on H&E and normal 
MRI on day 7, but without significant SNL or MA on immu-
nohistochemistry. In addition, outcome consistency was not 
reported, nor behavior assessed.

In the present study, visual identification of SNL was 
increasingly difficult as time elapsed, paralleled by an ≈2-
fold smaller cell loss at 60 as compared with 28 days. Chance 
finding as a result of small samples rather than delayed tissue 
collapse likely explains this observation because cell count-
ing was performed in whole symmetrical ROIs. However, 
even though neuronal repopulation is elusive after cortical 
infarcts,30 migrating neuroblasts might have penetrated SNL 
patches given the sparse glial scar.

Behavioral Effects
The unaltered Neuroscore in our study is consistent with 
the absence of infarction, which induces clear Neuroscore 
deficits in SHRs,31 whereas the markedly impaired mSLT 
matches SNL predominantly involving S1/2. Deficits on 
SLT are thought to reflect a mix of hemi-sensory neglect 

and extinction, forepaw motor deficit, and impaired somato-
sensory integration (Methods in the online-only Data 
Supplement). Among several tests, only the SLT was affected 
in mice subjected to permanent distal MCAo.32 Sensorimotor 
deficits after proximal MCAo more specifically reflect corti-
cal relative to striatal damage.12 This differential effect prob-
ably explains why in Sicard’s 20 min proximal MCAo study,8 
where only marginal cortical SNL was present, impaired SLT 
had fully recovered before day 21, as compared with still 
recovering at day 28 here.

Although a sham group was not included, young adult 
SHRs are not known to develop sensorimotor impair-
ment over time,33,34 whereas longitudinally assessed mSLT 
performance does not show habituation in sham rats.26 
Furthermore, the time course of changes does not fit with 
an MCAo-unrelated spontaneous decline as the day 28 score 
showed significant recovery relative to previous time point. 
Nevertheless, SHRs do develop histopathologic and behav-
ioral stigmata of accelerated brain aging over time,21,35 which 
could have contributed to the behavioral effects of MCAo by 
reducing the brain reserve.

Figure 5. Illustrative examples of layer-wise (A) and patchy (B) NeuN staining loss (arrows) in the affected cortical middle cerebral artery 
(MCA) territory, assessed 28 days after 15 min distal middle cerebral artery occlusion (MCAo) using multicolor fluorescence microscopy 
in 2 different rats of Part 2 experiments, showing also topographically congruent IB4 staining increases (see overlay of NeuN and IB4 
images on the right hand side image in B). The images in C are similar-level diffusion-weighted imaging (DWI; day 0; left) and T2-weighted 
MRI (day 14; right) obtained in the same rat, displaying no abnormalities.
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Inflammation
Using OX42, a monoclonal antibody to CD11b strongly 
expressed by activated microglia/macrophages, inflamma-
tion was found to be consistently associated and topographi-
cally congruent with SNL, though declined over time and was 
barely detectable at day 60, consistent with literature.27 That 
MA is consistently associated with SNL is well established. 
Strong topographical congruence and quantitative correlation 
between SNL and MA have been previously reported on both 
days 14 and 28 after distal tMCAo in SHRs.14,15 It is therefore 
plausible that MA, which is initially triggered by neuronal 

injury, might exacerbate SNL.36 However, intervention stud-
ies to date have been largely inconclusive, which may be as a 
result of the confounding prorepair effects of MA.36 Detailed 
longitudinal studies in our model might help clarify these 
complex inter-relationships.

MRI Correlates
Consistent with all previous reports,8,9,13,14,37 SNL and MA 
were not associated with any visually detectable DWI 
lesions or infarct-type T2-weighted hyperintense lesions 
on early postreperfusion and follow-up MRI, respectively. 
Ancillary analysis confirmed the lack of significant acute 
DWI or follow-up T2 signal changes; interestingly, however, 
there was a small (≈5%) but significant acute-stage appar-
ent diffusion coefficient reduction (Table in the online-only 
Data Supplement), probably as a residual of the preceding 
severe cortical ischemia. Our model therefore effectively 
mimics true TIA, which is defined by lack of corresponding 
lesion on early and delayed standard diffusion and FLAIR 
sequences.2 As we designed our study to match these crite-
ria, we cannot exclude that cortical SNL might be detect-
able on specific MRI sequences or as transient changes 
on standard sequences. For instance, in one study, striatal 
T2 hypersignal was present 24 hours and 1 and 2 weeks 
after 60 min proximal MCAo in Wistar rats, but had van-
ished at week 10,37 though reflected severe, near complete 
SNL as opposed to mild cortical SNL here. Of note, the 
T2-weighted sequence used here has been previously shown 
to clearly depict pathologically proven cortical infarcts.14

Clinical Implications
Our findings have clinical relevance. First, that DWI-negative 
TIAs may involve hidden cortical damage points to potential 
long-term, equally hidden consequences on brain functions, 
especially in case of multiple TIAs. Thus, similar to our find-
ings, subtle cognitive impairment not apparent with standard 
neurological scales and lasting days to weeks have been 
documented after TIAs.3–5 The high frequency of both mul-
tiple silent DWI lesions38 and equally silent microemboli39 in 
this population might lead to extensive cortical SNL, even in 
case of single clinical TIA, in turn affecting the brain’s plastic 
reserve and potentially contributing to worse deficits/recov-
ery in case of stroke, as well as vascular cognitive impairment 
and old-age dementia in association with Alzheimer pathol-
ogy.27 Accordingly, TIAs are known to be associated with an 
increased long-term risk of cognitive decline and dementia.3,4 
Independent from or in addition to this classic diminished 
reserve mechanism, neuronal death might also directly trigger 
aβ deposition and facilitate Alzheimer pathology,40,41 an effect 
possibly enhanced in SHRs given their naturally occurring 
accelerated brain aging. Thus, SNL and MA might represent 
therapeutic targets in patients with TIAs. Second, given the 
neuronal damage, the original TIA symptoms might resur-
face under psychological or pharmacological stress disrupting 
local reorganization.42 Finally, relevant to both diagnosis and 
research, both cortical SNL and MA could be readily detect-
able after clinically unclear transient focal neurological event 
using specific positron emission tomography ligands.6,7

Figure 6. A, Mean (and SD) Vol_Total NeuN and IB4 values (ie, 
the summed volume of all manually contoured regions-of-interest 
[ROIs] across the 8 selected coronal sections, see Methods) for 
the affected hemisphere (n=6 rats, Part 2). Both were significantly 
higher than on the unaffected side (paired t test, P<0.05 for 
both). B, Modified sticky label test (mSLT) contralateral forepaw 
performance (mean and SEM, n=6 rats). mSLT performance was 
expressed as a ratio of the time attending to the tape within the 
observation period/30 s. Accordingly, a higher ratio indicates bet-
ter performance. Fifteen-minutes middle cerebral artery occlusion 
(MCAo) induced a marked sensorimotor deficit that tended to 
recover over time but was still significant at the 28-day time point 
(Time effect: F(4,20)=11.4, P<0.0001, 1-way repeated measures 
analysis of variance; post hoc tests for each time point relative to 
baseline: P=0.023, 0.006, 0.005, 0.004 for weeks 1, 2, 3, and 4, 
respectively).
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