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A B S T R A C T

Post-stroke treatment with omega-3 polyunsaturated fatty acids (n-3 PUFAs) may be a promising therapy in
young animals but this has not been tested in aged subjects, a population at most risk of ischemic stroke. Herein
we examined the therapeutic efficacy of n-3 PUFAs after distal middle cerebral artery occlusion (dMCAO) in
young (10–12 weeks old) and aged (18months old) mice. Post-ischemic mice were randomly assigned to 4
groups that received: 1) regular food with low content of n-3 PUFAs, 2) intraperitoneal docosahexaenoic acid
(DHA, a major component of n-3 PUFAs) injections, 3) Fish oil (FO, containing high concentration of n-3 PUFAs)
dietary supplement, or 4) combined treatment with DHA and FO dietary supplement. Long-term neuror-
estoration induced by n-3 PUFA post-stroke administration and its underlying mechanism(s) were analyzed up to
35 days after dMCAO. Aged mice showed more severe neurological deficits than young mice after dMCAO with
histological lesions extended to the striatum. Notably, post-stroke treatment with combined DHA injections and
FO dietary supplementation was more effective in reducing brain injury and improving sensorimotor function in
aged mice than either treatment alone, albeit to a lesser extent than in the young mice. Unlike the improvement
in spatial cognitive function observed in young mice, the combined treatment regimen failed to improve cog-
nitive function in aged mice. The reduction in stroke-induced neurological deficits with n-3 PUFA post-treatment
was associated with enhanced angiogenesis, oligodendrogenesis, neuron survival and white matter restoration.
Together, these results indicate that the neurological benefits of n-3 PUFA administration after stroke extend to
older animals and are associated with improved neuronal survival and brain remodeling, therefore suggesting
that post-stroke administration of n-3 PUFAs is a viable clinically relevant treatment option against stroke.

1. Introduction

Stroke is the 5th leading cause of death in the United States but the
leading cause of serious long-term disabilities in adults (Benjamin et al.,
2018). The risk for ischemic stroke and severity of stroke-related dis-
ability increase with age (Ergeletzis et al., 2002; Denti et al., 2010;
Chandra et al., 2012; Suenaga et al., 2015; Yang and Paschen, 2017).
Current treatments for ischemic stroke, such as intravenous thrombo-
lysis by tissue plasminogen activator (Powers et al., 2015) and en-
dovascular therapies (Beadell et al., 2015), show some efficacy in el-
derly patients; however, the benefits are far less than those observed in
younger patients (Alawieh et al., 2018). Nevertheless, most interven-
tions that have found success pre-clinically have failed to translate to

viable treatment options in the clinic, partly due to the lack of pre-
clinical testing of these therapeutic strategies in aged animals. There-
fore, age as a critical biological variable needs to be considered to de-
velop the most effective treatments for ischemic stroke.

Previous studies by us and other groups suggest that omega-3
polyunsaturated fatty acids (n-3 PUFAs) could be a potential therapy for
ischemic stroke in both young and elderly patients (Eady et al., 2012;
Hu et al., 2013; Eady et al., 2014; Wang et al., 2014; Zhang et al., 2015;
Jiang et al., 2016; Pu et al., 2016; Cai et al., 2017). n-3 PUFAs, such as
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), play
essential roles in brain development and normal brain function through
regulation of synapses, dendrite formation, and brain inflammation
(Hering et al., 2003; Hasadsri et al., 2013; Igarashi et al., 2015;
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Thomazeau et al., 2017). In ischemia models using young mice, both
pre- and post-treatment with n-3 PUFAs effectively ameliorate brain
injury and promote long-term functional recovery (Hu et al., 2013;
Wang et al., 2014; Zhang et al., 2015; Jiang et al., 2016; Pu et al.,
2016). Furthermore, brain restoration processes such as neurogenesis,
angiogenesis, and oligodendrogenesis are enhanced by n-3 PUFAs (Hu
et al., 2013; Wang et al., 2014; Zhang et al., 2015). DHA content de-
clines with aging in both human and rodent brains, which correlates
with progressive deterioration of brain structure and function (Yehuda
et al., 2002; McNamara et al., 2008). We previously found that long-
term dietary supplementation with n-3 PUFA-enriched fish oil (FO)
effectively elevated brain n-3 PUFA content in 18-month-old mice and
markedly ameliorated brain infarction and neurological deficits after
ischemic stroke (Cai et al., 2017). To date, whether n-3 PUFAs can
improve long-term stroke outcomes in aged animals when administered
post-ischemia has not been determined.

In this study, we investigated whether the functional and neuro-
pathological protection conferred by n-3 PUFA treatment in young mice

after stroke extends to aged mice. We employed three treatment regi-
mens involving post-stroke FO dietary supplementation and/or in-
traperitoneal (i.p.) DHA injections, which demonstrated therapeutic
efficacy in our previous studies performed in young adult mice (Jiang
et al., 2016; Pu et al., 2016).

2. Materials and methods

2.1. Animals

Adult C57BL/6J mice (male, 10–12weeks old; Jackson Laboratory,
Bar Harbor, ME, USA) and aged C57BL/6 mice (male, 18 months old;
National Institute on Aging aged mouse colony at Charles River
Laboratories, Wilmington, MA, USA) were used in the present study. All
animals were housed in a temperature- and humidity-controlled facility
with a 12-h light/dark cycle. Food and water were available ad libitum.
All experimental procedures were approved by the University of
Pittsburgh Institutional Animal Care and Use Committee and performed

Fig. 1. Aged mice show more severe brain atrophy, especially in the striatum, than young mice 35 days after dMCAO, which can be attenuated by combined DHA and
FO post-ischemic treatment. A. Illustration of experimental timeline. All mice were trained 3 days before surgery on the sensorimotor and cognitive behavioral tests.
DHA was injected 2 h after dMCAO and once a day for 14 days after dMCAO. Mice were fed FO supplements every day until 35 days after dMCAO. Qd: once a day.
i.p.: intraperitoneal injection. Behavioral tests were performed 3 to 35 days after dMCAO. Mice were sacrificed 35 days after dMCAO for histological examinations. B.
The survival rate after dMCAO was comparable among the four groups of aged mice. C. Representative images of coronal brain sections showing MAP2 im-
munostaining (green) 35 days after dMCAO. Dashed lines show the brain atrophy. Scale bar: 1 mm. D. Representative images taken from (C) show brain atrophy in
young and aged vehicle mice in the cortex (CTX; red dashed line) and striatum (STR; white dashed line). IL: ipsilateral. CL: contralateral. Scale bar: 1 mm. E.
Quantification of total brain atrophy volume in the ipsilateral hemisphere. F,G. The volume of striatal atrophy was quantified and expressed as mm3 (F) or percentage
of total striatal volume (G). n=8–11 mice per group. *p≤ 0.05, **p≤ 0.01, unpaired t-test. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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in compliance with the NIH Guide for the Care and Use of Laboratory
Animals and the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines. We made all efforts to minimize animal suffering
and the number of animals used.

