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Secreted protein acidic rich in cysteine (SPARC) is a matricellular protein that modulates the activity of growth factors, cytokines, and
extracellular matrix to play multiple roles in tissue development and repair, such as cellular adhesion, migration, and proliferation.
Throughout the CNS, SPARC is highly localized in mature ramified microglia, but its role in microglia—in development or during
response to disease or injury—is not understood. In the postnatal brain, immature amoeboid myeloid precursors only induce SPARC
expression after they cease proliferation and migration, and transform into mature, ramified resting microglia. SPARC null/CX3CR1-GFP
reporter mice reveal that SPARC regulates the distribution and branching of mature microglia, with significant differences between
cortical gray and white matter in both controls and SPARC nulls. Following ischemic and excitotoxic lesion, reactive, hypertrophic
microglia rapidly downregulate and release SPARC at the lesion, concomitant with reactive, hypertrophic perilesion astrocytes upregu-
lating SPARC. After photothrombotic stroke in the forelimb sensorimotor cortex, SPARC nulls demonstrate enhanced microgliosis in
and around the lesion site, which accompanies significantly enhanced functional recovery by 32 d after lesion. Microglia from SPARC
nulls also intrinsically proliferate at a greater rate in vitro—an enhanced effect that can be rescued by the addition of exogenous SPARC.
SPARC is thus a novel regulator of microglial proliferation and structure, and, in addition to regulating glioma progression, may play an
important role in differently regulating the gray and white matter microglial responses to CNS lesion—and modulating behavioral
recovery—after injury.

Introduction
The matricellular protein secreted protein acidic rich in cysteine
(SPARC, osteonectin, BM-40) is largely restricted in the adult
CNS to microglia and some subcortical astrocytes (Vincent et al.,
2008). SPARC acts in a multimodal manner by regulating growth
factor signaling, extracellular matrix (ECM) assembly, and cell-
matrix interactions, enabling it to regulate processes important
for tissue repair, such as cellular adhesion, migration, and
proliferation (Brekken and Sage, 2001; Murphy-Ullrich,
2001). Consistent with mice lacking other matricellular proteins,
SPARC-null mice have a subtle phenotype that is best revealed by
challenge, for example, abnormal fibroblast migration during der-

mal wound healing (Basu et al., 2001; Bradshaw et al., 2002) and
increased cardiac rupture following myocardial infarction (Schell-
ings et al., 2009). Recently, matricellular proteins like SPARC and its
ortholog, SPARC-like 1 (SC1, Hevin), have been implicated in crit-
ically important functions in the CNS, including regulation of syn-
aptic stability (Jones et al., 2011; Kucukdereli et al., 2011) and cortical
lamination (Gongidi et al., 2004).

SPARC is dynamically expressed by radial glia, astrocytes, and
developing blood vessels during CNS development (Vincent et
al., 2008), but is primarily found in “resting,” ramified microglia
in the adult CNS. Microglia perform a wide range of roles includ-
ing immune surveillance, scavenging and phagocytosis, modula-
tion of neurogenesis and synaptogenesis, and modulation of the
microenvironment through secretion of cytokines (Ransohoff
and Cardona, 2010). Following CNS lesion, microglia can have
both potentially beneficial and detrimental actions, and therefore
understanding how to regulate their spatiotemporal prolifera-
tion, migration, and activation after lesion could be critical to
enhancing neural repair. After transplanting SPARC-null olfac-
tory ensheathing cells (OECs) into a spinal cord injury, we earlier
noted enhanced accumulation of macrophages and microglia at
the lesion site, compared with the transplants of wild-type OECs
(Au et al., 2007). This suggested that SPARC from OECs might
control the local immune response, mirroring how SPARC reg-
ulates the immune response in other tissues (Sangaletti et al.,
2005, 2011; Rempel et al., 2007).

To specifically test if SPARC can regulate neuroimmune re-
sponses independent of transplantation, here we used a focal
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photothrombotic cortical stroke lesion (Watson et al., 1985) and
an NMDA-induced excitotoxic lesion. Ischemic stroke causes
neuronal cell death and associated disability (Moskowitz et al.,
2010), and the response to this and excitotoxic challenge involves
multiple glia, including an inflammatory response by microglia
and formation of a glial scar by activated astrocytes (Iadecola and
Anrather, 2011). To better monitor microglial dynamics without
relying on the detection of immune markers (that could change at
different phases after lesion) we used double transgenic mice—
SPARC-null mice with microglia that express green fluorescent
protein (GFP) under the control of the Cx3cr1 promoter (Jung et
al., 2000). We have established that SPARC in mature microglia is
rapidly lost as microglia become activated after stroke and exci-
totoxic lesion, that exogenous SPARC is antiproliferative to mi-
croglia in vitro, and that following focal stroke in vivo, the
enhanced microgliosis that occurs following stroke in the absence
of SPARC promotes functional recovery.

