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Abstract

Most of the successes in experimental models of stroke have not translated well to the clinic. One
potential reason for this failure is that stroke mainly afflicts the elderly and the majority of
experimental stroke studies rely on data gathered from young adult animals. Therefore, in the
present study we established a reliable, reproducible model of stroke with low mortality in aged
(18 month) male mice and contrasted their pathophysiological changes with those in young (2
month) animals. To this end, mice were subjected to permanent tandem occlusion of the left distal
middle cerebral artery (dMCAOQ) with ipsilateral common carotid artery occlusion (CCAO).
Cerebral blood flow (CBF) was evaluated repeatedly during and after stroke. Reduction of CBF
was more dramatic and sustained in aged mice. Aged mice exhibited more severe long-term
sensorimotor deficits, as manifested by deterioration of performance in the Rotarod and hanging
wire tests up to 35d after stroke. Aged mice also exhibited significantly worse long-term cognitive
deficits after stroke, as measured by the Morris water maze test. Consistent with these behavioral
observations, brain infarct size and neuronal tissue loss after AMCAO were significantly larger in
aged mice at 2d and 14d, respectively. The young versus aged difference in neuronal tissue loss,
however, did not persist until 35d after dMCAO. In contrast to the transient difference in neuronal
tissue loss, we found significant and long lasting deterioration of white matter in aged animals, as
revealed by the loss of myelin basic protein (MBP) staining in the striatum at 35d after dAMCAO.
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We further examined the expression of M1 (CD16/CD32) and M2 (CD206) markers in Iba-1*
microglia by double immunofluorescent staining. In both young and aged mice, the expression of
M2 markers peaked around 7d after stroke whereas the expression of M1 markers peaked around
14d after stroke, suggesting a progressive M2-to-M1 phenotype shift in both groups. However,
aged mice exhibited significantly reduced M2 polarization compared to young adults.
Remarkably, we discovered a strong positive correlation between favorable neurological outcomes
after dAMCAO and MBP levels or the number of M2 microglia/macrophages. In conclusion, our
studies suggest that the distal MCAO stroke model consistently results in ischemic brain injury
with long-term behavioral deficits, and is therefore suitable for the evaluation of long-term stroke
outcomes. Furthermore, aged mice exhibit deterioration of functional outcomes after stroke and
this deterioration is linked to white matter damage and reductions in M2 microglia/macrophage
polarization.
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Introduction

More than 140,000 people die each year from stroke, the fourth leading cause of death in the
United States. Aging is one of the most important risk factors for stroke, as 75% of stroke
patients are over the age of 65 according to the Centers for Disease Control and Prevention.
Animal models of stroke, particularly in rodents, have provided invaluable in vivo
experimental platforms to explore therapeutics for stroke and to determine the underlying
pathophysiological mechanisms. Although most experimental stroke studies are conducted
on healthy young animals, accumulating evidence points to age-related differences in gene
expression, cytokine production (Godbout et al., 2005; Kuzumaki et al., 2010; Nolan et al.,
2005; Orre et al., 2014; Semple et al., 2013; Ye and Johnson, 2001), microglia/macrophage
responses (Hickman et al., 2013; Norden and Godbout, 2013), and white matter
vulnerability to ischemia (Rosenzweig and Carmichael, 2013). These age-related changes
may explain the current discrepancy between experimental results and clinical outcomes
(Ramanantsoa et al., 2013; Tajiri et al., 2013). It is therefore imperative to establish a viable
stroke model in aged animals in order to confirm the impact of aging on stroke outcomes
and explore the underlying pathophysiology.

Thus far, the small number of studies in aged animals has resulted in controversy regarding
short-term outcomes after stroke. Some studies show an age-related increase in infarct
volume (Kharlamov et al., 2000; Rosenzweig and Carmichael, 2013; Sutherland et al.,
1996), while others reveal significantly smaller infarcts in aged rodents (Liu et al., 2009).
This discrepancy may partly be attributed to the use of differing stroke models. In addition,
aged animals have seldom been used to study long-term outcomes after stroke due to
relatively high mortality. For example, the mortality rate for animals subjected to 60 min
proximal middle cerebral artery occlusion (MCAO) is 9% for young adult rats but 43.5% for
aged rats (Wang et al., 2003). Similarly, aged rats exposed to 2 hours of proximal MCAO
followed by tissue plasminogen activator (tPA) reperfusion suffer from a high mortality rate
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(36% at 24h, 50% at 2 d and 60% at 21d) (DiNapoli et al., 2008; Dinapoli et al., 2006; Tan
et al., 2013). In contrast to these proximal MCAO models, the distal MCAO model, with
permanent coagulation of the MCA distal to the lenticulostriate arteries, causes smaller brain
infarcts and does not suffer from high mortality in either young (Kuraoka et al., 2009) or
aged rodents (Lubjuhn et al., 2009; Rosell et al., 2013). Thus, the distal MCAO model might
be superior to the proximal model for the study of long-term stroke outcomes in aged
populations.