2.2. Permanent focal cerebral ischemia model

Animals were randomly assigned to experimental groups using a
lottery-drawing box. Brain cortical ischemia (referred to as “dMCAO”
thereafter) was induced in the left hemisphere by permanent occlusion
of the left distal middle cerebral artery (MCA) and the left common
carotid artery (CCA), as previously described (Suenaga et al., 2015).
Briefly, after anesthetic induction with 3% isoflurane (carrier gas: 30%
O2/70% N2O mixture), mice were maintained under anesthesia with
1.5% isoflurane during the surgery. Rectal temperature was maintained
at 37.0 °C ± 0.5 °C during surgery with a temperature-regulated
heating pad. After a midline neck incision, the left CCA was exposed
and occluded by suture ligation. The skin was sutured and another skin
incision was made between the left eye and ear. The temporal muscle
was dissected by bipolar electrocautery (Bipolar Coagulator, Codman &
Shurtleff Inc., Randolph, MA, USA). After opening the burr hole and
performing a craniotomy, the distal part of the MCA immediately lat-
eral to the rhinal fissure was exposed and occluded with low-intensity
bipolar electrocautery. Regional cortical 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-op-
erated animals underwent the same anesthesia and surgical procedures
but were not subjected to CCA ligation and MCA occlusion.

2.3. Post-stroke n-3 PUFA administration

The concentrations of DHA for injection and FO dietary supple-
mentation were selected based on our previous studies (Jiang et al.,
2016; Pu et al., 2016). Immediately after the dMCAO surgery, mice
were randomly assigned to 4 groups: 1) vehicle control, 2) DHA in-
jections, 3) FO dietary supplementation, and 4) combined treatment
with DHA injections and dietary FO supplementation (Fig. 1A). Vehicle
control mice were fed a regular laboratory rodent diet (Prolab Isopro
RMH 3000 5P76; LabDiet, St. Louis, MO, USA), which has an inherently
low n-3 PUFA concentration (0.36%) and received injections of 0.9%
NaCl (300 μl per day, i.p. 2 h after MCAO, and then daily for 14 days).
The DHA injected mice were fed a regular diet and received injections
of DHA (10mg/kg body weight, diluted with 300 μl of 0.9% NaCl, i.p.
2 h after MCAO, and then daily for 14 days). Mice in the FO dietary
supplementation group were fed a diet supplemented with n-3 PUFAs
(DHA and EPA, triple strength n-3 fish oil, Puritan's Pride, Oakdale, NY,
USA; final n-3 PUFA concentration 4%) on the same day of dMCAO for
35 days post-dMCAO. The mice in the combined DHA injection and FO
dietary supplementation group were fed the same n-3 PUFA-supple-
mented diet as group 3 and received the same DHA treatment regimen
as the mice in group 2. Mice in the sham-operated groups received
regular diet and injections of 300 μl of 0.9% NaCl once a day for
14 days.

2.4. Behavior tests

All sensorimotor and cognitive behavioral function tests were per-
formed by investigators blinded to the experimental group assignments.

2.4.1. Cylinder test
The asymmetry of forelimb use was evaluated by the cylinder test

before and at 3, 5, 7, 14, 21, 28, and 35 days after dMCAO as described
previously (Shi et al., 2016). Briefly, the mouse was placed in a trans-
parent cylinder (9 cm in diameter and 15 cm in height) for 10min. A
camera was fixed above the cylinder to record all the forelimb

movements of the mouse. Videotapes were analyzed in slow motion,
and forepaw (left/right/both) use during the first contact against the
cylinder wall after rearing and during lateral exploration was recorded.
Preference of the non-impaired forepaw (left) was calculated as a re-
lative proportion of right forepaw contacts: (left – right)/
(left+ right+ both)× 100%. Uninjured mice typically show no pre-
ference for either forepaw, whereas injured mice have increased left
forepaw preference depending on the severity of the injury.

2.4.2. Adhesive removal test
Adhesive removal test was selected to examine the sensorimotor

function of the mice at 3, 5, 7, and 14 days after dMCAO. As described
in prior studies (Shi et al., 2017), a mouse was placed in a cage for
2min. An adhesive tape (0.3× 0.4 mm) was applied to the distal radial
region of the right forelimb as a tactile stimulus. The time to contact
and the time to remove the tape were recorded. Each animal was tested
three times with a cutoff time of 2min per trial. The data are presented
as the average time to contact or remove the tape of the three trials on
each testing day.

2.4.3. Morris water maze test
To examine spatial cognitive functional deficits, the Morris water

maze test was applied. As previously described (Pu et al., 2016), an
11 cm square Plexiglas platform was submerged in a circular pool
(109 cm diameter) and maintained 1 cm under the water surface.
White, nontoxic tempera paint was added to the water to make it
opaque. The water temperature was maintained at 20 ± 1 °C and the
room temperature was kept at 21 ± 1 °C. This test included the ac-
quisition phase for spatial learning and the memory test. Before dMCAO
surgery or sham-operation, mice were trained for three consecutive
days on the procedures in the spatial learning phase. For the acquisition
or spatial learning phase, each mouse was released from one of four
locations and was allotted 60 s to search for the hidden platform
22–26 days after dMCAO. At the end of each trial, the mouse was placed
on the platform or allowed to remain on the platform for 20 s with
prominent spatial cues displayed around the room. Data from three
trials per day for 5 consecutive days were expressed as latency (in
seconds) to reach the submerged platform. To evaluate the general lo-
comotor functions of both the young and aged mice, the average
swimming speed of the mice during the six testing days were recorded.
Twenty-seven days after dMCAO, a single 60-s probe trial was per-
formed for the memory test. The platform was removed and each mouse
was placed in the pool once for 60 s 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.

