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Abstract Prophylactic dietary intake of omega-3 polyunsat-
urated fatty acids (n-3 PUFAs) has been shown to remarkably
ameliorate ischemic brain injury. However, the therapeutic
efficacy of n-3 PUFA administration post-stroke, especially
its impact on neurovascular remodeling and long-term neuro-
logical recovery, has not been fully characterized thus far. In
this study, we investigated the effect of n-3 PUFA supplemen-
tation, as well as in combination with docosahexaenoic acid
(DHA) injections, on long-term stroke outcomes. Mice were
subjected to transient middle cerebral artery occlusion
(MCAO) before randomly assigned to four groups to receive
the following: (1) low dose of n-3 PUFAs as the vehicle con-
trol, (2) intraperitoneal DHA injections, (3) n-3 PUFA dietary
supplement, or (4) combined treatment of (2) and (3).
Neurological deficits and brain atrophy, neurogenesis, angio-
genesis, and glial scar formation were assessed up to 28 days

after MCAO. Results revealed that groups 2 and 3 showed
only marginal reduction in post-stroke tissue loss and attenu-
ation of cognitive deficits. Interestingly, group 4 exhibited
significantly reduced tissue atrophy and improved cognitive
functions compared to groups 2 and 3 with just a single treat-
ment. Mechanistically, the combined treatment promoted
post-stroke neurogenesis and angiogenesis, as well as reduced
glial scar formation, all of which significantly correlated with
the improved spatial memory in the Morris water maze. These
results demonstrate an effective therapeutic regimen to en-
hance neurovascular restoration and long-term cognitive re-
covery in the mouse model of MCAO. Combined post-stroke
DHA treatment and n-3 PUFA dietary supplementation thus
may be a potential clinically translatable therapy for stroke or
related brain disorders.

Keywords Angiogenesis . Cognitive function . Glial scar .

Hippocampus . Neurogenesis

Introduction

Stroke declines from the fourth to the fifth leading cause of
death in the USA in 2013, yet remains a leading cause for
long-term disability. Despite continuous and intensive ef-
forts in stroke research to establish new therapeutic targets,
current treatment to acute ischemic stroke is largely limited
to the thrombolytic therapy using recombinant tissue-type
plasminogen activator (tPA), which benefits only a small
population of stroke patients due to its narrow therapeutic
time window [1–5]. Physical or cognitive deficits often
develop in stroke victims and are closely related to their
life quality. In recent years, attentions have been gradually
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shifted from neuroprotective strategies aiming to rescue the
injured tissue acutely to neurorestorative strategies with a
focus on boosting post-stroke tissue repair [6]. Endogenous
repair mechanisms of the neurovascular unit, including
neurogenesis and angiogenesis, implement long-term struc-
tural and functional restoration of the injured brain and
represent an opportunity to extend the therapeutic time win-
dow [7–9].

One promising candidate for the treatment of stroke is
omega-3 polyunsaturated fatty acids (n-3 PUFAs). n-3
PUFAs are major components of dietary fish oil, of which
docosahexaenoic acid (DHA) and eicosapentaenoic acid
(EPA) are the two most involved in the regulation of hu-
man physiology [10]. The high ratio of n-6 PUFAs over n-
3 PUFAs in the western diet is considered to contribute to
the higher incidence of stroke in western societies [11]. Our
group and others have demonstrated that n-3 PUFAs exert
beneficial effect in an event of ischemic stroke [12–14]. n-3
PUFAs act on multiple cell types in the brain and function
to attenuate pro-death [15] or pro-inflammatory [14] mech-
anisms or elicit cytoprotective responses [12]. n-3 PUFAs
are also found to prevent blood-brain barrier breakdown
and development of brain edema by preserving the endo-
thelial tight junction proteins [16, 17]. Long-term elevation
of n-3 PUFA levels in mice before stroke, achieved through
either dietary supplementation or transgenic overproduction,
robustly ameliorated the outcomes of ischemic brain injury
and offered sustained improvement on post-stroke neuro-
logical recovery [18–20]. Furthermore, stroke-induced re-
pair processes of the brain, such as neurogenesis, angiogen-
esis, and oligodendrogenesis, were shown to be enhanced
by high n-3 PUFA levels [18–20], suggesting that n-3
PUFAs may offer long-term functional improvement
through stimulation of multifaceted endogenous restorative
mechanisms after brain injury. Although these studies dem-
onstrate a protective role of prophylactic n-3 PUFA treat-
ment, whether n-3 PUFAs can offer comparably effective
and sustained protection when administered after stoke re-
mains poorly investigated. Determining the effects of a de-
layed n-3 PUFAs treatment after stroke is therefore crucial
for this therapy to be potentially translated from bench to
bedside.

In order to fill the gap, the present study explored the
therapeutic efficacy of n-3 PUFAs with the treatment be-
ing delivered after the stroke, using a mouse model of
focal cerebral ischemia and reperfusion. We evaluated dif-
ferent treatment paradigms, consisting of intraperitoneal
(i.p.) injections of DHA and/or dietary fish oil supplemen-
tation, on long-term histological and functional outcomes
after stroke. Furthermore, we examined whether post-
stroke n-3 PUFA treatment can enhance the endogenous
repair processes triggered by ischemic/reperfusion brain
injury.