In the present study, we found that the distal MCAO model reproducibly results in restricted
brain infarcts and long-term neurological deficits with very low mortality rates in aged mice.
Thus, this is the first study to explore age-related, long-term differences in brain tissue loss,
white matter integrity, and microglia/macrophage responses and to evaluate their potential
contribution to sustained functional outcomes after stroke.

Materials and methods

Animals

All animal experiments were approved by the University of Pittsburgh Institutional Animal
Care and Use Committee and performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. Young male C57BL/6J mice (10-week-
old) were obtained from Jackson Laboratory (Bar Harbor, ME, USA) and aged male
C57BL/6J mice (18-month-old) were obtained from the National Institute of Aging (NI1A)
aged mouse colony at Charles River Laboratories (Wilmington, MA, USA). Animals were
housed in groups of four per cage in a temperature- and humidity-controlled animal facility
with a 12-hour light—dark cycle. Food and water were available ad libitum. All efforts were
made to minimize animal suffering and the number of animals killed.

Murine model of permanent focal ischemia

All animals were randomly assigned to sham and distal MCAO groups through the use of a
lottery-drawing box. Focal cerebral ischemia was produced by permanent distal MCA
occlusion, as previously reported (Lubjuhn et al., 2009), plus ipsilateral common carotid
artery (CCA) occlusion. Briefly, mice were anesthetized with 1.5% isoflurane in a 30%
02/68.5% N,O mixture under spontaneous breathing conditions. Rectal temperature was
maintained at 37.0°C+0.5°C during surgery with a temperature-regulated heating pad. First,
a skin incision was made at the midline of the neck. After being separated from the vagal
nerve, the left CCA was exposed and occluded by ligation. The skin was sutured and another
skin incision was made between the left eye and the ear. The temporal muscle was dissected
by bipolar electrocautery (Bipolar Coagulator, Codman & Shurtleff Inc., Randolph, MA,
USA). The temporal muscle temperature was maintained at 37.0°C+0.5°C by a heat lamp.
After opening the burr hole and performing a craniotomy, the distal part of the MCA was
exposed. The dura mater was then cut and the distal MCA occlusion was completed with
low-intensity bipolar electrocautery at the immediate lateral part of the rhinal fissure.
Regional cerebral blood flow (CBF) was measured in all stroke animals using laser Doppler
flowmetry. Animals that did not show a regional CBF reduction to <30% of pre-ischemia
baseline levels were excluded from further experimentation. Sham-operated animals
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underwent the same anesthesia and surgical procedures but were not subjected to CCAO and
MCAO. All behavioral (sensorimotor and memory tests) and histological (immunostaining
and cell counting) assessments were performed by investigators blinded to experimental
group assignments. Forty-five young mice and 46 aged mice were used in this study, for a
grand total of 91 mice (16 sham-operated and 75 ischemic mice). Only 3 mice died during
the perioperative period.

Cortical cerebral blood flow measurements

Real-time 2 dimensional cerebral blood flow was monitored using a laser speckle contrast
imager (PeriCam PSI HR System, Perimed, Sweden) as previously described (Lindahl et al.,
2013). Select numbers of mice in both groups were subjected to repeated measurements of
CBF at 0d (baseline, at left CCAO, and at left distal MCAOQ), 3d, 7d, 14d, and 21d after
dMCAO. After induction of anesthesia, mouse was placed in the prone position, and the
skull was exposed through a cut in the skin at the parietal midline. Images were acquired
through the laser speckle contrast imager at a working distance of 10 cm from the skull
surface. To evaluate CBF changes, the region of interest (ROI) included the left cortical
infarct region, which is posterior to the coronal suture and medial to the linear temporalis.

Measurements of infarct volume

For 2,3,5-triphenyltetrazolium chloride (TTC) staining, brains were removed and sliced into
7 coronal sections, each 1 mm thick. Sections were then immersed in prewarmed 2% TTC
(Sigma) in saline for 10 min, and then fixed in 4% paraformaldehyde. The neuron-specific
marker microtubule associated protein 2 (MAP2) was visualized with anti-MAP2 antibody
(Santa Cruz Biotechnology). Infarct volume was determined on these TTC or MAP2-stained
sections using NIH Image J software. The actual infarct volume with edema correction was
calculated as the volume of the contralateral hemisphere minus the non-infarcted volume of
the ipsilateral hemisphere.