2.5. Immunohistochemistry and cell counting

All histological assessments were performed by investigators
blinded to experimental group assignments. At 35 days after dMCAO,
brains were harvested and coronal sections were prepared to subject to
immunohistochemistry as previously described (Jiang et al., 2016).
Briefly, mice were perfused with 50ml 0.9% NaCl followed by 50ml
4% paraformaldehyde. Brains were then removed and placed in 30%
sucrose. After cryoprotection in sucrose for 2 days, the brains were
sliced into 25 μm-thick coronal sections at −25 °C using a freezing
microtome (model CM3050S; Leica Biosystems, Wetzlar, Germany).
The sections were then subjected to immunofluorescent staining. After
a series of washes, free-floating brain sections were incubated in PBST
(PBS with 1% triton) for 15min followed by blocking with 5% normal
donkey serum to reduce non-specific staining. After another series of
washes, brain sections were incubated with rabbit anti-NeuN (1:500;
EMD Millipore, Billerica, MA, USA), rat anti-CD31 (1:200; BD Bios-
ciences, San Jose, CA, USA), mouse anti-adenomatous polyposis coli
(APC; 1:400; EMD Millipore), rat anti-myelin basic protein (MBP;
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1:500; Abcam, Cambridge, MA), or mouse anti-nonphosphorylated
neurofilaments (SMI-32; 1:1000; Abcam) overnight at 4 °C. After a
series of washes, sections were then incubated with the appropriate
donkey secondary antibodies conjugated to DyLight 488 or Cy3 (1:500;
Jackson ImmunoResearch Laboratories, West Grove, PA) at room
temperature for 1 h. After washing, brain sections were than mounted
and coverslipped with Fluoromount-G containing 4′,6-diamidine-2-
phenylindole (DAPI; Southern Biotech, Birmingham, AL) to stain cell
nuclei. Images for cell counting and the volume of immunosignal ana-
lysis were captured with an Olympus Fluoview FV1000 confocal mi-
croscope with FV10-ASW 2.0 software (Olympus America, Center
Valley, PA) and analyzed by a blinded observer with ImageJ. Cell
numbers were calculated from two randomly selected microscopic
fields for each area in each brain.

2.6. Measurement of brain atrophy volume

Six coronal brain sections ranging from bregma 1.1mm to−2.3 mm
at 0.7-mm intervals for each mouse were chosen and immunostained
with an antibody recognizing the neuron-specific marker microtubule-
associated protein 2 (MAP2; 1:200; Santa Cruz Biotechnology, Dallas,
TX). Images were acquired with an inverted Nikon Diaphot-300 fluor-
escence microscope equipped with a SPOT RT slider camera and Meta
Series Software 5.0 (Molecular Devices, Sunnyvale, CA). Brain atrophy
volume was analyzed using NIH ImageJ software. The total atrophy
volume was calculated as the volume of the contralateral hemisphere
minus the non-infarcted volume of the ipsilateral hemisphere. The
atrophy volume in cortex (CTX) or striatum (STR) was measured as the
volume of the contralateral CTX or STR minus the total volume of the
remaining ipsilateral CTX or STR.

2.7. Examination of recently proliferated cells

Recently proliferated cells were labeled with the S-phase marker 5-
bromo-2′-deoxyuridine (BrdU; Sigma-Aldrich, St. Louis, Missouri) as
previously described (Zhang et al., 2015). Briefly, BrdU was injected
(i.p.) twice a day at a dose of 50mg/kg body weight 3–6 days after
dMCAO. At 35 days after dMCAO, mice were sacrificed and coronal
brain sections were prepared as described above. Sections were pre-
treated with 2 N HCl for 1 h at room temperature followed by 0.1M
boric acid (pH 8.5) for 15min at room temperature. Sections were then
blocked with M.O.M. kit (Vector, Burlingame, CA, USA) for 1 h, and
incubated with purified mouse anti-BrdU antibody (1:1000; BD Bios-
ciences) for 1 h at room temperature and then overnight at 4 °C. After a
series of washes, sections were incubated with 488-AffiniPure donkey
anti-mouse IgG (1:1000; Jackson ImmunoResearch Laboratories) for 1 h
at room temperature. Fluorescence images were captured as described
above.

BrdU immunopositive cells were counted using ImageJ and calcu-
lated as the number of cells in the designated fields divided by the area
(mm2) of the fields. Angiogenesis was assessed by counting BrdU im-
munopositive cells along the microvessels in BrdU/CD31 double-
stained sections. Oligodendrogenesis was assessed by counting BrdU
and APC double immunopositive cells in brain sections. At least 2 mi-
croscopic fields were randomly sampled in each section.

2.8. 3D reconstruction and quantitative analyses

To quantify the expression of MBP and SMI-32 in the peri-infarct
brain areas, Z-stack images of the CTX, STR and external capsule (EC)
were taken with an Olympus Fluoview FV1000 confocal microscope. A
total of 12 consecutive images with the interspace of 2 μm and total
volume of 9.68×105 μm3 were taken for each microscopic filed. The
imaging processing software Imaris (Bitplane; Belfast, United Kingdom)
was used to reconstruct three-dimensional images of MBP and SMI-32
immunofluorescence to calculate their volumes. Briefly, images were

imported into Imaris, and the surface of MBP and SMI-32 im-
munosignals were remodeled to 3D images. The surface remodeling was
processed with the four default steps in Imaris, including algorithm,
selecting source channel, adjusting threshold and classifying surfaces.
All the images were processed with the same adjusting parameters. The
volumes of MBP and SMI-32 immunofluorescence were then calculated
by Imaris based on the reconstructed 3D images. Similar to the MBP and
SMI-32 reconstruction, newly generated microvessels were re-
constructed with images that were double stained for BrdU and CD31.

2.9. Data analysis

All data are presented as mean ± SEM. Individual data points are
presented where applicable. The statistical differences among means of
multiple groups within an age cohort were assessed by one- or two-way
ANOVA followed by the Tukey post hoc test. An unpaired t-test was used
when comparing two groups. Pearson product linear regression analysis
was used to correlate the multiple histological parameters and sensor-
imotor behaviors. A p value of< 0.05 was deemed statistically sig-
nificant.