Materials and Methods

Animals

C57BL/6J mice were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA). Mice were housed in a temperature-
and humidity-controlled animal facility with a 12-h light-dark
cycle. Food and water were available ad libitum. All animal
procedures 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. Efforts were made to
minimize animal suffering and the number of animals used.

Transient Focal Cerebral Ischemia Model

Transient focal cerebral ischemia was induced in adult
C57BL/6J mice (male, 10–12 weeks old) by intraluminal oc-
clusion of the left middle cerebral artery (MCA) for 60 min
[21]. All procedures were performed following the Stroke
Therapy Academic Industry Roundtable (STAIR) guidelines.
Briefly, mice were anesthetized with 3 % isoflurane vaporized
in 67:30 % N2O/O2 until they were unresponsive to the tail
pinch test. A mouse nose cone continuously supplying 1.5 %
isoflurane was used to maintain anesthesia during surgery. A
suture (7-0) with a silicon-coated tip was introduced into the
common carotid artery, advanced to the origin of the MCA,
and left undisturbed for 60 min. Rectal temperature was main-
tained at 37.0 ± 0.5 °C during surgery using a temperature-
controlled heating pad. To confirm the success of MCA oc-
clusion and reperfusion, regional cerebral blood flow (rCBF)
was measured using a laser-Doppler flowmeter before, during,
and after MCA occlusion (MCAO). Animals that did not
show a CBF reduction of at least 75 % of baseline levels or
died immediately after ischemia induction or reperfusion (less
than 10 %) were excluded from further experimentation.

Post-Stroke DHA Delivery and n-3 PUFA Dietary
Supplementation

Immediately after the MCAO surgery, mice were randomly
assigned to four groups with the use of a lottery-drawing box:

1. Vehicle control group. Mice were fed a regular laboratory
rodent diet (Prolab Isopro RMH 3000 5P76; LabDiet, St.
Louis, MO, USA) with an inherently low n-3 PUFA con-
centration (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).

2. DHA treatment group. Mice were fed with a regular diet
and received injections of DHA (10 mg/kg body weight,
diluted with 300 μl of 0.9 % NaCl, i.p. 2 h after MCAO,
and then daily for 14 days).
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3. n-3 PUFA dietary supplementation group. Mice were fed
with 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 %)
[19], beginning at 5 days after MCAO for up to 28 days,
and received injections of 0.9 %NaCl (300 μl per day, i.p.
2 h after MCAO, and then daily for 14 days).

4. Combined treatment of (2) and (3). Mice were fed a diet
with high concentration of n-3 PUFAs together with
14 days of DHA injections.

All outcome assessments were performed by investigators
blinded to experimental group assignments.

Morris Water Maze

Long-term cognitive functions were assessed by the Morris
water maze test at 23–28 days after MCAO, as we previously
described [21]. Briefly, a circular pool (diameter 109 cm) con-
taining opaquewater was divided into four quadrants by phan-
tom lines. A platform (diameter 11 cm) was submerged in the
pool for 1 cm in one quadrant. Mice were placed into the pool
from one of the three quadrants (except the one quadrant with
the platform) with the platform present and were allowed to
swim for 60 s to find the platform. Between each swim, mice
were allowed to rest for 15 s on the platform to help them
memorize the spatial cues around. The average latency for
the mice to find the platform from the three quadrants was
recorded at 23–27 days after MCAO to reflect the learning
abilities of mice. At 28 days after MCAO, the platform was
removed and each mouse was allowed to swim in the pool
from the same starting position for 60 s. Spatial memory was
assessed by measuring the time each mouse spent in the target
quadrant where the platform was previously located and the
time each mouse crossed the location of the platform. Swim
speed was recorded on each testing day to evaluate the gross
locomotor function of the mice.

Immunohistochemistry and Image Analysis

At 28 days after MCAO, mice were deeply anesthetized and
transcardially perfused with 0.9 % NaCl followed by 4 %
paraformaldehyde in phosphate-buffered saline (PBS).
Brains were harvested and cryoprotected in 30 % sucrose in
PBS, and frozen serial coronal brain sections (25 μm thick)
were prepared on a cryostat (CM1900, Leica, Bensheim,
Germany). Brain sections were blocked with 5 % donkey
serum in PBS for 1 h, followed by incubation with primary
antibodies for 1 h at room temperature and overnight at 4 °C.
After a series of washing, sections were incubated with don-
key secondary antibodies conjugated to DyLight 488 or Cy3
(1:1000, Jackson ImmunoResearch Laboratories,West Grove,
PA, USA). Alternate sections from each experimental

condition were incubated in all solutions except the primary
antibodies to assess non-specific staining. Sections were
mounted and coverslipped with Fluoromount-G containing
4′,6-diamidino-2-phenylindole (DAPI; Southern Biotech,
Birmingham, AL, USA). The following primary antibodies
were used: rabbit anti-microtubule-associated protein 2
(MAP2; 1:200; Santa Cruz Biotechnology, Dallas, TX,
USA), rabbit anti-NeuN (1:500; EMD Millipore, Billerica,
MA, USA), rat anti-CD31 (1:200; BD Biosciences, San
Jose, CA, USA), and rabbit anti-glial fibrillary acidic protein
(GFAP; 1:500; Dako, Carpentaria, CA, USA). Images were
acquired using an inverted Nikon Diaphot-300 fluorescence
microscope equipped with a SPOTRTslider camera andMeta
Series Software 5.0 (Molecular Devices, Sunnyvale, CA,
USA). Alternatively, images were captured with an Olympus
Fluoview FV1000 confocal microscope using FV10-ASW
2.0 software (Olympus America, Center Valley, PA, USA).