Materials and Methods
Animals. Animal procedures were performed in accordance with the guide-
lines of the Canadian Council for Animal Care and the University of British
Columbia Animal Care Committee. Mice that are homozygous for the
CX3CR1-GFP targeted mutation (B6.129P-Cx3cr1tm1Litt/J), SPARC-null
mice (B6;129S-Sparctm1Hwe/J), and wild-type mice (B6129SF2/J) were ob-
tained from The Jackson Laboratory. Equal numbers of male and female
mice were used in this study.

Generation of Cx3Cr1-GFP SPARC-null mice. The CX3CR1-GFP tar-
geted mutation and SPARC-null mice were first crossed to produce
Cx3cr1�/GFP/SPARC�/� males and then back-crossed to SPARC-null
females to produce Cx3cr1�/GFP/SPARC�/� or back-crossed to wild-
type control females to produce Cx3cr1�/GFP/SPARC�/� animals.

Genotyping. Animals were first genotyped by PCR to identify the
SPARC nulls and SPARC wild types using primers MGSPARC-For 5�-
GAT GAG GGT GGT CTG GCC CAG CCC TAG ATG CCC CTC AC-3�,
NEOMYCIN-Rev 5�-GGT GTG CCC AGT CAT AGC CGA ATA GCC
TCT CCA CCC AAG-3�, and MGSPARC-Rev 5�-CAC CCA CAC AGC
TGG GGG TGA TCC AGA TAA GCC AAG-3� followed by PCR for the
Cx3cr1-GFP (previously recommended by The Jackson Laboratory) us-
ing primers oIMR3945 5�-TTC ACG TTC GGT CTG GTG GG-3� (wild-
type), oIMR3946 5�-GGT TCC TAG TGG AGC TAG GG-3� (common to
both wild-type and the Cx3cr1-GFP), and oIMR3947 5�-GAT CAC TCT
CGG CAT GGA CG-3� (Cx3cr1-GFP only).

Blinding of surgery and analysis. All mice were assigned a study number
by the lab manager (who is in charge of mouse breeding and genotyping),
and mixed together in equal numbers for different successive surgery
days. Different surgery days also contained mice from different terminal
time points (day 7 and day 32 analysis). Behavioral analysis was digitally
recorded using these coded numbers, and mice were then reassigned
numbers independently for analysis of behavior and pathology. Geno-
type of mice analyzed was subsequently decoded after independent eval-
uation of behavioral assays and pathology assessment.

Photothrombotic stroke surgery. The photothrombotic focal stroke
method was performed as first described by Watson et al. (1985), and is
usually modified to allow for differences in laser efficiency, and rose
bengal delivery in different strains of mice. In brief, mice were anesthe-
tized in an induction chamber ventilated with 5% isoflurane gas, and
then transferred to a stereotaxic frame and maintained at 1.5% isoflurane
using a nose mask. A midline incision of the scalp was made and a 1 � 1
mm region of the skull, 2.25 mm lateral and 1 mm caudal from bregma,
was thinned to 50% of its original thickness. Two minutes after admin-
istration of rose bengal (1% solution dissolved in PBS, made fresh, 100
mg/kg, i.p.), a collimated green laser (532 nm wavelength at 17 mW) was
used to illuminate the thinned area of skull for 20 min, to initiate photo-
thrombosis. Three sutures were used to close the wound, and the mouse
was monitored until it regained consciousness. Mice were monitored
twice daily in the 48 h after surgery, and daily thereafter until experimen-
tal endpoint.

NMDA microinjection into olfactory bulb. Adult mice were anesthetized
with xylazine (Rompun) and ketamine (0.5 mg of xylazine, 5 mg of
ketamine, i.p.). The head was fixed to a stereotaxic frame with mouse face
bars (David Kopf Instruments). An incision was made in the midline to
expose the olfactory bulb (OB), and a hole was drilled into the skull just
above the right OB (0.51 mm anterior, 0.10 mm lateral, 0.15 mm ventral
from bregma). The needle of a 1 �l Hamilton syringe was lowered 1.5
mm into the right OB. Then 0.5 �l of NMDA (Sigma; 40 mM freshly
prepared in 0.1 M PBS) was infused for 10 min, using a microinjection
pump (UltraMicroPump; World Precision Instruments), and the needle
was left in place for an additional 2 min. The incision was closed using
Vetbond (3M Animal Care Products) and mice were allowed to re-
cover from anesthesia. Sham animals received injections of vehicle
only (0.1 M PBS).