3. Results

Forty-two young and 106 aged mice were used in the present study.
For young mice, nine mice were assigned to each stroke group and six
mice to the sham group. Two mice died during surgery. The remaining
40 mice from all four groups survived to the end of the experimental
protocol (i.e. 35 days after dMCAO or sham-operation), resulting the
mortality rate of 0% in all groups. For aged mice, 20–25 mice were
assigned to each stroke group, whereas the sham group consisted of
eight mice. Among the 98 mice that received dMCAO, 5 mice died
during surgery, 27 mice died within 35 days after the surgery. The
survival rates of each group are shown in Fig. 1B. Data from mice that
did not survive to the end of the experimental protocol were excluded
from subsequent data analyses.

3.1. Aged mice show more severe brain atrophy than young mice after
dMCAO, which could be attenuated by combined DHA and FO treatment

To examine whether post-stroke administration of n-3 PUFAs con-
fers prolonged neuroprotection in aged mice, we first examined brain
atrophy in coronal brain sections immunostained with MAP2 35 days
after dMCAO (Fig. 1C,D). dMACO induced significantly larger volumes
of total brain atrophy (Fig. 1E) and cortical atrophy (Fig. S1A) in aged
mice than young mice. After expressing the cortical atrophy volume as
a percentage of the total cortical volume to allow for differences in total
brain volume between young and aged mice, we found a trend towards
aged mice having a larger cortical atrophy volume (Fig. S1B). Re-
markably, we observed significant striatal atrophy in aged mice but not
in young mice 35 days after dMCAO (Fig. 1F, G). Even though the
dMCAO model is supposed to restrict brain damage to the CTX by
blocking blood flow to the distal cerebral branch of MCA, striatal injury
in aged mice may result from increased vulnerability of aged white
matter to ischemic injury (Rosenzweig and Carmichael, 2013) and
poorer collateral blood flow in the aged brain after ischemia (Arsava
et al., 2014).

Post-stroke treatment with DHA injections alone, or FO supple-
mentation alone did not rescue total brain, cortical or striatal atrophy in
either young or aged mice (Fig. 1E–G and Fig. S1). However, combined
DHA and FO treatment significantly alleviated the atrophy volume in
the STR of aged mice (Fig. 1F,G). These data show for the first time that
the dMCAO model induces striatal atrophy in addition to cortical
atrophy in aged mice and that post-stroke combined treatment with
DHA and FO is able to attenuate this injury.
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3.2. Aged mice show more severe sensorimotor deficits than young mice
after dMCAO, and n-3 PUFA-afforded protection declines with aging

We further examined the ability of n-3 PUFA post-stroke adminis-
tration to attenuate long-term neurological deficits after dMCAO as a
function of age. The cylinder test detected more severe and persistent
asymmetric forelimb use in aged mice than young mice after dMCAO
(Fig. 2A). Treatment with DHA only, FO only and DHA+FO all sig-
nificantly alleviated forelimb asymmetry in young mice (Fig. 2B).
However, only DHA+FO treatment reduced forelimb asymmetry in
aged mice, and this reduction did not manifest until 21 days and on-
wards after dMCAO (Fig. 2C).

In the adhesive removal test, aged mice exhibited readily detectable
deficits in both contact time and removal time at 3–7 days after
dMCAO; both parameters showed nearly complete recovery at 14 days
after dMCAO (Fig. 2D,G). Young mice only showed deficits at day 7 in
contact time in the adhesive removal test after dMCAO (Fig. 2D,G), and
none of the three n-3 PUFA treatments further altered the contact time

and removal time (Fig. 2E,H). In aged mice, FO alone or DHA+FO
treatment significantly mitigated the deficits in contact time (Fig. 2F),
whereas only combined DHA+FO treatment alleviated deficits in the
removal time (Fig. 2I).

These findings demonstrated more severe long-term sensorimotor
deficits in aged mice than young mice after dMCAO. Administration of
n-3 PUFAs post-stroke improved sensorimotor function in the aged
mice, though to a lesser extent than in the young mice.

3.3. n-3 PUFA post-stroke treatment enhances long-term spatial cognitive
function in young mice but not in aged mice

Improvement in cognitive functions after stroke as the result of
therapeutic treatment would greatly improve the quality of life of
stroke patients (Tatemichi et al., 1994). Therefore, we performed the
Morris water maze test to assess hippocampus-dependent and –in-
dependent (Liu and Bilkey, 1998; Miyoshi et al., 2012) spatial cognitive
deficits and age-related efficacy of n-3 PUFA post-stroke treatments

Fig. 2. Aged mice develop more severe sensorimotor deficits after dMCAO, and n-3 PUFA-induced protection is limited with aging. Mice were subjected to dMCAO
and received different n-3 PUFA treatments. Sensorimotor functions were assessed before (Pre) and up to 35 days after dMCAO by the cylinder test (A–C) and
adhesive removal test (D–I). Dashes lines indicate the portion of data for statistical analyses (3–35 days in B and 21–35 days in C). *p≤ 0.05, **p≤ 0.01,
***p≤ 0.001 by two-way ANOVA. #p≤ 0.05, ##p≤ 0.01, ###p≤ 0.001 vs. pre-dMCAO levels by one-way ANOVA. n= 8–9 (cylinder test) and n= 6 (adhesive
removal test) in young dMCAO groups. n= 8–12 (cylinder test) and n=9–11 (adhesive removal test) in aged dMCAO groups.
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from day 22 to day 27 after dMCAO. As sensorimotor function after
stroke gradually recovers over several weeks, we chose this time frame
to reduce the likelihood that deficits in swimming ability derived from
acute effects of stroke on sensorimotor function would be a con-
founding factor in this test. In young mice, all three n-3 PUFA treatment
groups showed decreased escape latency to find the submerged plat-
form during the 5 days of training, indicating substantially improved
spatial learning ability (Fig. 3A). In aged mice, none of the n-3 PUFA
post-stroke treatments significantly mitigated learning deficits
(Fig. 3B). However, combined DHA+FO treatment showed a trend
towards improved escape latency compared to vehicle treatment during
the 5 days of training, as reflected by a larger absolute value of slope in
the linear regression analysis (Fig. 3C). Ischemia induced deficits in
spatial memory in aged mice but not in young mice, which could not be
alleviated by n-3 PUFA treatments (Fig. 3D). Swimming speed was not
altered by dMCAO or by either n-3 PUFA treatment regimen in young or
aged mice (Fig. 3E), thus excluding the possibility that the differences
observed in young and aged mice in the learning and memory tasks
resulted from variations in gross motor functions. Although all five
groups of aged mice showed comparable swimming speeds, they swam
significantly slower than the young mice (Fig. 3E). In summary, these
data indicate that post-stroke administration of n-3 PUFAs improves
spatial learning function in young mice but not in aged mice.