Chronic brain atrophy was measured on six equally spaced
MAP2-stained sections, encompassing the MCA territory
using ImageJ, as previously described [22]. The area of atro-
phy was measured by subtracting the none-lesioned area
(MAP2 positive) of the ipsilateral hemisphere from that of
the contralateral hemisphere. The volume of atrophy was cal-
culated by multiplying the mean area of tissue atrophy by the
thickness of the tissue evaluated.

The GFAP-stained sections were imaged with fixed expo-
sure setting to quantify the astrocyte scar formation. After
randomly selecting three regions of interest (ROIs) from the
peri-infarct cortex (within 800 μm to the infarct core area), the
average intensity of GFAP fluorescence was measured by the
NIH ImageJ software. Alternatively, astrocyte scar area was
assessed as previously described [23]. Briefly, GFAP immu-
nofluorescence images were converted to black and white and
threshold. The GFAP-positive areas were quantified with
ImageJ.

Examination of Recently Proliferated Cells

Recently proliferated cells were labeled with the S-phase
marker 5-bromo-2′-deoxyuridine (BrdU; Sigma-Aldrich,
St. Louis, MO, USA) as previously described [19].
Briefly, BrdU was i.p. injected twice a day at a dose of
50 mg/kg body weight at 3–6 days after MCAO. At
28 days after MCAO, mice were sacrificed and coronal
brain sections were prepared as described above. Sections
were pretreated with 2N HCl for 1 h at 37 °C followed by
0.1 M boric acid (pH 8.5) for 10 min 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 Biosciences) for
1 h at room temperature and then overnight at 4 °C.
After a serial of washing, sections were incubated with
the 488-AffiniPure donkey anti-mouse IgG (1:1000;
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Jackson ImmunoResearch Laboratories) for 1 h at room
temperature. Fluorescence images were captured as de-
scribed above.

BrdU immunopositive cells were counted using ImageJ and
calculated as the number of cells in the designated fields divided
by the area (mm2) of the fields. Neurogenesis was evaluated on
BrdU/NeuN double-stained sections. Angiogenesis was
assessed by counting BrdU immunopositive cells along the
microvessels on BrdU/CD31 double-stained sections. At least
four microscopic fields were randomly sampled in each section.

Statistical Analysis

All data are presented as mean ± SEM. The statistical differ-
ences among means of multiple groups were assessed by one-
or two-way ANOVA followed by the Bonferroni’s post hoc
test. The Pearson product linear regression analysis was used
to correlate the multiple histological parameters with the
mice’s spatial memory performance in the Morris water maze.
A p value of less than 0.05 was deemed statistically
significant.

Results

Post-Stroke DHATreatment Combined with n-3 PUFA
Dietary Supplement Reduces Chronic Brain Atrophy

While the protective effects of n-3 PUFAs in ischemic/
reperfusion brain injury have been largely studied based
on treatments before the onset of ischemia/reperfusion, the
therapeutic efficacy of a more clinically relevant paradigm
of post-stroke n-3 PUFA treatment has not been thoroughly
investigated. To our best knowledge, 1 h after the reperfu-
sion is the latest for the post-stroke DHA injections to
achieve protective effects in previous studies [16]; however,
its impact on long-term histological and functional out-
comes remains largely unknown. To test whether n-3
PUFAs have the potential to be translated to clinical use,
we extended the first intervention time point to 2 h after
post-MCAO reperfusion and examined long-term stroke
outcomes. n-3 PUFAs were delivered by two methods: (1)
i.p. injections of DHA, starting 2 h after MCAO and there-
after daily for 14 days; or (2) dietary supplement with triple-
strength fish oil (FO), beginning 5 days after MCAO and
lasting for 28 days. The dosage of DHA injection and FO
supplementation was determined based on our previous
studies [12, 19]. Furthermore, the FO supplementation did
not start until 5 days after MCAO, when the food intake of
mice was mostly recovered to the prestroke baseline levels
[24]. Mice were subjected to 60 min of MCAO followed by
reperfusion and randomly assigned to four groups as de-
scribed in the BMaterials and Methods^ section: (1) vehicle

control, (2) DHA only, (3) FO only, and (4) DHA + FO. At
28 days after MCAO, control mice developed prominent
brain atrophy as evaluated on MAP2-immunostained coro-
nal brain sections (Fig. 1a, b). Post-stroke treatment with
DHA injections alone, or FO supplementation alone, did
not rescue the brain from atrophy when compared to vehicle
controls (Fig. 1c; DHA 19.52 ± 1.69 mm3 and FO 19.98
± 2.95 mm3 vs. vehicle 25.23 ± 1.31 mm3, p = 0.20 and
p = 0.37, respectively). Interestingly, brain atrophy was
significantly reduced in mice receiving combined DHA
and FO treatment (Fig. 1c; 13.32 ± 1.64 mm3, p < 0.01
vs. vehicle). These findings demonstrated the sustained
protective effects of combined post-stroke treatment with
DHA and FO, even when the delivery was delayed after
ischemic injury.

