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Triggering Receptor Expressed on Myeloid Cells-2
Correlates to Hypothermic Neuroprotection

in Ischemic Stroke

Masahito Kawabori,1 Masaaki Hokari,1 Zhen Zheng,1 Jong Youl Kim,1

Cyrus Calosing,1 Christine L. Hsieh,2 Mary C. Nakamura,2 and Midori A. Yenari1

Hypothermia is neuroprotective against many acute neurological insults, including ischemic stroke. We and others
have previously shown that protection by hypothermia is partially associated with an anti-inflammatory effect.
Phagocytes are thought to play an important role in the clearance of necrotic debris, paving the way for endogenous
repair mechanisms to commence, but the effect of cooling and phagocytosis has not been extensively studied.
Triggering receptor expressed on myeloid cells-2 (TREM2) is a newly identified surface receptor shown to be
involved in phagocytosis. In this study, we examined the effect of therapeutic hypothermia on TREM2 expression.
Mice underwent permanent middle cerebral artery occlusion (MCAO) and were treated with one of the two cooling
paradigms: one where cooling (30�C) began at the onset of MCAO (early hypothermia [eHT]) and another where
cooling began 1 hour later (delayed hypothermia [dHT]). In both groups, cooling was maintained for 2 hours. A
third group was maintained at normothermia (NT) as a control (37�C). Mice from the NT and dHT groups had
similar ischemic lesion sizes and neurological performance, but the eHT group showed marked protection as
evidenced by a smaller lesion size and less neurological deficits up to 30 days after the insult. Microglia and
macrophages increased after MCAO as early as 3 days, peaked at 7 days, and decreased by 14 days. Both hypo-
thermia paradigms were associated with decreased numbers of microglia and macrophages at 3 and 7 days, with
greater decreases in the early paradigm. However, the proportion of the TREM2-positive microglia/macrophages
was actually increased among the eHT group at day 7. eHT showed a long-term neurological benefit, but neuro-
protection did not correlate to immune suppression. However, hypothermic neuroprotection was associated with a
relative increase in TREM2 expression, and suggests that TREM2 may serve a beneficial role in brain ischemia.

Introduction

Hypothermia is recognized as one of the most potent
neuroprotectants studied in the laboratory and clinical

settings (Busto et al., 1989; Feuerstein et al., 1997). Recent
clinical studies have established a role for therapeutic cooling
in neuroprotection in some clinical conditions, including an-
oxic brain injury due to cardiac arrest and hypoxic ischemic
neonatal encephalopathy (Yenari and Han, 2012). In contrast
to many other neuroprotective treatment strategies, hypo-
thermia influences multiple aspects of brain pathophysiology
in the acute, subacute, and even chronic stages of ischemia. It
affects pathways leading to excitotoxicity, apoptosis, inflam-
mation, and free radical production, as well as blood flow,
metabolism, and blood–brain barrier integrity (Yenari and

Han, 2012). Thus, hypothermia could be viewed as a model of
neuroprotection, whereby potential therapeutic targets may
be identified. Postischemic phagocytosis is thought to be in-
volved in the clearance of necrotic debris, paving the way for
endogenous repair mechanisms to commence. The triggering
receptor expressed by myeloid cells-2 (TREM2) is a newly
indentified molecule described on activated microglia and
macrophage (Daws et al., 2001; Sessa et al., 2004; Takahashi
et al., 2005), involved in innate immunity and is considered
to play an important role in the phagocytosis of microbes
(Daws et al., 2001). Its ligand has also been detected in the
brain (Daws et al., 2003), and has been postulated to mediate
phagocytosis of injured or apoptotic neurons (Daws et al.,
2003; Takahashi et al., 2005; Hsieh et al., 2009; Stefano et al.,
2009). In this study, we compared paradigms where
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hypothermia was protective and where hypothermia was not
protected in a mouse stroke model to characterize the in-
flammatory response and TREM2 expression.

Materials and Methods

All animal experiments were approved by the San Fran-
cisco VA Medical Center’s Institutional Animal Care and Use
Committee (IACUC), and were in accordance with NIH
guidelines.