3.4. Aged mice exhibit more extensive white matter injury, especially in the
STR, than young mice after dMCAO, which can be ameliorated by n-3 PUFA
treatment

We examined the mechanism(s) underlying the histological and
neurological improvements induced by post-stroke n-3 PUFA adminis-
tration. Preservation of both white matter and grey matter integrity is
essential to maintaining sensorimotor and cognitive functions and
highly correlates with stroke outcomes (Pu et al., 2013; Chen et al.,
2017; Rost et al., 2018). We initially examined the microstructural
changes in white matter components in the peri-infarct CTX, STR and
EC 35 days after dMCAO by double-label MBP (marker for myelin) and
SMI-32 (marker for demyelinated axons) immunostaining (Fig. 4A,B).
In sham-operated mice, MBP was abundantly expressed in CTX, STR
and EC, while SMI-32 was barely observed in STR and EC, and only
slightly expressed in CTX in both young and aged mice (Fig. 4A). In-
terestingly, in accordance with the brain atrophy observed in the STR of
vehicle treated aged mice, dMCAO induced gross impairments of
myelinated axon bundles (with MBP wrapped) in the peri-infarct STR as
shown by the decrease in the size of the axon bundles (Fig. 4 C-D, Movie
S1). Combined DHA and FO treatment significantly increased the size of
the axon bundles in aged animals (Fig. 4D). This phenomenon was not
observed in young mice (Fig. 4C-D, Movie S2).

In the post-ischemic ipsilateral hemispheres, young mice did not
show myelin sheath injury in STR (Fig. 4F, I) but showed injury in CTX
and EC, which was reflected by the reduced volume of MBP

Fig. 3. Combined DHA and FO treatment promotes
cognitive functions in young mice but not in aged
mice after dMCAO. Morris water maze test was per-
formed at 22 to 27 days after dMCAO. A,B. Spatial
learning was assessed by the latency to locate the
submerged platform in seconds (s). *p≤ 0.05,
**p≤ 0.01 vs. vehicle by two-way ANOVA.
##p≤ 0.01, ###p≤ 0.001 vs. sham by two-way
ANOVA. C. Linear regression of the latency to locate
the submerged platform in aged mice in vehicle (solid
read line) and DHA+FO (dashed red line) groups. D.
Spatial memory was assessed 27 days after dMCAO
by the time the mouse spent in the target quadrant.
**p≤ 0.01 by one-way ANOVA. E. Average swim-
ming speed 22–27 days after dMCAO. *p≤ 0.05,
***p≤ 0.001, unpaired t-test. n= 6 in young sham
group, n=8–9 in young dMCAO groups; n=8 in
aged sham group, n= 15–17 in aged dMCAO groups.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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immunosignals in CTX and increased volume of SMI-32 immunosignals
in both CTX and EC (Fig. 4E, H, J). As expected, aged mice showed
more extensive myelin sheath injury as visualized by decreased ex-
pression of MBP in both the peri-infarct CTX and STR (Fig. 4E, F), and

increased SMI-32 immunosignals in all three regions (Fig. 4H-J).
Combined DHA+FO significantly decreased SMI-32 expression in the
peri-infarct CTX both in young and aged mice (Fig. 4H). In the STR,
DHA+FO significantly attenuated SMI-32 expression in aged mice

(caption on next page)
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(Fig. 4I), yet only showed a trend towards enhancing MBP expression
(Fig. 4F).

To investigate whether the improved white matter integrity con-
tributes to post-stroke sensorimotor recovery, Pearson product linear
regression analysis was performed to assess their correlation. The
asymmetric rate in the cylinder test at 35 days after dMCAO were sig-
nificantly and negatively correlated with the average volume of axon
bundles in aged mice but not in young mice (Fig. 4K). In addition, the
asymmetric rate was positively correlate with the volume of SMI-32
immunosignals in all three regions in aged mice, and in both CTX and
EC in young mice (Fig. 4L-N). As young mice did not exhibit STR injury,
we did not observe correlation between behavior outcomes and white
matter pathological changes in STR (Fig. 4K, M). These results suggest
that restoration of white matter integrity may be an important factor of
n-3 PUFA-induced neurological protection against dMCAO in both
young and aged mice.

3.5. Post-stroke n-3 PUFA treatments promote neuron survival but not
neurogenesis at 35 days after dMCAO

Next, we examined whether neurological improvement afforded by
post-stroke administration of n-3 PUFAs was associated with pre-
servation of grey matter integrity. Thus, we assessed the total number of
viable neurons (NeuN+ cells) and neurogenesis (BrdU+/NeuN+ cells)
in the peri-infarct CTX and STR 35 days after dMCAO (Fig. 5A,B).
dMCAO induced significant neuronal loss in the peri-infarct CTX in both
young and aged mice (Fig. 5C). However, significant striatal neuronal
loss was only observed in aged mice (Fig. 5C). FO dietary supple-
mentation alone or combined with DHA injections significantly in-
creased the number of viable neurons in the CTX of young mice
(Fig. 5C). In aged mice, only DHA+FO treatment increased the
number of viable neurons in both the CTX and STR (Fig. 5C,D). The
increased number of viable neurons elicited by n-3 PUFA treatments
may account for the improved neurological functions. In CTX, the
number of viable neurons showed significant negative correlation with
the asymmetric rate in the cylinder test 35 days after dMCAO in both
young and aged mice (Fig. 5D). Young mice did not show neuron loss in
STR, and only aged mice exhibited a trend (p=0.0504) towards a high
of correlation between asymmetric rates and viable neuron numbers
(Fig. 5E). Thus, functional protection induced by n-3 PUFA post-stroke
administration may partially derive from an increase in viable neurons
in both young and aged mice.