DHA and FO Combined Treatment Improves Long-Term
Cognitive Functions After Ischemic Brain Injury

Cognitive impairment is a prevalent deficit among stroke
victims and an important parameter to evaluate the effective-
ness of therapeutic interventions [25]. To determine whether
post-stroke n-3 PUFA treatment offers long-term improve-
ment in cognitive functions after ischemic brain injury, we
performed Morris water maze, a widely used test for spatial
cognitive deficits in rodents [26–28], at 23–28 days after
MCAO (Fig. 1d). All four groups showed comparable swim-
ming speed at 23–28 days after MCAO (Fig. 1e), excluding
the possibility that any observed difference in the perfor-
mance of learning and memory tasks resulted from varied
gross motor functions. The latency for the mice to find the
submerged platform decreased during the 5 days of training
in all groups (Fig. 1f), reflecting spatial learning. Compared
to control, the combined treatment of DHA and FO signifi-
cantly decreased this escape latency, suggesting a substan-
tially improved spatial learning ability (Fig. 1f; p ≤ 0.001
DHA + FO vs. vehicle by two-way ANOVA; p ≤ 0.001 on
day 26 and p ≤ 0.05 on day 27 DHA + FO vs. vehicle by
one-way ANOVA). The spatial memory deficits were also
ameliorated in mice receiving combined DHA and FO treat-
ments, as shown by more numbers of incidents that the mice
passed the previous location of the platform and longer time
the mice spent in the target quadrant during the memory
phase of the test at 28 days after MCAO (Fig. 1g, h).
Interestingly, FO supplementation alone resulted in significant
improvement in spatial learning and memory (Fig. 1f–h), sug-
gesting an effect from the non-DHA n-3 PUFA components in
the fish oil, such as EPA. In summary, these data suggest that
FO dietary supplementation is partially effective in improving
post-stroke spatial cognitive functions and that this beneficial
effect was further boosted when FO supplementation is com-
bined with DHA injections.
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DHA and FO Combined Treatment Promotes
Hippocampal Neurogenesis After Ischemic Brain Injury

We further investigated the underlying mechanisms which
account for the persistent protective effects of DHA and FO
combined treatment on histology and cognitive functions after
MCAO. A remarkably positive correlation between hippo-
campal integrity and spatial cognitive functions has been con-
firmed by previous studies [29, 30]. The significantly im-
proved spatial learning and memory observed in the Morris

water maze led us to suspect that there might be more intact
hippocampal neurons in post-ischemic mice receiving n-3
PUFAs. Indeed, the numbers of NeuN-positive neurons in
the hippocampal CA1, CA3, and dentate gyrus (DG) areas
were all dramatically elevated at 28 days after MCAO in mice
with FO dietary supplementation, alone, or combined with
DHA injections (Fig. 2a–d). After ischemic stroke, neural
stem cells and progenitor cells from the subventricular zone
and subgranular zone of DG migrate to the ischemic zone and
contribute to the endogenous repair process of the injured

Fig. 1 Post-stroke DHA and FO combined treatment improves long-
term histological and functional outcomes. a Representative images
showing MAP2 immunofluorescence (green) on six equally-spaced
coronal brain sections (bregma level 1.18 to −2.18 mm) at 28 days after
60 min MCAO. Dashed line: chronic brain infarct. Scale bar: 1 mm. b
Areas of brain atrophy at 28 days after MCAO were measured on the six
MAP2-stained sections encompassing the MCA territory in each mouse.
c Total volume of atrophy calculated from b. n = 7 mice per group.
*p ≤ 0.05, **p ≤ 0.01 DHA + FO vs. vehicle. DHA and FO combined
treatment showed the most potent protective effect against MCAO-
induced brain atrophy. d–h Cognitive functions were examined by the
Morris water maze at 23–28 days after MCAO. d Representative images

