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The dogma of stroke recovery has dramati-
cally changed over the last several decades. It
was long believed that neurons were the sole
mediator of functional decline and recovery
following stroke (Garcia, 1975). More re-
cently, however, the importance of resident
astrocytes, oligodendrocytes, and microglia
in the pathogenesis and recovery of this
disease has become apparent (Mabuchi et
al., 2000; Takano et al., 2009; Jin et al., 2010).
Wattananit et al. (2016) furthered this
understanding by examining the role of
immune cells that infiltrate the infarcted re-
gion from outside the CNS. Specifically,
they showed that monocyte-derived macro-
phages (MDMs) preferentially migrate to
the ischemic site, become involved in the in-
flammatory response, and facilitate long-
term functional recovery. MDMs and other
inflammatory mediators may therefore be-
come a therapeutic target in promoting re-
habilitation following stroke.

In response to cellular and tissue dam-
age, circulating monocytes migrate to sites
of injury and differentiate into macro-
phages, which participate in the inflamma-
tory response by clearing debris and

secreting immunomodulators. Depending
on the microenvironment at the lesion site,
different signaling pathways can give rise to
two separate populations of macrophages
with distinct phenotypes and function
(Italiani and Boraschi, 2014). These two
populations have opposing roles in the in-
flammatory response. Proinflammatory M1
macrophages release chemokines and cyto-
kines to recruit other immune effector cells,
whereas anti-inflammatory M2 macro-
phages, also known as healing or deactivated
macrophages, aid in tissue repair homeosta-
sis (David and Kroner, 2011; Prinz and
Priller, 2014).

Resident microglia in the CNS, which
are also derived from myeloid cells, can sim-
ilarly be polarized in response to damage.
Thus, it is important to be able to identify
different cells in the brain to fully under-
stand their contributions to postischemic
changes. To address this, the expression of
certain markers can be used to identify cell
populations. Macrophages and microglia
can be distinguished from other cells by
their expression of CD11b, and from each
other by varied expression of CD45 (Greter
et al., 2015). These markers allow scientists
to use a variety of techniques, such as flow
cytometry and immunohistochemistry, to
identify specific cell types.

Using a medial cerebral artery occlusion
model of stroke in mice, Wattananit et al.
(2016) explored the properties of circula-
ting monocytes and their inflammatory role

in stroke recovery. They found a correla-
tion between the number of monocytes in
the peripheral circulation and MDMs in the
ischemic lesion. Furthermore, many more
endogenous MDMs were present in the
stroke-affected cerebral hemispheres than
in the contralateral hemispheres, suggesting
that circulating monocytes are recruited
specifically to the ischemic site.

Using flow cytometry, the authors deter-
mined that the number of monocytes infil-
trating the ischemic region peaks at 3 d,
remains significantly higher than baseline at
7 d, and returns to control levels by 14 d after
stroke. This suggests an initial surge in im-
mune cell recruitment following an isch-
emic event, which decreases over time.

Two subsets of MDMs were identified in
the ischemic brain using flow cytometry: a
proinflammatory (Ly6C high/CX3CR1low)
population and an anti-inflammatory
(Ly6Clow/CX3CR1int) population. The pro-
portion of total MDMs that fell into these
categories shifted over time. Specifically, a
shift from a proinflammatory to an anti-
inflammatory bias appeared to occur be-
tween days 3 and 14 after stroke. The
occurrence of this shift was further sup-
ported by an increase in anti-inflammatory
markers CD206 and Dectin1 within the
Ly6C low/CX3CR1int population between
day 3 and day 7; the authors did not examine
changes in proinflammatory markers at the
same times. Because MDMs are a heteroge-
neous population with different roles in the

Received June 12, 2016; revised Aug. 3, 2016; accepted Aug. 8, 2016.
The authors declare no competing financial interests.
*A.K.-L. and I.V. contributed equally to this study as co-first authors.
Correspondence should be addressed to Mr. Ilan Vonderwalde, 160 Col-

lege Street, Room 1040, Toronto, Ontario M5S 3E1, Canada. E-mail:
ilan.vonderwalde@mail.utoronto.ca.

DOI:10.1523/JNEUROSCI.1906-16.2016
Copyright © 2016 the authors 0270-6474/16/369757-03$15.00/0

The Journal of Neuroscience, September 21, 2016 • 36(38):9757–9759 • 9757



ischemic environment, their phenotype
might be determined by environmental
cues. It may also be possible that individual
cells change phenotype due to external sig-
nals (Italiani and Boraschi, 2014). Neverthe-
less, there seems to be a shift in the
inflammatory profile of MDMs following
stroke.

By analyzing the expression of CD45 and
CB11b, Wattananit et al. (2016) found that,
whereas MDMs made up the majority of
cells in the ischemic region 3 d after stroke,
microglia accounted for the majority of cells
at 7 d after stroke. The authors also found
that microglia have a sustained proinflam-
matory phenotype at 3 and 7 d after stroke.
In addition, compared with the contralat-
eral hemisphere, stroke-affected hemi-
spheres exhibited significantly higher
expression of Ym1, an anti-inflammatory
marker, at 3 d after stroke, higher expression
of both proinflammatory (IL-6, TNF�, IL-
1�, NOS2) and anti-inflammatory markers
(TGF�1, Ym1, Cxcl12, CCL22, CD163) 7 d
after stroke, and higher expression of anti-
inflammatory markers (TGF�1, VCAM1)
14 d after stroke. It is of note that the inflam-
matory mediators examined are not re-
leased exclusively by MDMs, suggesting that
other cell types also play a role in the inflam-
matory response. This is supported by the
high expression of Ym1 3 d after stroke, a
time when MDMs expressed a predomi-
nantly proinflammatory phenotype.