To further access whether attenuation of neuronal loss resulted from
treatment-induced increases in neuronal survival or neurogenesis, we
assessed neurogenesis by double labeling cells with BrdU (marker for
recently proliferated cells) and NeuN (marker for mature neurons) in
the peri-infarct CTX and STR 35 days after dMCAO. Despite the easily
visible BrdU+-labeled cells in the peri-infarct CTX or STR in mice after
dMCAO (Fig. 5A), there was barely any detectable BrdU+/NeuN+ cells.
Moreover, many of the BrdU+ cells were also co-labeled with DCX, a
maker for neural precursor cells (data not shown). These results suggest
that dMCAO-induced neurogenesis in peri-infarct CTX or STR did not
lead to formation of mature neurons within the 35 days experimental
time frame. Therefore, n-3 PUFA administration may attenuate neu-
ronal loss by promoting neuronal survival.

3.6. Post-stroke n-3 PUFA treatment promotes angiogenesis in the peri-
infarct CTX and STR after dMCAO, and the efficacy declines with aging

The formation of new blood vessels through angiogenesis is linked
to improved histological and neurological function after stroke (Liu
et al., 2007; Yu et al., 2007; Zhang and Chopp, 2009). Therefore, to
assess whether angiogenesis plays a role in n-3 PUFA-induced neuro-
protection, we examined double-label immunostaining of BrdU and
CD31 (marker for endothelial cells of microvessels) 35 days after
dMCAO (Fig. 6A,B). In the peri-infarct CTX, combined treatment with
DHA+FO increased the number of double-labeled BrdU/CD31 cells in
both young and aged mice (Fig. 6C) compared to the vehicle control
group. Whereas FO alone and FO combined with DHA increased the
number of BrdU/CD31 double-labeled cells in the peri-infarct STR of
young mice, only DHA+FO increased the number of BrdU/CD31
double-labeled cells in the peri-infarct STR in aged mice (Fig. 6D). The
efficacy of combined DHA and FO treatments on angiogenesis in the
peri-infarct STR was significantly greater in young than in aged mice
(Fig. 6E). The number of BrdU+/CD31+ cells in both CTX and STR
were negatively correlated with the asymmetric rate in cylinder test
35 days after dMCAO in mice of both ages (Fig. 6F,G). These findings
suggest that the decreased protective effect observed in the aged mice
given n-3 PUFAs may be related to limited induction of angiogenesis by
n-3 PUFAs in the brains of aged mice.

3.7. Post-stoke n-3 PUFA treatment enhances oligodendrogenesis and
promotes the survival of oligodendrocytes in both young and aged mice at
35 days after dMCAO

Oligodendrogenesis is an important repair mechanism for white
matter restoration and correlates with improved neurological function
recovery after stroke (Zhang et al., 2011; Itoh et al., 2015; Zhang et al.,
2015). The improvement in white matter integrity with n-3 PUFA ad-
ministration in both young and aged mice suggests the potential in-
volvement of oligodendrogenesis. Therefore, we examined the impact
of n-3 PUFAs on oligodendrogenesis by double labeling cells with BrdU
and APC (marker for mature oligodendrocytes). Immunostaining for
double-labeled BrdU/APC was barely observed in the non-injured
contralateral hemisphere in both young and aged mice (Fig. S2). In the
injured hemisphere, dMCAO increased the number of double-labeled
BrdU/APC cells in both young and aged mice (Fig. 7B–D). In the peri-
infarct CTX and EC, treatment with DHA+FO augmented the number
of BrdU+/APC+ cells in both young and aged mice (Fig. 7B,D). As
dMCAO did not cause striatal infarction in young mice, BrdU+/APC+

cells were barely observed in the STR in young mice of all treatment
groups. In contrast, in aged mice DHA+FO combined treatment sig-
nificantly enhanced the number of BrdU+/APC+ cells in the peri-in-
farct STR (Fig. 7C),

There were no treatment-related effects on the number of APC+

cells in the contralateral non-injured hemisphere in young or aged mice
(Fig. S2). However, the total number of APC+ cells was significantly
higher in the peri-infarct CTX after DHA+FO treatment in both young
and aged mice when compared to vehicle treated mice (Fig. 7E). Age-
related differences in the number of APC+ cells in the STR after dMCAO
were observed, such that the number of APC+ cells was significantly

Fig. 4. White matter injury deteriorates in aged mice, especially in the striatum after dMCAO, and n-3 PUFAs attenuate myelin injury in both young and aged mice.
A. Representative images of MBP and SMI-32 immunofluorescence in the peri-infarct cortex (CTX), striatum (STR), and external capsule (EC). Boxes illustrate areas
that were enlarged and 3D remodeled in the 6th and 7th columns. Scale bar: 20 μm. B. A representative image of MBP immunofluorescence in a coronal brain section
at 35 days after dMCAO. Boxes illustrate the peri-infarct CTX, STR and EC where images in A were taken. Scale bar: 1 mm C. 3D rendering of myelinated axon bundles
from the peri-infarct STR 35 days after dMCAO. Axon bundles were reconstructed and isolated from 3D surface rendering based on MBP immunofluorescence by
Imaris. Axon bundles within different range of volumes were labeled with different colors. D. Quantification of the average volumes of axon bundles in the peri-
infarct STR. E–J. The volume of MBP (E–G) and SMI-32 (H–J) immunofluorescence in the peri-infarct CTX, STR and EC. *p≤ 0.05, **p≤ 0.01, ***p≤ 0.001 by one-
way ANOVA when comparing across groups of the same age or unpaired t-test was used when comparing two groups between young and aged mice. n= 5–7 in sham
groups, n= 6–11 per group in dMCAO groups. KeN. Pearson product linear regression analysis was performed to correlate the forelimb asymmetric rate 35 days
after dMCAO with the average volume of axon bundles (K), and with the volume of SMI-32 fluorescence in CTX, STR and EC (L-N).
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higher in young compared to aged mice (Fig. 7F). This discrepancy in
the number of striatal APC+ cells between the young and old animals
may be caused by the infarct-related loss of APC+ cells in the STR of
aged mice in the dMCAO model, which did not occur in the young mice.
Only combined treatment with DHA and FO enhanced the number of
striatal APC+ cells in aged mice. There was no further increase in the
number of APC+ cells in the STR with any treatment in young mice
(Fig. 7F). In contrast, only the young mice displayed an increase in the
number of APC+ cells in the EC with DHA+FO treatment (Fig. 7G).
Importantly, the number of APC+ cells in CTX displayed a strong cor-
relation with sensorimotor function in the cylinder test 35 days after
dMCAO in aged mice (Fig. 7H). The number of APC+ cells in STR in
exhibited a moderate but still statistically significant correction with
sensorimotor function in aged mice (Fig. 7I).