Stroke model

A focal cerebral infarct was induced by permanent occlu-
sion of the left middle cerebral artery (MCA) as described
previously with slight modifications (Kawabori et al., 2012a,
2012b). All surgical techniques were performed under aseptic
conditions. Male C57BL/6 mice (Simonson Labs), weighing
20–25 g, and 8–12 weeks old were used. Mice were allowed
free access to food and water and housed in a climate-
controlled environment (25�C). Anesthesia was induced by
inhalation of 4.0% isoflurane in N2/O2 (80:20%); a surgical
procedure was performed under spontaneous ventilation in
1.5–2.0% isoflurane in N2/O2 (80:20%).

The animals were placed on the heating pad and a 1-cm
skin incision was created between the left margin of the orbit
and the tragus, and the temporalis muscle was incised. A
small craniotomy was made above the proximal segment of
MCA, and the MCA was exposed after the dura was opened
and retracted. The MCA was occluded by short coagulation
with a bipolar at the MCA segment just proximal to the ol-
factory branch, which was consistently present. The rectal
temperature was maintained between 36.5�C and 37.5�C
during the procedures, by using a thermometer connected to a
heating pad (Harvard Apparatus). A total of 75 mice were
subjected to distal MCA occlusion (dMCAO). Mice were
randomized into three groups: early hypothermia (eHT), de-
layed hypothermia (dHT), and normothermia (NT). In the
eHT group, cooling began at the time of dMCAO and main-
tained for 2 hours, with a rectal temperature of 29.5–30.5�C,
followed by rewarming. In the dHT group, cooling began 1
hour after dMCAO and continued for 2 hours, with a rectal
temperature of 29.5–30.5�C. In the NT group, the rectal tem-
perature was maintained in the normal range (36.5–37.5�C)

throughout the experiment. We previously showed that rectal
temperatures of 37�C and 30�C correspond to brain temper-
atures of 38�C and 33�C, respectively (Yenari et al., 2000). The
duration of anesthesia was maintained the same for all three
groups (Fig. 1). Animals with no observable deficits at the
time of recovery from anesthesia were removed from the ex-
periment. The animals were sacrificed at 1, 3, 7, 14, and 30
days after ischemia for the subsequent studies (n = 5/group).

Behavior studies

Focal neurological deficits were evaluated at the above-
mentioned time points; 1, 3, 7, 14, and 30 days after dMCAO
using a neurological score based on that developed by Be-
derson et al., and modified for use in mice as previously de-
scribed (Tang et al., 2008; Tang et al., 2011; Zheng et al., 2008):
grade 0 = no observable neurological deficits, grade 1 = fails to
extend right forepaw, grade 2 = circles to the right, grade
3 = falls to the right, and grade 4 = cannot walk spontaneously.

In addition, the elevated body swing test was conducted to
evaluate asymmetrical motor behavior at each time point as
previously described (Borlongan et al., 1995). Briefly, animals
were held by the tail and elevated *10 cm above the bench
top. The direction of the body swing, defined as an upper
body turn of > 10� to either side, was recorded for each 30
trials. The numbers of left and right turns were counted, and
the percentage of turns made to the side contralateral to the
ischemic hemisphere (right side bias) was determined.

Histological examination

After animals were perfused with ice-cold phosphate-
buffered saline (PBS), the brain was harvested. The brains
were then sunk in 20% sucrose for overnight, frozen at - 80�C,
and stored until use. Fresh frozen sections were cryosectioned
in the coronal plane (25 lm thick).