To understand the importance of
MDMs in the inflammatory environment
and functional recovery, Wattananit et al.
(2016) depleted monocytes for 10 d follow-
ing stroke (when they would normally be at
peak levels of infiltration) by administering
daily injections of MC-21, a CCR2 anti-
body, on the day of insult and for the next
3 d. CCR2 mediates monocyte egress from
bone marrow to the circulation, and cells
expressing it have been shown to preferen-
tially migrate to injured tissue, including the
CNS (Yan et al., 2007; Greter et al., 2015).
The depletion of monocytes led to a dra-
matic decrease in the anti-inflammatory
marker Ym1 a week after stroke. Interest-
ingly, after circulating monocytes were re-
stored 14 d after stroke, there was still a
decrease in the percentage of monocytes
and microglia within the ischemic region.
Furthermore, quantitative PCR revealed a
decrease in three anti-inflammatory mark-
ers (TGF�1, TGF�2, and CD163), and in
NOS2, a proinflammatory marker at 14 d
after stroke.

To investigate how depletion of mono-
cytes for the first week following stroke af-
fected long-term spontaneous recovery,
functional assessment was conducted using

behavioral tests that measure lateralized
sensorimotor integration or forelimb reach-
ing and grasping. Animals in which mono-
cytes had been depleted had sustained
deficits that persisted after control animals
had recovered. These results suggest that
early recruitment of circulating monocy-
tes may play an important role in stroke
recovery.

This research expands the scope of our
understanding of stroke recovery and its cel-
lular underpinnings. It is clear that MDMs
play a role in mediating the inflammatory
response in the injured brain following
stroke. Future experiments should more
fully explore the relative importance of
specific proinflammatory and anti-inf-
lammatory factors in stroke recovery. Wat-
tananit et al. (2016) conclude that MDMs
transition from a proinflammatory to an
anti-inflammatory bias during the first 2
weeks following ischemia. Although this
conclusion is supported by their data, it does
not paint a full picture of the inflammatory
environment within the ischemic lesion as
other inflammatory cells, reactive astro-
cytes, stem cells, and excitotoxic events may
also be involved (Liesz et al., 2009; Erland-
sson et al., 2011; Faiz et al., 2015). The au-
thors also posit that anti-inflammatory
properties of MDMs promote functional re-
covery. This is consistent with much of the
literature and the authors’ observation of
decreases in anti-inflammatory markers at
day 7 and 14 when monocytes were depleted
with MC-21. As other studies have consid-
ered, it is likely that both proinflammatory
and anti-inflammatory factors are necessary
for optimal functional recovery (London et
al., 2013). The data presented by Wattananit
et al. (2016) support the conclusion that, al-
though excessive inflammation may inhibit
stroke recovery, some proinflammatory fac-
tors may be necessary to attract specific cell
populations that facilitate recovery.

In addition, it is important to note that
the inflammatory markers reported in the
ischemic environment may not be represen-
tative of MDM activity. Microglia (and
other cell types) can modulate inflamma-
tion and may be responsible for some of the
markers reported, particularly around 7 d
when microglia are most predominant
(Block and Hong, 2005; Erlandsson et al.,
2011). Future experiments should seek to
isolate inflammatory modulation caused by
MDMs and other cells by selectively inhibit-
ing microglia activity.

Some controversy exists surrounding
the role of Ly6Chigh monocytes in stroke,
specifically whether they promote or inhibit
recovery. A study by Hammond et al. (2014)
found that Ly6Chigh monocytes actually ex-

acerbated acute disability following stroke,
whereas a study by Chu et al. (2015) found
they were protective, corroborating the re-
sults of this study. Notably, the study by
Hammond et al. (2014) used an intracere-
bral hemorrhage model of stroke instead of
the ischemic stroke model used by Chu et al.
(2015) and Wattananit et al. (2016). Despite
this admittedly large difference, future
studies should seek to reconcile Ly6Chigh

monocytes as a protective or damaging
factor in ischemic and hemorrhagic stroke,
respectively.

Last, it is critical to note that sex, age,
and lesion severity, which were not di-
rectly addressed in this study, have
previously been shown to influence in-
flammatory response and recovery fol-
lowing stroke using animal models
(Bodhankar et al., 2015; Suenaga et al.,
2015). These are important factors to
consider for clinical translation of this
research.

In conclusion, Wattananit et al.
(2016) have demonstrated the role of
MDMs in promoting spontaneous func-
tional recovery and modulating the
inflammatory response in the stroke-
injured brain. Inflammation and the in-
volvement of peripheral immune cells
appear to play a larger role in stroke
pathogenesis than was previously be-
lieved. Further studies are necessary to
identify the possibility of targeting in-
flammatory factors as a novel therapeu-
tic approach for promoting functional
recovery after stroke.
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