showing the swim paths of the mice from each group at the learning or
memory phase of the test. eAverage swimming speed at 23–28 days after
MCAO was not different among all four groups. f Latency to locate the
submerged platform at 23–27 days after MCAO. *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001 FO or DHA + FO vs. vehicle by one-way ANOVA
(individual time point) or two-way ANOVA (bracket). g, h Spatial
memory was assessed at 28 days after MCAO by measuring the times
the mouse crossed the previous location of the platform (g) or the
percentage of time the mouse spent in the target quadrant (h) when the
platform was removed. *p ≤ 0.05, **p ≤ 0.01 FO or DHA + FO vs.
vehicle group by one-way ANOVA. n = 7 mice per group
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brain [31, 32]. Promoting neurogenesis after ischemic brain
injury has been identified as a therapeutic strategy for stroke
treatment [33–36]. Twenty-eight days after stroke, there was
barely any detectable neurogenesis in the non-injured contra-
lateral hippocampus (Supplementary Fig. 1). In the ipsilateral
hemisphere, however, we observed significantly more newly
generated neurons (BrdU/NeuN double-positive cells) in the
DHA + FO group compared to vehicle controls at 28 days
after MCAO, in all examined areas in the hippocampus
including CA1, CA3, and DG (Fig. 2e–g). Despite this
prominent neurogenesis, DHA + FO treatment did not in-
crease the total number of viable neurons (NeuN+ cells) in
the hippocampus of the ischemic hemisphere to a level above
that in the non-injured contralateral hemisphere (Fig. 2;
Supplementary Fig. 1). In contrast, DHA injections alone or

FO supplementation alone did not show a positive influence
on neurogenesis in the hippocampus.

A large number of the BrdU-labeled cells surprisingly
expressed the mature neuronal marker NeuN in the DHA +
FO group. Although this phenomenon suggested that the new-
ly generated cells may fully differentiate during the 28 days of
post-MCAO period, whether these cells functionally integrat-
ed into the existing neural circuits remains unknown.
Importantly, the number of viable hippocampal neurons in
CA1 and CA3 exhibited a moderate but statistically signifi-
cant positive correlation with mice spatial memory perfor-
mance in the Morris water maze at 28 days after dMCAO
(Fig. 3a, b; CA1 r = 0.489, p = 0.011; CA3 r = 0.448,
p = 0.022). The number of neurons in the DG displayed an
even stronger correlation with spatial memory (Fig. 3c;

Fig. 2 Post-stroke DHA and FO
combined treatment enhances
hippocampal neurogenesis. a
Representative images of double-
label immunostaining of BrdU
(green) and NeuN (red) in the
peri-infarct hippocampal CA1,
CA3, and DG areas at 28 days
after MCAO. Arrows: BrdU+/
NeuN+ cells (yellow).
Arrowheads: BrdU+ newly
generated cells that are negative
for NeuN signal. Scale bar:
50 μm. b–d Quantification of
total cells that are positive for
NeuN immunosignal in CA1,
CA3, and DG. e–g Quantification
of NeuN+/BrdU+ cells in CA1,
CA3, and DG. n = 7 mice per
group. *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001 vs. vehicle group
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r = 0.616, p = 0.001). These results indicate that the dramatic
increase of hippocampal viable neurons in the FO and DHA +
FO groups might be an important factor, dictating long-term
spatial memory recovery in post-stroke mice.

DHA and FO Combined Treatment Promotes
Neurogenesis in the Cortex and Striatum After Ischemic
Brain Injury

Spatial learning and memory, which are essential abilities for
properly navigating the Morris water maze, not only depend
on the hippocampus but also require the coordinated actions
of multiple different brain regions to produce a functionally
integrated neural network [37–39]. When examining the peri-
infarct cortex and striatum of mice in different treatment
groups (Fig. 4a), we found a similar pattern of effects on
neurogenesis from all groups compared to the hippocampus.
Significantly higher number of newly generated neurons was
observed from the DHA+ FO group than that from the vehicle
controls in both cortex (90.69 ± 25.29 cells/mm2 vs. 25.02
± 6.95 cells/mm2, p < 0.01) and striatum (107.04 ± 22.01
cells/mm2 vs. 37.76 ± 10.16 cells/mm2, p < 0.01) (Fig. 4b–d).
In summary, combined DHA and FO treatment after stroke,
but neither treatment alone, promotes neurogenesis in various
brain regions, which could partly account for the improved
cognitive functions.

Post-Stroke Combined Treatment of DHA and FO
Enhances Angiogenesis in the Peri-Infarct Area

Angiogenesis is an important endogenous repair mechanism
after brain injury, which may improve tissue perfusion, sup-
port the activity of neurons and neural progenitor cells, and
collectively, promote long-term functional improvement
[40–44]. The potent effect of DHA and FO combined treat-
ment in promoting post-stroke neurogenesis suggests the po-
tential development of new blood vessels, which provided a
vascular niche that is required during neurogenesis [7]. We
therefore examined the impact of post-stroke n-3 PUFA
treatment on angiogenesis in the peri-infarct cortical and
striatal area, by double-label immunostaining of BrdU (mark-
er for recently proliferated cells) and CD31 (marker for
microvessels) at 28 days after MCAO (Fig. 5a, b). Mice
receiving combined DHA and FO treatment showed the
greatest number of BrdU-positive cells on CD31-positive
microvessels (Fig. 5c). BrdU and CD31 double-stain on the
new blood vessels (Fig. 5d, e) showed that DHA injection or
FO dietary supplement alone did not significantly affect an-
giogenesis compared to the vehicle control group, in both
cortex (Fig. 5d; 59.10 ± 3.08 cells/mm2 in DHA group,
58.96 ± 2.88 cells/mm2 in FO group vs. 55.44 ± 6.94 cells/mm2

in vehicle group, p> 0.05) and striatum (Fig. 5e; 94.24 ± 3.82
cells/mm2 in DHA group, 95.63 ± 3.50 cells/mm2 in FO
group vs. 93.02 ± 3.50 cells/mm2 in vehicle group, p > 0.05).