Forelimb preference cylinder test. A modification (Vergara-Aragon et
al., 2003; Porritt et al., 2012) of the cylinder or spontaneous forelimb test
(Schallert et al., 2000) was performed 1 d before surgery (baseline) and at
days 2, 8, 16, and 32 postsurgery. All mice were acclimatized to the
cylinder tests before the commencement of stroke induction, and the
measurements taken 24 h before stroke were used as their respective
baseline. The time of day at which the test was performed remained
consistent throughout. There are several variations of this test, but we
chose to follow the protocol favored by the majority of recent researchers
using a focal photothrombotic lesion (Porritt et al., 2012) or when as-
sessing unilateral deficits (Vergara-Aragon et al., 2003). Each mouse was
placed in a 15 cm diameter glass cylinder and videotaped for 10 min, with
two mirrors placed at 60° behind the cylinder to ensure the camera cap-
tured a 360° view. This approach also gave us the opportunity to directly
compare our baseline data and evaluation technique with that of our
collaborator (Tim Murphy, University of British Columbia). The initial
placement of forelimbs on the cylinder wall was scored for each rear.
Simultaneous ipsilateral and contralateral forelimb touches (bilateral)
were excluded from the evaluation of paw preference, but were consid-
ered to ensure the rate of placement was similar at different times within
a given group of mice. Preferential paw placement was calculated by
contralateral/contralateral � ipsilateral reaches �100 (Vergara-Aragon
et al., 2003) (n � 6 control, n � 7 SPARC null). Statistical analysis was
performed using an unpaired t test with Welch’s correction, which allows
for the two groups possibly having unequal variances (accounting for
measure of data spread).

Tissue processing. Mice were lethally injected with xylazine (Rompun)
and ketamine (0.5 mg of xylazine, 5 mg of ketamine, i.p.) and transcar-
dially perfused with ice-cold PBS followed by 4% paraformaldehyde
(PFA) before the brains were dissected out and cryopreserved with suc-
cessive 10 and 30% sucrose sinks in PBS for 24 h each. Brains were
mounted coronally and frozen in Tissue Tek optimal cutting tempera-
ture compound in isopentane on dry ice. Frozen 14 �m sections were
collected on Superfrost Plus slides and stored at �20°C. Free-floating 50
�m coronal sections were collected from adult brain and stored in PBS �
0.01% sodium azide at 4°C.

Immunohistochemistry of tissue. Tissue was permeabilized in 0.1% Tri-
ton X-100 (Sigma) for 30 min, washed in PBS, blocked in 4% normal
serum for 20 min, and incubated with primary antibodies (see below) in
2% normal serum at 4°C for 16 h. Primary antibodies: goat anti-SPARC
(1:125; R&D Systems) (Vincent et al., 2008), rabbit anti-Iba-1 (1:1000;
Wako), rabbit anti-GFAP (1:750; Dako), rat anti-galectin 3 (1:500; Santa
Cruz Biotechnology), rabbit anti-laminin (1:1000; Sigma), mouse anti-
proliferating cell nucleic acid (PCNA; 1:5000; Sigma), and chicken anti-
GFP (1:1000; Aves Labs). Detection used fluorescent secondary
antibodies (Alexa Fluor 488 or 594; 1:200; Invitrogen) incubated for 1 h
at room temperature, or by peroxidase chromogen reaction using bio-
tinylated secondary antibodies (1:200), and Vectastain ABC kit and Vec-
tor VIP kits (Vector Laboratories). Nuclei were counterstained with 0.5
�g/ml 4�,6-diamidine-2-phenylindole dihydrochloride (DAPI; Boehr-
inger Mannheim) and sections were mounted using Vectashield (Vector
Laboratories) or ProLong Gold (Invitrogen). Isolectin-IB4 directly con-
jugated to Alexa 594 was included at the same time as secondary antibod-
ies, where appropriate. For negative controls, primary antibodies were
omitted or nonspecific primary antibodies used. Antigen unmasking for
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PCNA immunofluorescence, was performed by heating sections for 10
min in 10 mM citrate buffer, pH 6.0, before the permeabilization step. If
performing antigen unmasking, an anti-GFP antibody must be used to
visualize endogenous GFP.