Immunohistochemistry and cell counting

Brains were removed following perfusions with saline and 4% paraformaldehyde (Sigma-
Aldrich, St Louis, MO, USA) in phosphate-buffered saline (PBS) and then cryoprotected in
30% sucrose in PBS. Following cryoprotection, 25 um-thick brain sections were cut on a
freezing microtome and subjected to immunofluorescence. Primary antibodies include goat
anti-CD206 (R&D Systems, Minneapolis, MN, USA), rat anti-CD16/32 (BD, Franklin
Lakes, NJ, USA), rabbit anti-myelin basic protein (MBP; Abcam, Cambridge, MA, USA),
mouse anti-non-phosphorylated neurofilaments (SMI-32, Abcam), rabbit anti-MAP2 (Santa
Cruz Biotechnology, Dallas, TX, USA), and rabbit anti-lbal (Wako, Richmond, VA, USA).
All images were processed with Image J for counting of automatically recognized cells.
Average cell numbers were calculated from 3 randomly selected microscopic fields, and 3
consecutive sections were analyzed for each brain. Data are expressed as mean numbers of
cells per square millimeter.
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Fluorescence quantification

All fluorescence images were acquired using confocal microscopy (FV1000, Olympus,
Tokyo, Japan) and analyzed semi-quantitatively with Image J. For the measurements of
MBP staining intensity, the regions of interest (ROI) were set in the striatum. Average
staining intensity was calculated from 3 randomly selected microscopic fields in the
striatum, and 3 consecutive sections were analyzed for each brain. Data are expressed as the
mean intensity of these 9 images from each mouse.

Accelerating Rotarod test

For Rotarod testing, animals were placed on an accelerating rotating rod (4 to 40 rpm over
120s) and their latency to fall off the rod was recorded as previously reported (Bouet et al.,
2007). Preoperative training was performed for 3 days with 3 daily trials. The last three trials
serve as a preoperative baseline. Postoperative testing was performed at 1, 3, 5, 7, 14, 21,
and 35 days after dMCAO, for 3 trials per day, and the mean latency to fall was analyzed.

Hanging wire test

The wire hanging apparatus was comprised of a stainless steel bar (50 cm length; 2 mm
diameter), resting on two vertical supports and elevated 37 cm above a flat surface. This test
was performed as previously described (Wang et al., 2013). Mice were placed on the bar
midway between the supports and were observed for 30 seconds in 4 trials. The amount of
time spent hanging was recorded and scored according to the following system: 0, fell off; 1,
hung onto the bar with two forepaws; 2, hung onto the bar with added attempt to climb onto
the bar; 3, hung onto the bar with two forepaws and one or both hind paws; 4, hung onto the
bar with all four paws and with tail wrapped around the bar; 5, escaped to one of the
supports.

Morris water maze test

The Morris Water Maze test was carried out as previously described (Bouet et al., 2007;
Wang et al., 2013). For this test, an 11-cm square Plexiglas platform was submerged in a
circular pool (109 cm diameter) and white, nontoxic tempera paint was added to the water.
The platform was submerged 1 cm under the opaque water surface. The water temperature
was maintained at 20+1°C and the room temperature was kept at 21+1°C. This test was
composed of two parts: the acquisition phase for spatial learning and the memory test. For
the acquisition or spatial learning phase, each mouse was released from one of four locations
and was allotted 60 seconds to search for the hidden platform 16-20 days after distal
MCAO. At the end of each trial, the mouse was placed on the platform or allowed to remain
on the platform for 20 seconds with prominent spatial cues displayed around the room. Data
from three trials per day for 5 consecutive days were expressed as the time (in seconds) or
latency to reach the submerged platform. After the last day of the hidden platform test, a
single, 60-second probe trial was performed for the memory test. The platform was removed
and each mouse was placed in the pool once for 60 seconds, at the same starting location as
was used initially in hidden platform testing. The time spent in the goal quadrant (where the
platform had been previously located) and the swim speed were recorded.

Exp Neurol. Author manuscript; available in PMC 2016 September 30.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suenaga et al.

Page 6

Statistical analyses

Results

All data are presented as mean + standard error of the mean (SEM). Data with two groups
were analyzed with the Student's t-test (non-directional). For multiple comparisons, the one-
way or two-way analysis of variance (ANOVA) was followed by a Tukey post hoc test,
unless otherwise indicated. The Pearson correlation was also determined. p<0.05 was
considered statistically significant.

In order to investigate the differences between young and aged mice after stroke injury, we
used a tandem occlusion model consisting of left distal middle cerebral artery occlusion
(dMCAO) combined with ipsilateral common carotid artery occlusion (CCAO). The overall
mortality rate was only 1.3% for young mice (1/79) and 6.5% for aged mice (4/62). These
numbers include animals in the current study as well as in preliminary experiments.