Fig. 3 Viable hippocampal
neurons significantly correlate
with spatial memory after stroke.
Pearson product linear regression
analysis was performed to
correlate the performance of mice
in the spatial memory test of the
Morris water maze (presented as
time spent in the target quadrant)
to the numbers of viable neurons
(NeuN+ cells) in hippocampal
CA1 (a), CA3 (b), DG (c) areas
after MCAO. n = 7 mice per
group
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In comparison, the number of BrdU+/CD31+ cells is markedly
increased in mice from combined treatment group (Fig. 5d, e;
85.96 ± 13.07 cells/mm2 in cortex and 117.12 ± 9.35 cells/
mm2 in striatum, p < 0.05) than that from the control group.
Furthermore, the number of BrdU+/CD31+ cells demonstrated
significant positive correlation with spatial memory perfor-
mance in mice in the Morris water maze (Fig. 5f, g; cortex
r= 0.596, p = 0.006; striatum r= 0.602, p = 0.001). These find-
ings indicate that DHA and FO combined treatment promotes
angiogenesis after ischemia, which could support neural

development in the peri-infarct area and partially account for
long-term functional improvement.

DHA and FO Combined Treatment Ameliorates
the Formation of Glial Scars After Ischemia

Astrocytes compose of a large number of brain cells and rap-
idly react upon ischemic insults, a process characterized by
increased GFAP expression and hypertrophy of processes.
Extensive reactive astrogliosis leads to glial scarring [45,

Fig. 4 Post-stroke DHA and FO
combined treatment enhances
neurogenesis in the peri-infarct
cortex and striatum. a
Representative images of NeuN
immunofluorescence (red) in
coronal brain sections at 28 days
after MCAO. White boxes
illustrate the peri-infarct cortical
and striatal areas where images in
b were taken. Scale bar: 1 mm. b
Double-labeling immunostaining
of BrdU (green) and NeuN (red)
in the peri-infarct cortex and
striatum at 28 days after MCAO.
Boxes indicate areas enlarged in
high-power images (the second
and fourth rows). Arrows: BrdU+/
NeuN+ cells (yellow).
Arrowheads: BrdU+ newly
generated cells that are negative
for NeuN signal. Scale bar:
50 μm. c, d Quantification of
BrdU+/NeuN+ cells in the cortex
and striatum. n = 7 mice per
group. **p ≤ 0.01 vs. vehicle
group
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46], which may exert distinct functions on tissue injury and
repair in a context-dependent manner. For example, scar-
forming astrocytes may play a protective role at the acute
stage after injury, acting as shields to keep neurons from ox-
idative stress and limiting the propagation of inflammation
[45, 47]. However, at later stages after injury, glial scars may
negatively affect axonal regeneration and tissue repair [48].
Whether n-3 PUFAs inhibit astroglial activation, thus benefit
the survival or proliferation of neurons is unknown. We

performed immunostaining of the astrocyte marker GFAP on
brain slices at 28 days after MCAO (Fig. 6a, b). GFAP expres-
sion was attenuated by dietary FO supplement, alone, or com-
bined with DHA injections (Fig. 6b). The fluorescence inten-
sity of GFAPwas also remarkably decreased inmice receiving
FO supplement alone or combined with DHA injections when
compared to vehicle controls (Fig. 6c). The GFAP fluores-
cence intensity negatively correlated with the spatial memory
performance of the mice in the Morris water maze (Fig. 6d;

Fig. 5 Post-stroke DHA and FO combined treatment promotes
angiogenesis. a A representative image of the brain at 28 days after
MCAO illustrating the infarct (red dashed line), and peri-infarct cortical
and striatal areas where images in cwere taken (yellow boxes). Scale bar:
1 mm. b A representative image taken from the peri-infarct cortex
showing a BrdU immunopositive cell on a CD31+ microvessel (in
yellow). c Double-label immunostaining of CD31 (red) and BrdU
(green) in peri-infarct cortex and striatum at 28 days after MCAO.
White boxes indicate areas that were enlarged in the high-power images

(the fifth column). Arrows: BrdU+/NeuN+ cells (yellow). Arrowheads:
BrdU+ newly generated cells that are negative for NeuN signal. Scale
bar: 50 μm. A significantly higher number of BrdU+/CD31+ cells was
observed in the DHA + FO group, compared to either treatment alone. d,
e Quantification of CD31+/BrdU+ cells in the cortex and striatum.
*p ≤ 0.05 vs. vehicle group. f, g Pearson correlation between spatial
memory and CD31+/BrdU+ cells in the cortex (f) and striatum (g). n = 7
mice per group
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r = −0.562, p = 0.005). The area covered by scar-forming as-
trocytes was also significantly reduced in FO supplement and
combined treatment groups (Fig. 6e). These results suggested
that FO and DHA combined treatment suppressed glial scar
formation in the peri-infarct area, which may be associated
with a favorable microenvironment for post-ischemic tissue
regeneration and repair.