Culture of postnatal microglia. Microglia were derived from postnatal
days 1–3 (P1–P3) mouse brains. Mice were decapitated and brains dis-
sected out. Brains were placed in ice-cold HBSS (Invitrogen) with 1% P/S
(penicillin-streptomycin; Invitrogen) on ice and bisected mid-sagittally,
and the midbrain and olfactory bulbs were cut away with spring micro-
scissors. The meninges were peeled away from the surface of the cortex
before cortical sheets were chopped finely with a razor blade, incubated
in 0.25% trypsin (Sigma) and 0.03% rat tail collagenase (Sigma) for 30
min at 37°C, and dissociated into a single-cell suspension by multiple
passes through a P1000 tip. Suspensions were passed through a 40 �m
filter, spun at 500 � g for 5 min, and plated into a T75 precoated for 1 h
at room temperature with 0.05 mg/ml poly-L-lysine (Sigma) in DMEM
(Invitrogen) containing 10% heat-inactivated fetal bovine serum (FBS)
and 1% P/S. After 24 h all media and tissue was removed and fresh media
was added. After 7 d one half of the media was replaced and cells were
maintained as a mixed glia culture until day 14. At 14 d, microglia were
removed from the mixed glial culture via a rotating shaker at 200 rpm for
45 min, and transferred to a new T75 or plated onto poly-L-lysine-coated
glass coverslips.

Culture of adult microglia. Microglia were derived from adult (6 –10
weeks) mouse brains. Stock Percoll (Sigma) was diluted 1:10 in sterile
10� PBS to yield 100% stock isotonic Percoll (SIP). One hundred per-
cent SIP was then diluted in 1� PBS to yield 70 and 40% SIP. SIP solu-
tions were brought to room temperature (RT) before use. Mice were
lethally injected with xylazine (Rompun) and ketamine (0.5 mg of xyla-
zine, 5 mg of ketamine, i.p.) and transcardially perfused with 25 ml of
ice-cold PBS, before the brains were dissected out. Cortices were isolated,
meninges removed, and tissue was chopped up with a razorblade before
being subjected to mechanical dissociation using a Dounce homogenizer
with loose fitting pestle. The cell suspension was then passed through an
80 �m cell strainer. Homogenates from two mice were resuspended in 5
ml of 70% SIP in a 50 ml conical tube and overlaid with 7 ml of 40% SIP
and 5 ml of HBSS, followed by a 30 min centrifugation at 800 � g without
braking. The mononuclear cell fraction was collected from the 40/70
interphase and the cells were washed twice, before resuspension in
DMEM supplemented with 2 mM L-glutamine (Invitrogen), 1% P/S, and
10% FBS. Cells were plated at 1 � 10 5 /cm on poly-L-lysine-coated glass
coverslips, in the presence of 10 ng/ml M-CSF.

Immunocytochemistry. Cells were plated onto poly-L-lysine-coated
glass coverslips. They were fixed for immunocytochemistry by rinsing
twice in 1� PBS for 5 min, followed by 10 min of fixation in 4% PFA, two
rinses for 5 min each in 1� PBS, and storage in 0.05% azide in 1� PBS.
Cells were permeabilized in 0.1% Triton X-100 for 30 min, washed three
times, and blocked with 4% normal donkey serum for 1 h at room tem-
perature. Cells were incubated with primary antibodies in 2% normal
serum for 1 h at room temperature or 16 h at 4°C. Microglia were immu-
nolabeled with rabbit anti-Iba-1 (1:1000; Wako) or rabbit anti-NF�B
(1:100; Santa Cruz Biotechnology). Detection used fluorescent second-
ary antibodies (Alexa Fluor 488 or 594; 1:200; Invitrogen) incubated for
1 h at room temperature in 2% normal serum. Isolectin-IB4 directly
conjugated to Alexa 594 was included at the same time as secondary
antibodies, where appropriate. Nuclei were counterstained with 0.5
�g/ml DAPI (Sigma) and coverslips were mounted using ProLong Gold
(Invitrogen).