Aged mice exhibit greater reductions in cerebral reperfusion after distal MCAO

Cerebral blood flow (CBF) was examined during and after the surgery using 2 dimensional
laser speckle imaging. The baseline CBF in the left MCA territories did not show any
significant difference between young and aged animals after left CCA ligation (young
358+37 vs aged 328+29, p>0.05) (Fig. 1A and 1B). Cerebral perfusion showed a slight
decrease but no laterality (Fig. 1B). Immediately after the dAMCAQ, CBF decreased
dramatically on the left side (Fig. 1B, blue, Fig. 1C) to less than 1/3 of baseline values. The
CBF on the contralateral side was not affected (Fig. 1B, red). The CBF in the left MCA
territory gradually recovered over time after dMCAO in both young and aged mice, reaching
maximal recovery 14d after AIMCAO (Fig. 1C, 94.4+33.6 of the baseline in young (blue) and
72.0£7.7% in aged (red), p>0.05). However, aged mice showed significantly lower CBF
compared to young mice during dMCAO induction (young 35.2+6.6 vs aged 24.3+4.9%,
p<0.05) and during the course of CBF recovery up to 7d after dAMCAO (Fig. 1C). The areas
exhibiting less than 30% of baseline CBF (Fig. 1D, blue) and between 30-50% of baseline
CBF (Fig. 1D, green) were also calculated. The area exhibiting less than 30% of baseline
CBF was significantly larger in aged mice 14 days after dMCAQO, but not at the induction of
dMCAOQ or at 7d post-injury (Fig. 1E). The area exhibiting 30-50% of baseline CBF was
also significantly larger in aged mice than in young mice at the induction of dAMCAO and at
14d post-injury (Fig. 1F, p<0.01, p<0.05, respectively). These results suggest that CBF is
more compromised in aged animals than in young animals subjected to dMCAO.

Aged mice exhibit greater deterioration in sensorimotor and cognitive functions after

dMCAO

Next we evaluated the effect of aging on long-term functional outcomes after AMCAQ. The
Rotarod tests conducted prior to dMCAO and in sham-operated mice already showed
significant age-related differences in the latency to fall (Fig. 2A). This difference may, at
least partly, be attributed to the much heavier body weight of aged mice (young 27.6£1.8 vs
aged 38.5+3.8g, p<0.0001). After dAMCAOQ, there was a transient decline in Rotarod
performance in young mice at 1d after dAMCAO followed by a rapid recovery (Fig. 2A). In
contrast, aged mice exhibited prolonged sensorimotor deficits lasting for at least 35d after
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dMCAO (Fig. 2A). Similarly, in the hanging wire test, aged mice exhibited prolonged
deficits and delayed recovery after dMCAQO compared to young adults (Fig. 2B). These
results demonstrate that aging elicits a sustained loss of neurological function after stroke.

Cognitive deficits after AMCAO were assessed by the Morris water maze test. Both young
and aged mice experienced difficulty in locating the hidden platform after dAMCAO (Fig. 2C
and 2D), suggesting impaired cognition in both groups. Similarly, both young and aged
groups spent much shorter time in the target quadrant when the platform was removed,
suggesting impaired memory after dAMCAO (Fig. 2C and 2E). As expected, aged dMCAO
mice demonstrated significantly worse cognitive (Fig. 2D) and memory (Fig. 2E) deficits
compared to young adults. There was no difference in swim speed between any groups (Fig.
2F).

Distal MCAO results in enlarged brain infarcts in aged mice

Consistent with previous reports (Carmichael, 2005), dMCAO resulted in a cerebral infarct
that was mainly restricted to the cortex, the underlying white matter, and a small portion of
striatum. Within the cerebral cortex, the infarct area corresponded with the MCA perfusion
territory whereas there was preservation of the anterior cerebral artery (ACA) and posterior
cerebral artery (PCA) regions (Fig. 3A). Hippocampal, thalamic, and occipital areas (PCA
distribution) and the brainstem [vertebrobasilar artery (VA) distribution] all remained intact,
as confirmed by TTC staining. Compared to young adults, aged mice exhibited significantly
larger infarct areas in the cortex (young 15.5+1.0 vsaged 18.7+0.9%, p<0.05) and striatum
(young 0.1£0.1 vs aged 2.0+£0.7%, p<0.05), resulting in enlarged total area of infarct in the
ischemic hemisphere (young 15.6+1.1 vs aged 20.7+£0.9%, p<0.01) at 2d after dIMCAO (Fig.
3B-3D). The enlarged infarct region in the striatum in aged mice was mainly localized to the
dorsolateral quadrant, which corresponds roughly to the putamen in humans (Fig. 3A,
dotted area). Although aged mice exhibited increased neuronal tissue loss at 14d after
dMCADO, this difference disappeared by 35d post injury, as measured by the area of MAP2
loss (Fig.3E). There was no significant difference in brain size between young and aged
mice (young 124.5+8.1 mm3, aged 118.1+3.0 mm3, p>0.05). These histological data,
considered together with the long-term behavioral deficits in aged mice, support the
involvement of non-neuronal mechanism(s) in sustained age-related neurological deficits
after dAMCAO.