Infarct size

A series of 25-lm-thick coronal sections from six brain re-
gions (between 1.5 mm anterior and 1.5 mm posterior to the
bregma) were collected at 500 lm intervals throughout
the ischemic lesion and stained with cresyl violet staining. The
infarct areas in each section were measured using an image
analysis system (ImageJ), and calculated by subtracting the

FIG. 1. Schematic of the experimental paradigms. Mice were randomly allocated into three groups. In the normothermia
(NT) group, body temperature was maintained between 36.5�C and 37.5�C during the course of the experiment. In the
delayed hypothermia (dHT) group, hypothermia (29.5–30.5�C) was induced 1 hour after the ischemic insult (distal middle
cerebral artery occlusion [dMCAO]) and maintained for 2 hours. In the early hypothermia (eHT) group, cooling began at the
time of dMCAO and continued for 2 hours followed by rewarming to the normal temperature. The duration of the anesthesia
was maintained the same for all three groups. Dotted lines show the period of cooling.
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normal ipsilateral area from that of the contralateral hemi-
sphere to reduce errors due to cerebral swelling as described
previously (Kawabori et al., 2012a, 2012b).

Histochemistry and fluorescent microscopy

Microglia were identified using lectin histochemistry. Brain
sections were treated for endogenous peroxidases with 1.0%
hydrogen peroxidase. Sections were then incubated with
peroxidase-labeled Griffonia simplicifolia isolectin-B4 (IB4)
(10 lg/mL, catalogue no. L5391; Sigma-Aldrich) overnight at
4�C, followed by diaminobenzidine (Vector Laboratories),
and then counterstained with hematoxylin. Positive cells were
countered in five random nonoverlapping · 400 high-power
fields within the cortex adjacent to the outer boundary of the
infarct as delineated by hematoxylin as previously described
(Tang et al., 2007, 2008, 2011). The section 1-mm anterior to the
bregma was used to quantify cell counts. Counting was car-
ried out by an investigator blinded to the experimental con-
ditions. Immunopositive cells were counted from five random
nonoverlapping · 400 high-power fields within the cortex
adjacent to the outer boundary of the infarct as delineated by
hematoxylin and eosin staining in four mice for each group.

Adjacent sections were stained for CD68 to identify
phagocytes. The CD68 rat anti-mouse monoclonal antibody
(1:200, catalogue no. ab53444; Abcam) was used as a primary
antibody, followed by biotin-conjugated goat anti-rat (1:1000,
catalogue no. sc-2041; Santa Cruz). Elite Vectastain ABC kit
(Vector Laboratories) and diaminobenzidine was done to vi-
sualize the proteins and hematoxylin staining was undergone
as a counterstain. To visualize TREM2, sections were incu-
bated with biotinylated rat monoclonal anti-mouse TREM2
(20 lg/mL, catalogue no. BAF1729; R&D Systems) and the
antigen detected using an Elite Vecstain ABC kit, followed by
diaminobenzidine, and then counterstained with hematoxy-
lin. To elucidate the proportion of TREM2-positive phagocytic
cells, tissues were double labeled for CD68 and TREM2. Brain
sections were blocked with normal goat serum and a Strep-
tavidin blocking solution (Vector Laboratories). The section
was incubated in antibodies against TREM2 (20 lg/mL, cat-
alogue no. BAF1729; R&D Systems) overnight, followed by
Streptavidin Alexa 594 (1:1000, catalogue no. S-11227; Mole-
cular Probe). After the sections were rinsed twice for 5 min-
utes with PBS, the sections were then incubated with rat
monoclonal anti-mouse CD68 (1:1000, catalogue no. ab53444;
Abcam) at room temperature for 1 hour, followed by donkey
anti-rat Alexa Fluor 488 at room temperature for 1 hour. The
sections were mounted on glass slides using the Vector-Shield
mounting medium. Slides analysis was conducted by mi-
croscopy (Zeiss Aviovert 40 CFL) and the numbers of im-
munopositive cells were counted as described above.

