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Stroke is a devastating neurological disease with no satisfactory therapies to preserve long-term neurological
function, perhaps due to the sole emphasis on neuronal survival in most preclinical studies. Recent studies
have revealed the importance of protecting multiple cell types in the injured brain, such as oligodendrocytes
and components of the neurovascular unit, before long-lasting recovery of function can be achieved. For example,
revascularization in the ischemic penumbra is critical to provide various neurotrophic factors that enhance the
survival and activity of neurons and other progenitor cells, such as oligodendrocyte precursor cells. In the present
study, we hypothesized that chronic dietary supplementation with fish oil promotes post-stroke angiogenesis,
neurogenesis, and oligodendrogenesis, thereby leading to long-term functional improvements. Mice received
dietary supplementation with n-3 PUFA-enriched fish oil for three months before and up to one month after
stroke. As expected, dietary n-3 PUFAs significantly increased levels of n-3 PUFAs in the brain and improved
long-term behavioral outcomes after cerebral ischemia. n-3 PUFAs also robustly improved revascularization
and angiogenesis and boosted the survival of NeuN/BrdU labeled newborn neurons up to 35 days after stroke in-
jury. Furthermore, these pro-neurogenic effects were accompanied by robust oligodendrogenesis. Thus, this is
the first study to demonstrate that chronic dietary intake of n-3 PUFAs is an effective prophylactic measure not
only to protect against ischemic injury for the long term but also to actively promote neurovascular restorative
dynamics and brain repair.

© 2015 Elsevier Inc. All rights reserved.

Introduction

Ischemic stroke is the leading cause of adult disability worldwide
(Demaerschalk et al., 2010). Indeed, more than 50% of its survivors suf-
fer from long-lasting debilitation (Wiltrout et al., 2007). Tissue plasmin-
ogen activator (tPA) is the only FDA-approved therapy for stroke
victims. However, clinical use of tPA is severely limited by its short tem-
poral window of application (B. Zhang et al., 2011). Finding alternative
therapies that are safe to administer as long-term prophylactic mea-
sures is therefore a matter of urgency in stroke research. Although
many previous studies have shown that the adult brain has the ability
to try and repair itself in response to ischemic insults, there are no
safe, effective therapies that boost these endogenous repair mecha-
nisms and thereby prevent stroke-induced neurological deficits. Thus,
neurorestorative therapies that promote cerebral brain repair and neu-
rological recovery post-ischemia have gained increasing attention in re-
cent years (Hermann and Chopp, 2012; X. Liu et al., 2014; McLaughlin
and Gidday, 2013).
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One candidate that may possess neurorestorative properties is the
administration of omega-3 polyunsaturated fatty acids (n-3 PUFAs), a
major component of dietary fish oil. n-3 PUFAs are widely known for
their critical role in neurodevelopment (Harris and Baack, 2015). Exces-
sive consumption of n-6 PUFAs relative to n-3 PUFAs is thought to con-
tribute to the higher incidence of stroke in Westernized nations
(Simopoulos, 2002). In contrast, high levels of n-3 PUFAs are known
to protect against ischemic brain damage in multiple animal models
(Wang et al., 2014; Zhang et al., 2014; Zhang et al., 2010). However,
the underlying mechanisms are not yet well-established. Multiple
mechanisms have been proposed to mediate neuroprotection by n-3
PUFAs, including the activation of pro-survival signaling cascades in
neurons, blunting of microglia-mediated inflammatory responses (Hu
et al., 2014; Zhang et al., 2010), and suppression of oxidative stress
(Begum et al., 2013; Zhang et al., 2014). The beneficial effects of n-3
PUFAs have been confirmed in fat-1 transgenic mice expressing the
C. elegans fat-1 gene, which encodes an n-3 fatty acid desaturase that
converts endogenous n-6 PUFAs into n-3 PUFAs. Our previous work
has shown that overproduction of n-3 PUFAs in fat-1 transgenic mice
enhances angiogenesis, neurogenesis, and oligodendrogenesis follow-
ing cerebral ischemia (Hu et al., 2013; Wang et al., 2014). However, di-
etary supplementation with n-3 PUFAs is more clinically relevant and
whether it can promote brain repair and long-term recovery of neuro-
logical function is not yet known.