Assessment of microglial proliferation. For assessment of microglial pro-
liferation, adult microglial cultures growing on poly-L-lysine-coated
glass coverslips were used at 4 days in vitro (DIV). Fresh DMEM with 2%
FBS was applied for 18 h before supplementation of media with recom-
binant mouse SPARC (1–10 ng/ml; R&D Systems) and 10 �M 5-ethynyl-
2�-deoxyuridine (EdU; Invitrogen). Twenty-four hours later, fresh
DMEM with 10% FBS was applied and cells were allowed to recover for a
further 24 h before fixation and detection of EdU. Cells were fixed as
outlined above, and EdU was detected using an Invitrogen Alexa Fluor
488 Click-IT kit, according to the manufacturer’s protocol. Microglial
identity was confirmed with Isolectin-IB4 labeling. Nuclei were counter-

stained with 0.5 �g/ml DAPI (Sigma) and coverslips were mounted using
ProLong Gold (Invitrogen).

Image capture. Images were captured using an Axioplan 2 Imaging
epifluorescent microscope (Zeiss) with Zeiss Axiovision software or a
Fluoview FV1000 laser scanning confocal microscope. Images were cor-
rected for contrast and brightness using Photoshop CS3 software (Adobe
Systems). For quantification, all images were captured with uniform set-
tings, and no post processing was performed.

Quantification of microglia in vitro. For quantification of microglial
cell numbers at DIV 8, 10 micrographs at 10� magnification were col-
lected for each 12 mm coverslip (n � 3). Microglial purity was 97%, as
determined by isolectin IB4 labeling. DAPI-positive nuclei were counted
using ImageJ and converted to cells per square millimeter. Data were
subjected to a Student’s t test for significance.

For quantification of proliferation, five micrographs at 10 � magnifi-
cation were collected for each 12 mm coverslip (n � 3 separate cell
culture preps). DAPI and EdU-positive nuclei were counted using Im-
ageJ and results expressed as number of EdU-positive nuclei per total
area. Data were subjected to a two-way ANOVA with Bonferroni
post-test.

Quantification of microglial density in vivo. Six 20� fields of view of
predetermined locations throughout the cortical gray matter of coronal
sections were captured. Three cortical planes were sampled to cover ros-
tral, mid, and caudal cortex. Sections from different animals (n � 3– 4)
were matched according to stereological landmarks. Following immuno-
fluorescent detection of Iba-1, individual microglia were counted using
the ImageJ Count feature. Counts were converted to microglia per square
millimeter and averaged over each animal. Data were subjected to an
unpaired Student’s t test for significance.

Quantification of microglial morphology in vivo. Four serial coronal
sections per mouse (n � 3) through the midline of the lesion were pre-
pared for the following analysis. Six z-stacked fields of view at predeter-
mined locations in the cortex and corpus callosum on the uninjured
contralateral hemisphere per brain section were captured using a 63�
objective on an Axioplan 2 Imaging epifluorescent microscope (Zeiss).
Z-stacks were subjected to iterative deconvolution using the Zeiss Axio-
vision deconvolution module, and then flattened using a maximum in-
tensity projection. Three gray matter and three white matter microglia
per serial section were thresholded in ImageJ to create a binary image,
with consistent settings used throughout. Process outgrowth was mea-
sured using the ImageJ Skeletonize and Histogram features and the pixel
value converted to total micrometers. Multiple parameters were analyzed
using the ImageJ Analyze Skeleton plug-in. Data were subjected to an
unpaired Student’s t test for significance.

Infarct volume measurement
For all Nissl staining analysis, we followed standard cresyl violet staining
protocols used for lesion volume assessment, and also compared them
with the distribution of DAPI-stained nuclei. For mice analyzed at 7 d
post injury (DPI), every fourth slide (minimum of 10 sections) through
the lesion was tested to create an accurate sample of the injury, and
stained by immunofluorescence for microglia (Iba-1 or GFP) and astro-
cytes (GFAP). Area of injury was outlined and measured using ImageJ
software (Zhang et al., 2010), and compared with cortical volume on the
contralateral side within the same section. Thirty-two days after stroke,
every second slide was Nissl stained throughout the lesion and imaged
with bright-field microscopy, in addition to imaging and analyzing the
area occupied by GFP� microglia in the CX3CR1-GFP transgenic mouse
crosses. The area of injury was outlined and measured using ImageJ
software (Zhang et al., 2010) and the volume of the lesion was deter-
mined with the following formula: mean area of lesion � distance be-
tween sections � number of sections, as described by Clark et al. (2008).