Since the 60 kD heat shock protein (HSP60) has been im-
plicated as potential ligand of TREM2 (Stefano et al., 2009),
brains were stained for this protein. HSP60 was previously
described on neurons and astrocytes; thus, brains were double
labeled for HSP60, the proposed ligand for TREM2, plus MAP-
2 to identify neurons and GFAP to identify astrocytes. Brain
sections were reacted with mouse antibodies against HSP60
(1:50, catalogue no. SPA-807; Stressgen), and rabbit polyclonal
anti MAP2 (1:100, catalogue no. NG1723932; Millipore) or
rabbit polyclonal anti GFAP (1:1000, catalogue no. ab63366;
Abcam) at room temperature for 1 hour. After the sections were

rinsed twice for 5 minutes with PBS, Alexa 594-conjugated goat
anti-mouse IgG (H + L) (1:200, catalogue no. 835723; Invitro-
gen) and Alexa 488-conjugated goat anti-rabbit IgG (H + L)
(1:200, catalogue no. 792513; Invitrogen) were added and in-
cubated at room temperature for 1 hour, and then mounted on
glass slides using the Vector-Shield mounting medium. Slides
analysis was conducted by microscopy (Zeiss Aviovert 40
CFL). Immunopositive cells were counted as described above.

Statistical analysis

All experiments were carried out in a random fashion, and
ratings were carried out by investigators blinded to the exper-
imental manipulations. All statistical analyses were performed
using Sigma Stat 3.1 (Systat Software). Quantitative data were
presented as mean – S.E. Multiple comparisons were performed
using one-way ANOVA followed by the Bonferroni post hoc
test. p < 0.05 was considered statistically significant.

Results

eHT but not dHT ameliorated neurological deficits

Neurological deficits were significantly reduced only in the
eHT group in both the modified Bederson Score (Fig. 2A) and
elevated body swing test (Fig. 2B) compared with the NT group
and dHT hypothermia group. The eHT group showed better
neurological recovery compared with the NT group between
day 1 and 14 as estimated by the modified Bederson Score, and
between day 1 and 30 using the elevated body swing test. eHT
also showed better neurological recovery compare with dHT
groups between day 1 and 7 using the modified Bederson Score
and between day 1 and 30 on the elevated body swing test.
However, the dHT group did not show any significant neuro-
logical recovery compared with other groups.

eHT but not dHT decreased infarct size

The eHT group showed reduced infarct size by about 30%
(Fig. 3) compared with the NT and dHT groups. The infarct
appears to expand in size between 1 and 30 days; however,
the eHT group showed consistent reduction of the infarct
compared with the other groups. Representative photos of
cresyl violet-stained brain sections at day 7 are shown in
Figure 3A–C. Notably, eHT protected peri-infarct regions.

Hypothermia decreased microglial activation

Hypothermia significantly decreased the numbers of acti-
vated microglia at day 3 and 7 (Fig. 4). Both the eHT and dHT
groups showed significant reduction of the activated microglia at
day 3 by about 30–40% (NT; 88.8 – 22.8 cells/hpf, dHT; 35.5 – 4.2
cells/hpf, eHT; 25.3 – 14.4 cells/hpf, p < 0.01), while only the eHT
group showed significant reduction of activated microglia at day
7 by 40% (NT; 188.3 – 91.5 cells/hpf, dHT; 147.3 – 33.6 cells/hpf,
eHT; 72.9 – 13.3 cells/hpf, p < 0.01) compared with the NT group.
There was no difference of IB4-positive cell counts after day 14.
Representative images of NT, dHT, and eHT brains and IB4
staining at day 7 can be seen in Figure 4A–C, respectively.

eHT decreased phagocytic activation of myeloid cells

Similar to that observed in IB4-positive microglia, eHT
significantly decreased the expression of CD68-positive
phagocytes at day 3 and at day 7 by 4% (NT; 50.6 – 6.5 cells/hpf,
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dHT; 29.6 – 5.9 cells/hpf, eHT; 2.4 – 0.1 cells/hpf, p < 0.01) and
64% (NT; 94.4 – 4.9 cells/hpf, dHT; 112.0 – 6.0 cells/hpf, eHT;
60.4 – 7.6 cells/hpf, p < 0.01) compared with the NT group,
respectively (Fig. 5). Representative images of CD68-stained
brain sections from NT, dHT, and eHT at day 3 are shown in
Figure 5A–C.