White matter injury may contribute to age-related functional deficits at late stages after

dMCAO

The severity of white matter injury is an important contributing factor for long-term motor
and cognitive decline after stroke (Kissela et al., 2009). Therefore, we examined white
matter integrity, including myelin integrity and axonal damage, by immunostaining for
myelin basic protein (MBP) and non-phosphorylated pathological neurofilaments (SMI-32),
respectively. Interestingly, young and aged brains from sham animals demonstrated marked
differences in white matter structures in the white matter-enriched striatum (Fig. 4A-4B), as
manifested by age-related reductions in MBP intensity (indicating loss of myelin integrity)
and increased SMI-32 staining (indicating axonal demyelination). SMI32 is a marker of non-
phosphorylated neurofilaments. Neurofilaments are important components of axon, and thus
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increased SMI32 indicates increased axonal damage. Loss of white matter integrity was also
observed in the uninjured cortex in aged mice (data not shown). Quantification of MBP
staining after sham operation or dAMCAOQO demonstrated the same trends in both young and
aged mice, with an early increase in MBP expression 1d after dAMCAO followed by a
gradual decrease in MBP intensity until at least 35d after injury (Fig. 4C). At all the time
points tested, there were significant higher levels of MBP in young mice than in aged mice
(Fig. 4C). The intensity of MBP staining exhibited a positive correlation with sensorimotor
performance at 35d after AIMCAO (Fig. 4D, r=0.5843, p<0.0001) and with memory function
at 21d after AIMCAO (Fig 4E, r=0.7017, p<0.0001) in young and aged mice. These results
indicate that the dramatic loss of white matter integrity might be an important factor
dictating long-term behavioral deficits in aged mice. There was an inverse correlation
between MBP and SMI-32 staining intensity in the striatum of aged mice (Fig 4F, r=
-0.6123, p=0.0005), suggesting a close relationship between demyelination and axonal
damage after dMCAO. This correlation, however, was not apparent in young animals (Fig
4G), suggesting that the viability of the myelin sheath may not be accompanied by superior
axonal health in young mice after dMCAO.

Reductions in M2 microglia/macrophages are linked to age-related deterioration in
neurological function at late stages of dAMCAO

Microglia/macrophages respond dynamically to ischemic injury by assuming diverse
phenotypes. Our previous studies using the transient MCAO model in young mice
documented a shift of microglia/macrophages from the protective M2 phenotype to the toxic
M1 phenotype (Hu et al., 2012). Here, we found a similar trend in microglia/macrophage
polarization after dMCAO in both young and aged mice. Double immunofluorescence
staining of CD206, an M2 marker, and the microglia/macrophage marker Iba-1 revealed a
peak in the M2 phenotype 7d after AIMCAO (Fig. 6A-6B). In contrast, the M1 polarization
marker CD16/32 demonstrated a delayed peak at 14d after dMCAO (Fig. 5B-5C). Notably,
aged animals exhibited a dramatic elevation in the number of CD16/32*1ba-1* M1
microglia/macrophages under sham conditions. This M1 shift was maintained in aged mice
until 3d after IMCAO (Fig. 5C). In addition, the number of M2 microglia/macrophages was
significantly lower in aged mice after AMCAO (Fig 6B). Taken together, these data suggest
that microglia/macrophages are primed toward the M1 phenotype in aged mice even in the
absence of an ischemic challenge. After ischemic injury, the aged brain assumed M1
polarization soon after AIMCAO and demonstrated a long-lasting impairment in M2
responses. A strong positive correlation between the number of M2 cells and behavioral
performance on the Rotarod was apparent at late stages after IMCAO (Fig. 6C). Similarly,
there was a positive correlation between M2 expression and performance in the Water maze
test. Finally, we discovered a positive correlation between the number of M2 cells and MBP
intensity in the striatum at 35d after AIMCAO (Fig. 6E), supporting the hypothesis that M2
microglial/macrophage polarization is linked with the degree of myelination long after
stroke onset. These results suggest that impaired M2 responses in aged mice might be an
important factor determining long-term functional deficits and white matter integrity.
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Discussion