These data suggest that the post-stroke enhancement of oligoden-
drocytes survival, as well as enhanced oligodendrogenesis, with n-3
PUFA administrations may also play a role in its long-term histological
and neurological protection. However, given the modest effect that n-3
PUFAs had on generating new oligodendrocytes compared with the

total number of oligodendrocytes present, n-3 PUFAs are more likely to
provide neuroprotection by promoting the survival of oligodendrocytes
in both young and aged mice, rather than through oligodendrogenesis.

4. Discussion

The present study is the first to investigate the therapeutic efficacy
of post-stroke n-3 PUFA treatment against long-term neurological def-
icits in aged mice (18months old) and to compare that efficacy to that
observed in young adult mice (10–12weeks old). Our results demon-
strate that aged mice exhibit more severe neurological deficits and
pathological changes, especially in the STR, than young mice after
dMCAO. FO supplementation combined with DHA injections after
stroke attenuated brain damage and improved sensorimotor function in
both ages; however, aged mice benefitted less from this treatment re-
gimen than young mice. Neurological improvement conferred by n-3
PUFA correlated with increased neuronal survival in the peri-infarct
regions and enhanced white matter restoration and brain repair pro-
cesses, including angiogenesis and oligodendrogenesis. Notably, the

Fig. 5. Post stroke n-3 PUFA treatment reduces neuron loss but does not promote the generation of mature neurons in young and aged mice after dMCAO. A.
Representative images of NeuN immunofluorescence in coronal brain sections 35 days after dMCAO. Boxes illustrate the peri-infarct CTX and STR where images in B
were taken. Scale bar: 1 mm. B. Double-label immunostaining of BrdU and NeuN in the peri-infarct CTX and STR 35 days after dMCAO. Scale bar: 50 μm. C.
Quantification of NeuN-positive cells in the peri-infarct CTX and STR. *p≤ 0.05, **p≤ 0.01, ***p≤ 0.001; one-way ANOVA. n= 6 in sham groups, n= 8–11 in
dMCAO groups. D-E. Pearson coefficient correlating the asymmetric rate in the cylinder test 35 days after dMCAO with the number of viable neurons in CTX and STR.
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reduced or lack of protection in sensorimotor and cognitive function,
respectively, in the aged mice was associated with more limited effects
on white matter restoration and brain repair when compared with
young mice.

Prophylactic treatment with n-3 PUFAs is known to protect against
ischemic stroke and models of other neurological disorders (Pu et al.,
2013; Zhang et al., 2014; Zhang et al., 2015; Zugno et al., 2015).
Furthermore, n-3 PUFAs effectively improve long-term neurological

functions in young adult animals when administered after stroke onset
(Jiang et al., 2016; Pu et al., 2016). However, stroke is more prevalent
in the elderly (Favate and Younger, 2016). Further, brain damage and
neurological deficits incurred from stroke are more severe in the el-
derly, and their functional recovery from stroke is more protracted
(Ergeletzis et al., 2002; Denti et al., 2010; Suenaga et al., 2015). So far,
only a small fraction of preclinical neuroprotection studies (< 0.01%)
have been done in aged animals, and this fact may be a contributing

Fig. 6. Post stroke DHA and FO combined treatment boosts angiogenesis in both young and aged mice after dMCAO. A-B. Representative images of double-label
immunostaining of BrdU and CD31 in the peri-infarct CTX (A) and STR (B) 35 days after dMCAO. Scale bar: 20 μm. Boxes indicate areas enlarged and 3D remodeled in
the 3rd row in A. C–D. Quantification of BrdU and CD31 double-positive cells (yellow). *p≤ 0.05, **p≤ 0.01, ***p≤ 0.001 by one-way ANOVA. E. Angiogenesis
induced by DHA and FO combined treatment was greater in the STR of young compared to aged mice. Data are expressed as the density of BrdU+/CD31+ cells in
DHA+FO group vs. that in vehicle group. ***p≤ 0.001, unpaired t-test. n= 6–10 per group. F-G. Pearson correlation between asymmetric rate in cylinder test
35 days after dMCAO and BrdU+/CD31+ cells in CTX and STR. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 7. Post-stroke n-3 PUFA treatment promotes the survival of oligodendrocytes and oligodendrogenesis in both young and aged mice after dMCAO. A.
Representative images of BrdU and APC immunofluorescence in the peri-infarct CTX, STR and EC. Boxes illustrate areas that were enlarged in the 5th column.
Arrowheads: BrdU+ cells, arrows: BrdU+/APC+ cells. Scale bar: 40 μm. B–D. Quantification of newly generated mature oligodendrocytes (BrdU+/APC+ cells) in the
CTX, STR and EC. E–G. Quantification of total mature oligodendrocytes (APC+ cells) in the peri-infarct CTX, STR and EC. *p≤ 0.05, **p≤ 0.01, ***p≤ 0.001. One-
way ANOVA was applied among groups of the same age. Unpaired t-test was used when comparing two groups between young and aged mice. n= 6–10 per group.
HeI. Pearson correlation between asymmetric rate in cylinder test 35 days after dMCAO and APC+ cells in CTX and STR.
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factor to the lack of success of preclinically validated neuroprotectants
in clinical trials of stroke (Shi et al., 2017). In this study, 18-month-old
mice were tested, which is approximately equivalent to 65 years old
man based on the presence of senescent changes in biomarkers (Dutta
and Sengupta, 2016). We used the dMCAO stroke model, which induces
highly reproducible sensory, motor and cognitive dysfunction and is-
chemic infarct in both young and aged mice (Kuraoka et al., 2009;
Suenaga et al., 2015). In addition, the dMCAO model with no acute
reperfusion is clinically relevant, as the majority of stroke patients do
not receive reperfusion therapy. Brain infarct and atrophy was sig-
nificantly larger in both CTX and dorsal-lateral STR in aged mice, in
remarkable contrast to young mice where brain atrophy was limited to
the CTX, providing further evidence that aging increases the brain's
vulnerability to ischemic damage. Total brain atrophy in young and
aged mice was not altered by n-3 PUFAs post-stroke treatment, but
combined DHA and FO treatment significantly reduced striatal atrophy
in aged mice 35 days after dMCAO. Thus, rapid and persistent en-
hancement of n-3 PUFAs in the brain after stroke is capable of
prolonging tissue protection in aged mice.