Proportionately higher TREM2 expression
when hypothermia is protective

TREM2 is located on the surface of the microglia and
macrophages and its activation has been shown to lead to
phagocytosis. Recent work indicates that TREM2 may be

FIG. 2. eHT showed significantly less neurological deficit compared with NT and dHT. (A) Animals exposed to early
cooling (eHT) had improved, and thus, lower modified Bederson scores compared with animals exposed to delayed cooling
(dHT) or maintained normothermia (NT). A lower score indicates less deficit. Scores range from 0 to 4 (see text). (B) Animals
exposed to eHT showed less swing bias than dHT or NT groups on the elevated body swing test. No deficit would be
expected to result in *50% swing bias. Thus, a higher % indicates more swing bias, and thus, more neurological deficits
(+p < 0.05 vs. NT, ++p < 0.01 vs. NT, *p < 0.05 vs. dHT, **p < 0.01 vs. dHT).

FIG. 3. Early, but not dHT
is protective. Images of rep-
resentative cresyl violet-
stained brain sections from
the (A) NT, (B) dHT, and (C)
eHT groups are shown at 7
days post-MCAO. Only the
eHT group showed signifi-
cant reduction of the infarc-
tion by about 30% compared
with NT and dHT (D)
(+p < 0.05 vs. NT and dHT;
++p < 0.01 vs. NT and dHT).
Color images available online
at www.liebertpub.com/ther
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involved in the phagocytosis of injured or apoptotic brain
cells (Takahashi et al., 2005; Hsieh et al., 2009). We first char-
acterized the temporal expression of TREM2 after MCAO,
and the effect of cooling. TREM2 expression among the nor-
mothermic controls showed little to no staining at 1 day, but
markedly increased by day 3, peaking at 7 days, with a few
positive cells remaining by day 30 (Fig. 6A–D). Hypothermia,
whether early or delayed decreased the overall numbers of

TREM2-positive cells at 3 and 14 days, but little difference was
noticed at 7 and 30 days. Since TREM2 is only seen on a
fraction of myeloid cells, and the overall microglial/macro-
phage numbers were decreased by cooling, we then normal-
ized TREM2 counts to those of total IB4 counts and found that
the proportion of myeloid cells that expressed TREM2 were
actually increased in the eHT group compared with the other
groups at day 7, a time when IB4-positive cells were at a peak

FIG. 4. Hypothermia de-
creased numbers of microglia
and macrophages post-
MCAO. Representative mi-
crographs of isolectin B4 (IB4)
microglia/macrophages 7
days post-MCAO: (A) NT, (B)
delayed normothermia, (C)
eHT. Both the (B) dHT and (C)
eHT showed significant re-
duction of the activated mi-
croglia at day 3 (D), while
only the eHT group showed
marked reduction of them at
day 7 compared with the
other groups (*p < 0.01). Scale
bar = 40 lm. Color images
available online at www
.liebertpub.com/ther

FIG. 5. Early, but not dHT
decreased the number of mac-
rophages. Representative pho-
tographs of CD68-positive
phagocytes at day 7 (A) NT,
(B) delayed normothermia, (C)
eHT. The eHT group showed
marked reduction at day 3 and
at day 7 compared with the
other two groups (*p < 0.01)
(D). Scale bar = 40 lm. Color
images available online at
www.liebertpub.com/ther
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(Fig. 6E). However, this pattern did not persist at days 14 and
30, but interestingly, the proportion of TREM2-positive mi-
croglia reached over 80%.

To validate these observations, we then double labeled for
CD68 and TREM2 at day 7. The proportion of double-labeled
cells to all CD68-positive phagocytes were increased for the
eHT group, but not for dHT compared with NT (Fig. 7).