The goals of the present study were to contrast the responses of young and aged animals to
stroke injury and begin to elucidate the mechanism(s) underlying poor stroke outcomes in
the aged population. First we established a robust, reproducible model of age-related deficits
after stroke injury. Using a permanent distal MCAO model with CCAO, we were able to
measure long-term sensorimotor deficits in aged animals. Unlike in aged animals,
sensorimotor functions in young adults underwent early, transient deficits after stroke and
recovered quickly. Memory function was already impaired in aged sham animals compared
to young controls. These baseline spatial memory deficits are consistent with previous
reports in aging rodents (Bach et al., 1999) and elderly humans (Gazova et al., 2013). Spatial
learning abilities in aged sham mice were decreased but not statistically significant as
compared to young shams. Age-related deficits in spatial learning have been observed in
previous studies (Krause et al., 2008; Murchison et al., 2009); thus, the absence of
significant age-related deficits in spatial learning in the present study might due to
procedural differences from previous reports. Cognitive function after dMCAO was
impaired in both young and aged groups, but the aged mice exhibited significantly worse
learning and memory deficits than young mice. The mortality rate of this model in aged
mice (6.5%) is much lower relative to other intraluminal MCAO models (Wang et al.,
2003). Therefore, the dAMCAQO model is a valuable tool to evaluate long-term stroke
outcomes in aged animals.

Although the MCA was permanently occluded in our distal MCAO model, cerebral
perfusion gradually recovered after stroke in the ischemic region. Our CBF data reveal a
slower rate of CBF recovery after AMCAO in aged mice. The ischemic penumbra is defined
as the region where CBF decreases to 30-50% of baseline (Mayer et al., 2000). As expected,
this area was much larger in aged mice. Previous studies have shown that mild cerebral
hypoperfusion can disrupt axonal and glial integrity in white matter tracts (Reimer et al.,
2011). After prolonged cerebral hypoperfusion, oxidative stress also interferes with white
matter repair by disrupting oligodendrocyte precursor cell renewal (Miyamoto et al., 2013).
Therefore, prolonged hypoperfusion in aged brains after stroke likely leads to damage in
both grey and white matter.

In agreement with our CBF data, we found that the aged mice subjected to AIMCAO
exhibited significantly larger infarct regions in both the cortex and striatum. This finding is
also consistent with previous studies showing larger infarct volumes and less functional
recovery in aged mice (DiNapoli et al., 2008; Dinapoli et al., 2006; Dong et al., 2014; Rosen
et al., 2005; Tan et al., 2009). We found that the striatum was especially affected in the aged
animals after stroke. Previous studies using permanent distal MCAO without CCAO for
young mice reported that the infarct region was restricted to the cortex (Guo et al., 2009;
Kuraoka et al., 2009; Lubjuhn et al., 2009). The striatum is supplied by the lenticulostriate
arteries (LSA), which originates from the proximal MCA (Yamori et al., 1976), and is
usually spared in the IMCAO maodel in young adults. The greater involvement of this area
in aged mice might reflect additional occlusion of the CCA, lower arterial blood pressure
during ischemia (Rosen et al., 2005), and lower CBF during and after ischemia in aged
animals.
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The present study demonstrates that aged animals exhibit deterioration in long-term
neurological deficits lasting until 35d after dMCAO. By this timepoint, the CBF and
neuronal tissue loss in aged animals are no different from young adults. This result prompts
us to speculate that other non-neuronal mechanism(s) contribute to long lasting functional
deficits in aged mice at late stages of stroke. Our studies demonstrate that prolonged white
matter injury and unfavorable microglia/macrophage responses are linked to long-term
neurological deficits. Aged mice are known to be more sensitive than young adults to white
matter stroke, as manifested by increased oligodendrocyte cell death, elevated oxidative
damage, and greater secondary white matter atrophy (Rosenzweig and Carmichael, 2013).
Consistent with these observations, our studies show that aged mice exhibit greater white
matter damage in the striatum in the late stages after stroke, in addition to increased striatal
infarct volume in early stages. The striatum receives dense projections from the cerebral
cortex and sends efferent projections to the other parts of the basal ganglia (Gerfen et al.,
2002). Furthermore, the striatum is well known to be important in the planning and
modulation of movements and in cognitive processes such as working memory (VVoytek and
Knight, 2010). Thus, deterioration of white matter in the striatum of aged mice may be an
important contributor to long-lasting functional deficits in old mice and represents a
therapeutic target for elderly stroke victims.