Discussion

The present study is the first to comprehensively characterize
the therapeutic efficacy of n-3 PUFAs, delivered 2 h after the
onset of ischemic stroke and reperfusion in a mouse model.
We demonstrated an effective therapeutic regimen, during
which FO dietary supplement combined with DHA injection
for an extended period of time after stroke provided potent and
sustained protection against ischemia-induced tissue loss and
functional deficiencies. Furthermore, the underlying mecha-
nism by which n-3 PUFAs improve long-term stroke out-
comes may involve in the promotion of endogenous brain
repair, including neurogenesis, angiogenesis, and reduction
of scar formation.

Epidemiologic analyses have suggested that the morbidity
of many neurological disorders, such as ischemic stroke and
Alzheimer’s disease, is much lower in the population with
high intake of n-3 PUFAs [49, 50]. High ratio of n-6 to n-3
fatty acids is associated with poor neural development and
retardation of functional recovery after injury [51]. n-3
PUFAs have long been shown to be protective against ische-
mic brain injury [13, 18–20]; however, the majority of these
studies introduced n-3 PUFAs before the onset of stroke,
which provided limited information on whether n-3 PUFAs
are suitable to be used clinically. Although some studies using
a post-stroke delivery strategy have provided invaluable infor-
mation on the possible protective effects of n-3 PUFAs [16,
52–54], the long-term consequences, especially functional re-
covery, still remain largely unknown. The novelty of the pres-
ent study lies in the extension of the treatment time window
and the evaluation of long-term functional outcomes after
post-stroke n-3 PUFA treatment.We delayed the first injection
of DHA to 2 h after reperfusion, and the FO dietary supple-
ment started 5 days after MCAO. The present study is the first
to report that post-stroke treatment with n-3 PUFAs will pro-
vide long-term neurological improvements, up to 28 days after
stroke. This protective effect is boosted significantly when the

Fig. 6 DHA and FO combined
treatment attenuates astrocyte
glial scar formation. a
Representative images of the
lateral view of the brains (upper
panel) or GFAP (red)-stained
coronal brain sections (lower
panel) showing the formation of
glial scars at 28 days after
MCAO. Boxes indicate the peri-
infarct cortical regions where
images in b were taken. Scale
bar: 1 mm. b Double-label
immunostaining of GFAP (red)
and DAPI (blue) in the cortex.
Scale bar: 50 μm. c
Quantification of relative GFAP
intensity in the peri-infarct cortex.
d Pearson correlation between
spatial memory and GFAP
fluorescence intensity (arbitrary
unit). eQuantification of the areas
occupied by scar-forming
astrocytes in the peri-infarct
cortex. FO supplementation alone
or combined with DHA injections
significantly reduced GFAP
intensity and astrocyte scar area
compared to vehicle group. n = 7
mice per group. *p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001 vs.
vehicle group
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mice were treated with FO and DHA together, which is per-
haps due to the elevated level of n-3 PUFAs in the brain that
was maintained for a long period of time. DHAwas previously
reported to offer neuroprotection against ischemic brain injury
for up to 21 days after MCAO, even when it was administered
as late as 1 h after reperfusion [55]. In our study, we did not
observe significant beneficial effects of DHA injections alone
on histological and functional outcomes at 28 days after
MCAO. This data suggests that although DHA may elicit
some neuroprotection, treatment with acute DHA injection
alone may not be sufficient to sustain this protection. In con-
trast, mice given only FO supplement showed significantly
improved cognitive functions, probably accredited to en-
hanced neurorestorative processes. We previously reported
that long-term dietary FO supplementation resulted in signif-
icant and sustained elevation in the ratio of n-3/n-6 fatty acids
[19]. In the current project, FO was not started until 5 days
after MCAO, when the food intake of post-stroke mice had
fully recovered. We may have thereby missed the optimal
therapeutic window for acute protection from n-3 PUFAs,
which partially explains why a combination of acute DHA
injection with long-term supplementation of FO was able to
boost the beneficial effects of FO alone. Furthermore, the
different effects of FO and DHA treatments may be associated
with acute protection against cell death versus chronic tissue
repair and restoration, as discussed below. With long-term
tissue restoration as a target, n-3 PUFAs have a prolonged
treatment time window, making them an appropriate candi-
date to be used in combination with the current tPA therapy.

One interesting finding of the present study is that FO
treatment alone provided some protection against stroke-
induced spatial memory deficits (Fig. 1g, h) or neuronal loss
(Fig. 2a–d), while DHA treatment alone had no noticeable
effect. We thereby suspect that these improvements were due
to the non-DHA components in the FO, i.e., EPA. DHA is the
most enriched n-3 fatty acid in the brain, while the level of
EPA is about 250–300 times lower [56]. The triple strength
omega-3 FO used in this study has an EPA/DHA ratio of 3:1.
In our recent study, we have shown that a 3-month continuous
supply of dietary FO, using the same dosage as in the current
study, would increase the content of multiple n-3 PUFAs in the
brain in a non-proportional manner [19]. Specifically, DHA
content was increased by less than 5 %, likely due to its al-
ready high baseline concentrations in the brain. However, the
brain EPA level reached an approximately sixfold increase
after 3 months [19]. Although the beneficial effects of n-3
PUFAs have been traditionally accredited to all components
without discrimination [57], it is possible that the dramatically
elevated EPA played a major role in the current treatment
paradigm. To date, the effect of EPA treatment in stroke was
much less studied compared to that of DHA, although it was
reported previously that EPA attenuated post-ischemic inflam-
mation and brain injury in part due to its function as a

peroxisome proliferator-activated receptor gamma (PPARγ)
agonist [58]. Future studies are warranted to elucidate the
unique effects of different n-3 PUFAs, such as EPA.