Hypothermia failed to influence HSP60 expression

Whereas the precise ligand of TREM2 in the brain has defied
investigators in the field for quite some time, one study impli-
cated the HSP60 (Stefano et al., 2009). Thus, we carried out
immunostains to determine the extent of HSP60 staining in our
model. Consistent with the earlier report, HSP60 was present in

FIG. 6. Hypothermia decreased
the overall triggering receptor ex-
pressed on myeloid cells-2
(TREM2) expression, but increased
the proportion of TREM2-positive
macrophages. Representative pho-
tographs of TREM2-positive cells at
days 7 (A) NT, (B) delayed nor-
mothermia, (C) eHT, 14 (D) NT, (E)
delayed normothermia, and (F)
eHT. (G) TREM2 expression among
the NT group showed little to no
staining at day 1, but markedly
increased by day 3, peaking at day
7, and with a few positive cells re-
maining by 30 days. Hypothermia,
whether early or delayed, de-
creased the numbers of TREM2-
positive cells at day 3 and 14, but
little difference was noticed at day
7 and 30. (H) TREM2 counts nor-
malized to total IB4 counts suggest
that the proportion of TREM2 mi-
croglia/macrophages is higher in
the eHT group compared with the
other two groups at day 7
(*p < 0.01). Scale bar = 40 lm. Color
images available online at
www.liebertpub.com/ther

FIG. 7. Early, but not dHT
increased the proportion of
TREM2-positive macro-
phages. Representative mi-
crographs of double-labeled
TREM2 and CD68-positive
phagocytes. A brain from the
eHT group at day 7 shows
that TREM2 is expressed in
CD68-positive cells at the in-
farct border (red; TREM2,
green; CD68, blue; DAPI)
(A). The proportion of the
TREM2-positive CD68-posi-
tive phagocytes was signifi-
cantly increased in the eHT
group (B). High-power views
of the staining is shown in
(C–F). TREM2 (D) is highly
colocalized with CD68-posi-
tive cells (C). DAPI (E).
Merged image (F) (+p < 0.01).
Scale bar = 80 lm. Color ima-
ges available online at
www.liebertpub.com/ther
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both neurons and astrocytes (Fig. 8A–F). A number of HSP60-
positive cells increased 1–7 days postischemia, but decreased by
day 30. However, neither cooling paradigm affected the num-
ber of positive cells compared with NT (Fig. 8G).

Discussion

Studies of the inflammatory response to brain infarction
contribute to the development of effective neuroprotective
therapies. One approach to such investigations is to delineate
mechanisms rendering the effects of the already established
neuroprotective strategies, such as hypothermia. In this
study, we first established a model of hypothermic neuro-
protection (eHT) following permanent MCAO where the ef-
fects persisted out to 30 days. We then compared this to a
hypothermic paradigm that was not protective (dHT). We
found that cooling, whether protective or not, led to an at-
tenuated inflammatory response as detected by microglial
staining. However, by using a marker specific to macrophages
and/or phagocytic microglia (CD68), we found decreased
CD68-positive cells only when hypothermia was protective.
We further showed that TREM2-positive cells are present as
early as a day after MCAO, but peak at about 7 days. Both the
hypothermic paradigms led to decreases in TREM2-positive
cells at 3 and 14 days, but when these counts were normalized
to the total number of microglia/macrophages, we found that
protective hypothermia, but not nonprotective hypothermia
or NT, actually increased the proportion of TREM2-positive
inflammatory cells. Interestingly, while HSP60 has been
suggested as an endogenous ligand for TREM2 (Stefano et al.,

2009), we failed to see any changes in HSP60 expression fol-
lowing MCAO or hypothermia.

It is now well known that the inflammatory response
contributes significantly to injury after ischemia (Yenari et al.,
1998; Barone and Feuerstein, 1999). We and others have
shown that intraischemic and postischemic hypothermia can
be neuroprotective partially by inhibiting the acute inflam-
matory response (Toyoda et al., 1996; Maier et al., 1998; Han
et al., 2002; Deng et al., 2003; Kim et al., 2011). Nevertheless, the
mechanisms underlying this protective effect are still not fully
elucidated.