Aside from white matter injury, a second factor found to be correlated with age-related
exacerbation of functional deficits was microglia/macrophage phenotype. Microglia/
macrophage are potent modulators of CNS repair and regeneration (Hu et al., 2015; Savman
et al., 2013). These highly plastic cells assume diverse phenotypes and play dualistic roles in
brain injury and recovery. Classically activated M1 microglia/macrophages are pro-
inflammatory and exert detrimental effects on the ischemic brain, whereas alternatively
activated M2 microglia/macrophages are anti-inflammatory and protective (Hu et al., 2014;
Seifert and Pennypacker, 2014). Both young and aged dMCAO groups exhibited a similar
M2-to-M1 switch as previously reported using the proximal MCAO model (Hu et al., 2012).
Furthermore, we found that aged mice exhibited a reduced M2 polarization and increased
M1 polarization compared to young adults. These findings are consistent with accumulating
evidence showing age-related shifts in microglia towards a pro-inflammatory state (Dilger
and Johnson, 2008; Norden and Godbout, 2013). For example, microarray studies indicate
that aged brains exhibit increases in the levels of inflammatory and pro-oxidant genes and
decreases in the levels of growth factor genes and anti-oxidant genes (Godbout et al., 2005;
Orre et al., 2014). In addition, there are increased levels of pro-inflammatory cytokines
(Godbout et al., 2005; Kuzumaki et al., 2010) and decreased levels of anti-inflammatory
cytokines in the aged brain (Nolan et al., 2005; Ye and Johnson, 2001). Our study indicates
that reductions in M2 polarization, but not increases in M1 polarization, are correlated with
exaggerated behavioral deficits and white matter injury at late stages of stroke. These
findings might reflect the importance of M2 microglia/macrophages in brain repair (Hu et
al., 2015). M2 microglia/macrophages appear to promote multiple brain repair responses,
such as neurogenesis, angiogenesis, and white matter repair by resolving local inflammation
and releasing trophic factors (An et al., 2014; Hu et al., 2015; Wang et al., 2015). Consistent
with these functional roles, M2 microglial/macrophage phenotype was correlated with
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myelin integrity in the present study. Thus, promoting microglia/macrophage M2
phenotypic changes might also help promote stroke recovery in elderly stroke victims.

In conclusion, aged mice exhibited greater deterioration in functional outcomes than young
mice, and these effects were associated with reduced cerebral perfusion, larger infarct
volumes, white matter injury, and dysregulation of M2 microglia/macrophage polarization.
White matter injury and impaired M2 polarization were strongly correlated with long-term
functional deficits and might serve as future therapeutic targets to promote post-stroke
recovery.
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Fig. 1. Aged mice exhibit reduced cerebral reperfusion over time after distal MCAO
Cerebral blood flow (CBF) was monitored using the 2 dimensional laser speckle technique

at 0d (baseline, after CCAQ, and after distal MCAO), 3d, 7d, 14d, and 21d after distal
MCAO. A. Representative 2-D laser speckle images in young and aged groups. Images
represent the axial surface view from the top. The left side of the picture designates the left
infarct region. B. Representative recordings of CBF in young animals before and 0d after
dMCAO. The inset shows two recording areas in the infarct region (blue) and the
counterpart on the contralateral side (red). C. CBF in the infarct region was quantified and
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expressed as percent change from baseline (pre-dMCAO). Data are means + SEM. n=4 per
group. *p<0.05, ****p<0.0001 vs corresponding baseline. #p<0.05, ## p<0.001, young vs
aged. D. Representative images of surface areas where the CBF decreased to less than 30%
(blue), or between 30-50% (green) of baseline at 0d after AIMCAO. E. Quantification of
surface areas where the CBF decreased to less than 30% (blue), or between 30-50% (green)
of baseline at 0d, 3d and 14d after AMCAO. Data are means = SEM. n=4 per group. # p
<0.05; ¥ p <0.01; NS, not significant.
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Fig. 2. Aged mice show greater deterioration in sensorimotor and cognitive functions after
dMCAO

A-B. Sensorimotor functions were evaluated up to 35d after dAMCAO or sham operation in
young and aged mice. n=8/group. Shown are the mean + SEM. A. Rotarod test. ***
p<0.001, **** p<0.0001, ### p<0.0001. B. Hanging wire test. **p<0.01, ***p<0.001 vs
corresponding sham, # p<0.05, ##p<0.001 vs. young dMCAO. C-F. Long-term cognitive
functions were assessed by the Morris water maze. n=8/group. Shown are the mean + SEM.
C. Representative images of the swim paths of mice in each group while the platform was
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present (learning phase) and after it was removed (memory phase). D. More severe learning
deficits were observed in aged mice, as reflected by longer escape time. **p<0.01, ****
p<0.0001 vs corresponding sham. E. More severe memory deficits were observed in aged
mice, as reflected by shorter time spent in the target quadrant. ** p<0.01, # p<0.05, ##
p<0.01. F. Both groups had similar swim speeds, thereby showing equivalent motor skills.
ns: no significance.
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Fig. 3. Distal MCAO results in larger brain infarct volumes soon after stroke in aged mice
compared to young adult mice