Improving long-term neurological recovery has been a ma-
jor focus in rehabilitation for stroke victims. In the present
study, we used the Morris water maze to assess the cognitive
deficits in post-ischemic mice. To properly navigate in the
Morris water maze, spatial learning and memory require not
only the integrity of the hippocampus but also the coordinated
actions of multiple different brain regions to produce a func-
tionally integrated neural network. Ischemic insults trigger
proliferation and migration of neuroblasts [8, 35, 59], which
may differentiate into mature neurons and contribute to neu-
rological recovery [32]. Consistent with the improved cogni-
tive functions, mice receiving DHA and FO combined treat-
ment showed enhanced neurogenesis after stroke. Although a
large number of BrdU-positive recently proliferated cells were
also observed to express NeuN, a marker for mature neurons
(Figs. 2 and 3), we are yet to confirm whether these cells were
fully functional. Hippocampal pyramidal neurons regenerated
from endogenous progenitor cells after ischemic brain injury
were previously reported to be integrated into the existing
brain circuitry and contributed to improved neurological func-
tions [59, 60]. Using electrophysiological approaches, an im-
portant future study could focus on whether the regenerated
neurons, triggered by the post-stroke n-3 PUFA treatment,
could be integrated into an existing neural network. Besides
the enhancement of neurogenesis, DHA and FO combined
treatment promoted post-stroke angiogenesis, thereby provid-
ing the vascular niche that is required for the survival and
migration of newborn neurons [61].While the acute protective
effects from DHA may support the survival of progenitor
cells, the differentiation of these cells into mature neurons
may require the sustained supplementation of n-3 PUFAs,
which together positively correlate with the recovery of
post-stroke spatial memory.

Another crucial regulator of the post-injury brain repair is
reactive astrogliosis and formation of glial scars. Astrocytes,
the most abundant cell population in the brain, rapidly respond
to brain injury and undergo heterogeneous molecular and
morphological alterations, a process defined as reactive
astrogliosis [62, 63]. The role in which reactive astrogliosis
and glial scar formation play after the brain injury is still con-
troversial and may be context-dependent as determined by
specific molecular signaling cascades. Generation of scar tis-
sues at an early stage after injury provides a barrier to block
the infiltration of inflammatory cells and other harmful fac-
tors, thereby limiting the progression of the injury [64–66],
whereas at later stages, glial scars may impede tissue repair.
Scar-forming astrocytes are generally held responsible for the
failure of axonal regrowth [67]. In the present study, we ob-
served ameliorated astrocytic scar formation in mice treated
with DHA and FO together. It is likely that the reduced scar
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formation permitted the regeneration of white matter axons
and facilitated the reestablishment of neural circuits in the
peri-infarct area, accounting for the improved functional out-
comes. At this point of the study, we do not know whether the
reduced gliosis resulted from a direct action of n-3 PUFAs on
astrocytes or from a secondary effect of reduced tissue injury.
Although our results implicated a detrimental role of glial
scars in post-stroke tissue restoration, a recent study based
on a spinal cord injury model suggested that astrocyte scar
formationmay aid, rather than prevent, central nervous system
axonal regeneration [23]. Future cell-type specific and mech-
anistic studies are warranted to further elucidate the role of
astrocytes under pathological conditions.

In summary, our study demonstrates that chronic adminis-
tration of n-3 PUFAs, starting as late as 2 h after post-ischemic
reperfusion, could achieve long-lasting neurological and his-
tological protection against ischemic brain injury and has
significant potential to be translated into future clinical use.
DHA and FO combined treatment promoted post-stroke
neurogenesis and angiogenesis and also reduced the formation
of glial scars, thereby facilitating the restoration of the
neurovascular unit. Some components of the neurovascular
unit were not covered in the present study, e.g., the acti-
vation of microglia and inflammatory responses [68–72],
remyelination, and white matter repair [73, 74]. Therefore,
we will investigate in future studies whether these responses
contribute to n-3 PUFAs-mediated tissue repair. Another lim-
itation of the present study is the use of a transient MCA
occlusion model by intraluminal monofilament. Despite being
one of the most widely used stroke models, the intraluminal
suture model does not fully mimic human ischemic stroke and
could lead to severe reperfusion injury [75]. Future preclinical
research using models involving tPA-induced reperfusion
and/or permanent MCAO [76, 77] is warranted to facilitate
the translation of therapeutic interventions. Finally, stroke risk
factors, aging, and comorbid diseases may alter the progres-
sion of injury and interfere with the efficacy of therapeutics,
which should be taken into consideration in further studies.
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