Consistent reports from numerous laboratories have
shown that cooling is remarkably neuroprotective when ap-
plied especially during ischemia (van der Worp et al., 2010;
Yenari and Hemmen, 2010). However, any mechanistic ob-
servations reported as a result of cooling have been criticized
because hypothermia is thought to affect multiple patholog-
ical processes that no one mechanism could explain the robust
beneficial effect. In spite of its robust neuroprotective effect,
there are still conditions where hypothermia fails to protect. In
this study, we established that a relatively brief period of
cooling delayed by an hour actually fails to protect in a model
of permanent MCAO. Thus, we could use these paradigms to
isolate specific factors that may lead to protection, rather than
factors that may simply be epiphenomenon of cooling.

Whereas delayed cooling would have obvious clinical im-
plications, the purpose of this study was not to test whether
delayed cooling is protective or not. In fact, earlier studies
from other laboratories have shown that delayed cooling,
provided the cooling is maintained for durations of 24 hours

FIG. 8. Immunostaining for
60 kD heat shock protein
(HSP60), the proposed ligand
for TREM2 is unaffected by
hypothermia. DAB staining
for HSP60 revealed that is-
chemic insult upregulates its
expression (A; sham, B; is-
chemic penumbra at day 7).
However, neither cooling
paradigm changed the num-
bers of HSP60 positive at any
time point (C). Brains were
double labeled for HSP60
(red, E, I) plus a neuron
(MAP2, D) or astrocyte
(GFAP, H) marker, and
counterstained with DAPI (F,
J). HSP60 was present in both
neurons (G) and astrocytes
(K). Stains from day 7 are
shown. Color images avail-
able online at www
.liebertpub.com/ther
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or more, led to durable and robust protection (Colbourne
et al., 2000; Yanamoto et al., 2001). Rather, we hoped to de-
velop a platform from which potential pathomechanisms
could be compared. In this study, we showed that while a
nonspecific inflammatory response (microglial/macrophage
activation) is likely an epiphenomenon of cooling itself, one
neuroprotective benefit of cooling might be the relative up-
regulation of TREM2 on microglia/macrophages.

Microglia are the resident myeloid-derived cells in the
central nervous system that provide constant surveillance of
the brain and spinal cord (Thomas, 1992; Kreutzberg, 1996; El
Khoury et al., 1998). Studies in brain ischemia models indicate
that microglia participate in the progression of ischemic injury
and are activated in response to brain ischemia and many
other stressors in the brain as early as 6 hours after MCAO,
and generate a variety of damaging substances (Deng et al.,
2003). Although many studies have shown that microglia
exacerbate ischemic injury (Giulian et al., 1993; Lehnardt et al.,
2003; Chou et al., 2004; Yenari et al., 2006; Huang et al., 2010),
there is also evidence that some aspects of the inflammatory
response are important for tissue repair, including phagocy-
tosis of cellular debris, remodeling of the extracellular matrix,
and the release of cytokines and trophic factors (Watanabe
et al., 2000; Kriz, 2006; Zhao et al., 2006). The challenge will be
to find ways to selectively suppress the deleterious effects of
microglial activation after a stroke without compromising
neurovascular repair and remodeling.

Loss-of-function mutations, in either TREM2, cause Nasu-
Hakola disease, a rare and fatal neurodegenerative disease
also known as polycystic lipomembranous osteodysplasia
with sclerosing leukoencephalopathy (Satoh et al., 2011).
Further, recent studies now implicate TREM2 variants as a
risk factor for Alzheimer’s disease (Guerreiro et al., 2013;
Jonsson et al., 2013). The mechanisms of neurodegeneration in
these disorders are still unknown, but one hypothesis is that
lack of either TREM2 impairs the clearance of apoptotic
neurons or beta-amyloid deposition by microglia, leading to
the accumulation of necrotic debris and toxic build up of
Alzheimer’s related plaques. Previous work identified mi-
croglia as the brain cells expressing the highest levels of
TREM2 (Schmid et al., 2002; Sessa et al., 2004), and it has been
experimentally shown that TREM2 mediates microglial
phagocytosis of apoptotic neurons (Neumann and Takahashi,
2007; Hsieh et al., 2009; Neumann et al., 2009). In vitro, TREM2
was shown to promote phagocytosis of apoptotic neurons
without upregulation of antigen presentation molecules, tu-
mor necrosis factor-a transcripts, or the release of reactive
oxygen species (Takahashi et al., 2005). Conversely, loss of
TREM2 impairs phagocytosis and promotes inflammation. In
an in vivo model of experimental autoimmune encephalo-
myelitis, blockade of TREM2 using a monoclonal antibody led
to the exacerbation of immune responses with increased de-
myelination and worsened neurological function (Piccio et al.,
2007). Very little has been studied about TREM2 in acute
neurological insults. However, Sieber et al. (2013) recently
documented the temporal profile of TREM2 mRNA expres-
sion in a stroke model. They found that TREM2 mRNA
peaked 7 days after MCAO and persisted at 28 days, obser-
vations in line with our immunohistochemical data presented
here. They also documented decreased in mRNA levels in
several proinflammatory cytokines and decreased microglial
activation in TREM2 knockout mice. However, they failed to