Despite the lack of effect of n-3 PUFAs on atrophy volume, all n-3
PUFA treatment regimens improved sensorimotor function and learning
ability after dMCAO in young mice. n-3 PUFA post-treatment was more
effective against the dMCAO, as oppose to the MCAO model (Jiang
et al., 2016; Pu et al., 2016). This may possibly be due to the more
limited damaged induced by dMCAO (Fluri et al., 2015) and/or the
smaller time interval between stroke induction and therapeutic inter-
vention. As expected, sensorimotor deficits in the aged mice were
greater and more protracted than the young mice, and the therapeutic
efficacy, which was typically only observed with DHA+FO, declined
and took longer to manifest. Although we did not see obvious hippo-
campal damage in either young or aged mice after dMCAO, prominent
cognitive deficits were observed in both young and aged mice and were
more severe in the aged mice, and these deficits were not attenuated by
any n-3 PUFAs treatment regimen in aged mice. In addition to the
major influence from the histological and functional integrity of the
hippocampus, cognitive function is a complex process that is also af-
fected by neuronal connection and projection in multiple brain regions
(Okada et al., 1995). The more severe cognitive functions in aged mice
may come from the greater histological damage and the worse re-
storations in the brain. Further studies are warranted to examine the
subtle changes of the hippocampus at both histological and functional
levels.

The effects of n-3 PUFAs prior to induction of stroke involve neu-
ronal and non-neuronal mechanisms, including enhanced neurogenesis,
angiogenesis, oligodendrogenesis and white matter integrity in young
and old mice (Cai et al., 2017; Hu et al., 2013; Zhang et al., 2015).
These repair processes were also augmented in young mice when n-3
PUFAs were administered after stroke, and correlated with reduced
functional deficits (Pu et al., 2016; Jiang et al., 2016). Cortical neuronal
survival increased with FO and FO+DHA treatment in young mice,
but only combined treatment increased cortical and striatal neuronal
survival in aged mice, further indicating that a rapid increase in n-3
PUFAs after stroke is required for protection. Neurogenesis as reflected
by newly-generated mature neurons was not observed in young or aged
animals, suggesting that protection against cell death, not the formation
of mature neurons, contributed to the ameliorating effects of n-3 PUFAs
in the current study. However, previous studies suggest that n-3 PUFA
promotes the generation of neuronal progenitor cells (Hu et al., 2013).
Thus, further studies of extending the study time frame or examining
the newly generated unmatured neurons are warranted.

Angiogenesis was induced in the CTX and STR in both age groups
after dMCAO with DHA+FO treatment. Angiogenesis was greater in
the STR of young mice, where no cell death occurred, compared to aged
mice that did experience neuronal death in the STR. Thus, increased
nutrient support provided by angiogenesis-related tissue perfusion, may
have played a role in greater neuronal survival with DHA+FO

treatment (Zhang and Chopp, 2009; Tang et al., 2014). In addition to its
effects on neuronal survival, angiogenesis facilitates brain recovery
after ischemia by promoting neurovascular remodeling (Arai et al.,
2009), remyelination (Yuen et al., 2014; Cai et al., 2017), neurite
outgrowth (Lin et al., 2013) and white matter recovery (Yuen et al.,
2014; Cai et al., 2017). The mechanism by which n-3 PUFA increase
angiogenesis may involve upregulation and extracellular release of
angiopoietin 2 in astrocytes, which further facilitates endothelial pro-
liferation and barrier formation by enhancing the vascular endothelial
growth factor, the phospholipase Cγ1, and the Src signaling pathways
(Wang et al., 2014; Zhang et al., 2015).

Aged mice are more sensitive than young mice to ischemia-induced
white matter injury, (Rosenzweig and Carmichael, 2013; Munoz
Maniega et al., 2017). Consistent with these studies, we found that aged
mice exhibited more severe myelin sheath injury, more severe impair-
ment of striatal MBP+ axon bundles and decreased survival of mature
oligodendrocytes in STR after dMCAO. Decreased ischemia-induced
demyelination and increased axon bundle size in the striatum after n-3
PUFA treatment was associated with improved survival of APC+ cells
and oligodendrogenesis. Interestingly, although oligodendrogenesis
was enhanced by n-3 PUFAs post-stroke treatment, the number of
newly regenerated oligodendrocytes was only a small part of the total
number of the increased oligodendrocytes in both young and aged mice.
These results suggested that promotion of oligodendrocytic cell survival
rather than oligodendrogenesis might be the primary mechanism un-
derlying the improved white matter integrity and the enhanced neu-
rological functions. Possible mechanism(s) underlying increased oligo-
dendrocytic cell survival include activation of Akt and cyclic AMP
responsive element binding protein (CREB) pro-survival/anti-apoptosis
pathways, as observed with DHA induced improvement of axonal pre-
servation and survival of oligodendrocytes after spinal cord injury
(Figueroa et al., 2012), and reduction of ischemia-induced ex-
citotoxicity (Keleshian et al., 2014).

One limitation of this study is that CBF was not measured in deep
brain structures after dMCAO. We have measured cortical CBF by
Doppler cytometry and laser speckle contract imaging in our current
and previous studies, confirming that the dMCAO model is highly re-
producible (Suenaga et al., 2015). However, both Doppler cytometry
and laser speckle contrast imaging can only measure blood flow of the
overlying CTX (Shi et al., 2016; Cai et al., 2017), whereas the biggest
difference in ischemia-induced brain damage between the young and
aged mice in the current study was in the deeply embedded STR. This
limitation warrants further examination of CBF in deep brain structures
by exploring other methods of measurement, such as MRI.

In summary, our study demonstrates that administration of n-3
PUFAs after ischemia promotes histological and neurological function
in both young and aged mice, especially when DHA and FO dietary
supplementation are combined. Histological and functional neuropro-
tection induced by n-3 PUFAs is present, albeit declined in the aged
mice, and includes significant attenuation of white matter injury and
neuron loss associated with enhanced angiogenesis and oligoden-
drogenesis. Interestingly, as with functional protection, enhancement of
brain repair mechanisms in the aged mice was more restricted.
Therefore, the results of this study provide evidence that n-3 PUFA post-
stroke treatment is a promising therapy with high translational value
against stroke in the most vulnerable aged population.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2018.09.012.
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