In the present study we tested the hypothesis that dietary supple-
mentation with n-3 PUFAs would promote revascularization,
neurogenesis, and oligodendrogenesis after stroke, thereby providing
long-term neurobehavioral protection. Revascularization is one of the
most effective endogenous repair mechanisms in the brain after stroke
injury and illustrates the importance of a patent vascular network
(Badaut and Bix, 2014; Li et al., 2014). Revascularization not only con-
sists of reperfusion of pre-existing vasculature in the early phase after
stroke but also consists of a surge in angiogenesis through endothelial
cell proliferation in late stages (J. Liu et al., 2014). Post-stroke angiogen-
esis increases tissue perfusion with nutrients and oxygen while newly
generated endothelial cells release a plethora of neurotrophic factors,
thereby supporting the survival of neurons, oligodendrocytes, and
their progenitor cells, and accelerating long-term recovery of neurolog-
ical function (An et al., 2014; Merson and Bourne, 2014). In the past
several decades, adult neurogenesis has been demonstrated in the
subventricular zone (SVZ) of the lateral ventricle and the subgranular
layer of the dentate gyrus. Neurogenesis can occur in response to cere-
bral ischemia and is characterized by themigration of SVZ-derived neu-
ral precursor cells along the blood vessels to the site of ischemic lesion
(Ruan et al., 2014; Zhang et al., 2009). However, only a small proportion
of these neural precursor cells survive and differentiate into mature
neurons. Oligodendrocytes, the myelin forming cells of the central ner-
vous system, are also sensitive to cerebral ischemia (Zhang et al., 2013).
Stroke induces the loss of oligodendrocytes and elicits disruption ofmy-
elin, which impair axonal conductivity and exacerbate functional out-
comes (Zhang et al., 2013). Oligodendrocyte precursor cells (OPCs) are
known to differentiate into mature oligodendrocytes and form myelin
sheaths for sprouting axons during brain repair, an important prerequi-
site for recovery of neurological function (Misumi et al., 2013; R.L.
Zhang et al., 2011). Hence, finding therapies that can safely boost
these endogenous repair processes would greatly facilitate the clinical
treatment of stroke victims. It would also benefit future stroke victims
if such therapies could be administered prophylactically for the long
term as a preventative measure. To accomplish this goal, n-3 PUFAs
were administered through dietary intake of fish oil for three months
before and up to one month after stroke injury in the present study.

Here we show that chronic dietary administration of n-3 PUFAs ro-
bustly protects the adult brain against focal cerebral ischemia up to
35 days post injury. Furthermore, n-3 PUFAs significantly enhanced
post-stroke angiogenesis, neurogenesis, and oligodendrogenesis. Thus,
oral administration of n-3 PUFA-enriched fish oil is a promising

preventative measure with the capacity to improve natural brain repair
processes and facilitate long-term recovery of neurological function.

Material and methods

Dietary supplementation with fish oil

All experimental procedures were approved by the Animal Care and
Use Committee at FudanUniversity. Four-week-oldmale C57BL/6Jmice
(Laboratory Animal LLC, Shanghai, China) were either fed a regular
laboratory rodent diet with an inherently low n-3 PUFA con-
centration (0.5%) or the same diet supplemented with n-3 PUFAs
(docosahexaenoic and eicosapentaenoic acids, triple strength n-3 fish
oil, Puritan's Pride, Oakdale, NY, USA; final n-3 PUFA concentration
4%) for 3 months before exposure to transient cerebral ischemia and
up to 35 days after ischemia until sacrifice.

Transient focal cerebral ischemia model

Transient focal cerebral ischemia was induced in adult male mice
(4months old, 25–30 g) by intraluminal occlusion of the left middle ce-
rebral artery (MCA) for 60 min, as described previously (Wang et al.,
2014). Experimental procedures were performed following the Stroke
Therapy Academic Industry Roundtable (STAIR) guidelines (Fisher
et al., 2009). Mice were anesthetized with 3% isoflurane vaporized in
30% O2/70%N2 until they were unresponsive to the tail pinch test.
Animals were then fitted with a nose cone blowing 1.5% isoflurane for
anesthesia maintenance. A monofilament (7-0) with a silicone-coated
tip was introduced into the common carotid artery, advanced to the or-
igin of the MCA, and left in place for 60 min. Rectal temperature was
maintained at 37 ± 0.5 °C during surgery with a temperature-
controlled heating pad. Arterial blood gases were analyzed at 15 min
after the onset of ischemia and 15 min after reperfusion. Regional cere-
bral blood flow (rCBF) was measured using laser speckle during the en-
tire procedure. Animals that did not show an rCBF reduction of at least
75% of the baseline levels or that died after ischemia induction were ex-
cluded from further experimentation. Sham-operated mice underwent
the same anesthesia and surgical procedures without MCA occlusion
(MCAO).

Laser speckle imaging

Animals were anesthetized with 1.5% isoflurane. A midline incision
was made on the scalp, and tissues were removed with a scalpel to ex-
pose the skull surface. All procedureswere performed using sterile tech-
nique. Laser speckle images (696 × 512 pixels) were acquired at 23 fps
(exposure time T=5ms) by the laser speckle imaging system (Dolphin
BioTech Ltd., Shanghai, China) with a laser diode (780 nm; Dolphin
BioTech Ltd., Shanghai, China) placed over the skull (Miao et al.,
2010). Briefly, 200 consecutive frames of speckle images were recorded
per trial. Image processing took place off-line with MATLAB software
(Mathworks Co., Ltd., USA). Raw speckle images were processed by
the random process estimator (RPE)method after registration to obtain
the contrast image. Changes in cerebral blood flow and the ischemic
area were calculated by MATLAB software.

Measurement of infarct volume

Fourty-eight hours after MCAO, TTC staining was performed by a
blinded investigator as we described previously (Stetler et al., 2008).
Briefly, mice were anesthetized with 3% isoflurane and sacrificed.
Brains were harvested and the forebrain was sliced into seven 1-mm-
thick coronal sections. Sections were then stained with 2% 2,3,5--
triphenyltetrazolium chloride (TTC) in saline at pH 7.4 (37 ± 0.5 °C)
for 20 min, and fixed in 4% paraformaldehyde in PBS (pH 7.4) for
30 min before photography. Infarct volume was determined using the
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