see any effect on the ischemic lesion size. Since behavioral
testing was not carried out, it remains to be seen whether
TREM2 plays any role in ultimate neurological outcome. Ex-
isting data would predict that TREM2 augmentation might
facilitate brain repair, and Takahashi et al. (2007) showed that
intravenous application of TREM2-rich stem cells facilitate
brain repair in experimental autoimmune encephalomyelitis.

In this report, we found that TREM2 is upregulated on
myeloid cells of the ischemic brain at about day 7 and persists.
Previous work identified the microglia as the major brain cell
expressing the highest levels of TREM2, with up to 57% of
cortical microglia expressing TREM2 (Schmid et al., 2002). We
should note that we do not attempt to identify the precise
myeloid cell on which TREM2 was observed. We used two
different commonly used markers for all myeloid cells (IB4)
and phagocytes (CD68). Since circulating monocytes/
macrophages are known to enter the ischemic brain, our tools
do not allow us to differentiate these cells from resident brain
microglia. However, we do not feel that this limitation de-
tracts from the novel observations regarding TREM2 in brain
ischemia and therapeutic hypothermia.

A limitation in TREM biology is the difficulty in identifying
its ligand, particularly its endogenous ligand in the brain
(Klesney-Tait et al., 2006; Turnbull et al., 2006; Hsieh et al.,
2009; Stefano et al., 2009). Initial work using a fusion protein
consisting of the TREM2 molecule covalently bound to the Fc
receptor identified anionic ligands belonging to various mi-
crobial moieties, but curiously, TREM2 also bound brain cells
(Daws et al., 2003). By using the TREM2 fusion protein plus a
reporter cell line, we were previously able to show that the
TREM2 ligand was upregulated on and activated by apo-
ptotic neurons, and microglial phagocytosis involved direct
recognition of TREM2 (Hsieh et al., 2009). One study sug-
gested that one potential ligand might be HSP60 (Stefano et al.,
2009). Stimulation of HSP60 stimulated the phagocytic ac-
tivity of TREM2-expressing microglia, but not TREM2-defi-
cient microglia (Stefano et al., 2009). However, in the current
study, we failed to see any changes in HSP60 expression due
to hypothermia. Further investigations are clearly needed to
determine the ligand for TREM2 in brain ischemia. However,
this is beyond the scope of the present report.

In total, whereas many inflammatory responses are dam-
aging to the ischemic brain, others may be necessary for re-
covery and repair. Our data here suggest that cooling,
whether neuroprotective or not, suppresses microglial and
macrophage activation, and this is consistent with our earlier
observations (Han et al., 2002). However, it is only in the
setting of therapeutic cooling that there is a proportionate
increase in TREM2 expression, which suggests that TREM2
may confer beneficial effects in the poststroke period. Strate-
gies to augment TREM2 might be predicted to improve stroke
outcome. A limitation of this work is that our observations are
correlative, and we do not directly demonstrate the beneficial
role of TREM2. Future studies might employ gene knock-
down or pharmacological manipulation of TREM2 to more
precisely elucidate the role of TREM2 in brain ischemia.
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