A. Representative TTC staining at 2d after distal MCAO in young and aged mice. Black
dotted line in brain sections from aged mice designates the additional infarct area in the
striatum. B-D. Quantification of infarct volume at 2d after dAMCAO in young and aged mice.
Infarct sizes were expressed as percentages of the contralateral hemisphere in the cortex (B),
striatum (C) and total hemisphere (D). Values are means + SEM. n=4 per

group. #p<0.05, #p<0.01. B-D, Quantification of brain tissue loss at 14d and 35d after
dMCAO in young and aged mice, as determined by immunostaining for the neuronal marker
MAP2. Values are means = SEM. n=4 per group. #p=<0.01; ns: no significance.
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Fig. 4. White matter injury in aged mice is linked with functional deficits at late stages of
dMCAO

A. MBP and SMI-32 staining in sham-operated young and aged mice. White squares in
lower magnification views of MBP staining designate the area shown under high
magnification on the left. EC, external capsule. B. Representative images of MBP and
SMI-32 double-staining at 1, 3, and 14d after dMCAOQ in young and aged mice. Scale bar:
100 pm. High power images of the striatum at 3d after AMCAO were shown in lower panels.
Scale bar: 50 um. C. Quantification of MBP staining intensities in the striatum in young and
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aged mice after sham-operation or at 1, 3, 14, and 35 days after AMCAO. Data were
expressed as percentage of young sham. n=7 per group. *p<0.05, **p<0.01, vs
corresponding sham. ###p<0.0001 young vs aged. D-E. Pearson correlation between MBP
staining intensity and behavioral performance on the Rotarod or Morris water maze memory
tests. D. There was a positive correlation between MBP staining intensity and Rotarod
performance at 35d after AIMCAO. E. There was a positive correlation between MBP
intensity and water maze performance at 21d after dAMCAOQO. F-G. Pearson correlation
between MBP and SMI-32 staining intensity. F. There was a negative correlation between
SMI-32 intensity and MBP intensity in aged mice after AMCAO. G. There was no
significant correlation between SMI-32 intensity and MBP intensity in young mice after
dMCAO.
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Fig. 5. M1 microglia/macrophage polarization after dMCAO in young and aged mice
A. Image analysis of microglia/macrophage markers in 3 ipsilateral regions (square boxes)

at the inner boundary of the infarct. The boundary of the infarct was identified by the loss of
MAP?2 staining (upper panel) and the boundary of GFAP™* glial scar (lower panel). Scale bar:
40 um. The letter C represents the ischemic core. B. Representative images of CD16/32 (M1
marker; green) and Ibal (microglia marker; red) double staining at 1, 3, 7, 14, and 35d after
dMCAO or in sham-operated animals. Dotted line designates the infarct borderline. Scale
bar: 120 pm. C. Quantification of the number of CD16/32*Ibal* cells in the ischemic border
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zone in young adult and aged mice. Values are means + SEM. n=4 per group. * p<0.05,
**0<0.01, ***p<0.001, ****p<0.0001 vs corresponding sham. #p<0.05, #p<0.01 young vs
aged. D-E. Lack of correlation between the number of M1 cells and behavioral performance
on the Rotarod at 35d after AMCAO or the Morris water maze memory test at 21d after
dMCAO.
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Fig. 6. M2 microglia/macrophage polarization after dMCAO in young and aged mice
A. Representative images of CD206 (M2 marker; green) and Ibal (red) double staining at 1,

3,7, 14, and 35d after dAMCAO or in sham-operated animals. Dotted line designates the
infarct borderline. Scale bar: 120 pm. B. Quantification of the number of CD206"Ibal* cells
in the ischemic border zone in young adult and aged mice. Values are means £ SEM. n=4
per group. *p<0.05, **p<0.01, ***p<0.001, vs corresponding sham. # p<0.05, # p<0.01
young vs aged. C-D. Pearson correlation between the number of M2 cells and behavioral
performance on the Rotarod or Morris water maze memory tests. C. There was a positive
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correlation between the number of M2 microglia/macrophage and Rotarod performance at
35d after dAMCAO. D. There was a positive correlation between the number of M2
microglia/macrophage and water maze performance at 21d after dAMCAQ. E. There was a
positive correlation between the number of M2 microglia/macrophage and MBP staining
intensity at 35d after AMCAO.
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