Quantification of enhanced GFP and galectin-3 fluorescence. Serial sec-
tions through the midline of the lesion were prepared for analysis, and
the maximal planar area of fluorescence was assayed (n � 5). Four 10�
micrographs were collected for each section, covering a total area of 1.5 �
1 mm around the lesion, with the full thickness of the cortex included.
Images were merged in Photoshop, using the Photomerge (reposition
only, no blending) feature. Images were then thresholded in ImageJ to
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create a binary image, with consistent settings used throughout. Data are
represented as number of positive pixels in a constant area, and subjected
to an unpaired Student’s t test for significance.

Quantification of PCNA-positive cells. Two serial sections through the
midline of the lesion were analyzed for each brain (n � 3). Four 10�
micrographs were collected for each section, covering a total area of 1.5 �
1 mm around the lesion, with the full thickness of the cortex included.
Images were merged in Photoshop, using the Photomerge (reposition
only, no blending) feature. Images were then thresholded in ImageJ to
create a binary image, and PCNA-positive nuclei were counted using the
ImageJ Analyze Particles tool. Data were analyzed using an unpaired
Student’s t test for significance.

Results
SPARC is expressed by mature ramified microglia throughout
the brain
Microglial cells, the resident immune cells of the CNS, are of
myeloid origin. They are derived from progenitors in the yolk sac,
and enter the CNS during early embryonic development (Chan et
al., 2007). In the postnatal CNS, microglial precursors proliferate
in multiple sites, termed “fountains of microglia,” including the
lateral ventricle (Chan et al., 2007). In the P6 cerebral cortex,
SPARC– detected using an antibody that does not identify
SPARC in the CNS of SPARC nulls (Vincent et al., 2008; Lloyd-
Burton and Roskams, 2012)—is not expressed by amoeboid, mi-
gratory Iba-1-positive microglial precursors at the lateral
ventricle (Fig. 1A). SPARC is instead primarily expressed by re-
sidual radial glial cells (Vincent et al., 2008). At P9, the majority of
microglia are migrating throughout the brain and do not express
SPARC, whereas in some regions, they are beginning to adopt a
more mature, ramified morphology (Fig. 1B). At P12, when mi-
gration is almost complete, SPARC expression can be readily
detected in fully mature, resident ramified microglia (Fig. 1C).
This is most obvious in the cortical parenchyma, where SPARC is
largely absent from Iba-1-positive cells at P6 and P9, but univer-
sally expressed from P12 (Fig. 1D–F). An identical spatiotempo-
ral pattern of microglial SPARC expression was obtained when
microglia were visualized with isolectin IB4 (data not shown).
Microglia are heterogeneous cells, displaying regional pheno-
typic variation, yet the expression of SPARC by microglia appears
to be universal throughout the brain. In the cerebral cortex and
corpus callosum, SPARC is expressed only by microglia (Fig.
1G,H). In other regions of the CNS, including the hippocampus
(Fig. 1I), cerebellum (Fig. 1J), and thalamus (Fig. 1K), SPARC is
variably expressed in postnatal development by other glia (e.g.,
astrocytes and Bergmann glia) (Vincent et al., 2008), yet micro-
glial expression remains constant. In contrast, Iba-1-positive
resting macrophages in the choroid plexus do not express detect-
able levels of SPARC (Fig. 1L).

Glial SPARC expression is altered following photothrombotic
cortical stroke and excitotoxic lesion of the OB
In order to test if SPARC may contribute to both glial and neu-
roimmune response to lesion, we used immunohistochemical
and immunofluorescence detection to establish the spatiotempo-
ral dynamics of SPARC expression following a focal, noninvasive
photothrombotic stroke lesion. At two days post insult, SPARC
protein is not found in the ischemic lesion core, and no change in
expression is observed in the perilesion zone (Fig. 2A). From 1
week post insult, SPARC immunoreactivity is increased robustly
both in the lesion core and in the perilesion zone (Fig. 2B). This
elevated expression is maintained until at least four weeks post
insult (Fig. 2C,D). At 1 week post insult, the infarct core is pop-
ulated with Iba-1-positive amoeboid phagocytic mixtures of mi-

croglia and macrophages. The perilesion zone contains a high
density of activated hypertrophic microglia, with elevated Iba-1
levels (Fig. 2E). In contrast to ramified microglia in the contralat-
eral cerebral cortex (Fig. 2F), the vast majority of hypertrophic
microglia in the perilesion zone no longer express SPARC (Fig.
2G). Conversely, SPARC expression is normally absent from cor-
tical astrocytes (Fig. 2H, I), but is upregulated in hypertrophic
reactive astrocytes in the perilesion zone (Fig. 2J, open arrow-
head). In addition, SPARC expression is detected in cells associ-
ated with laminin-positive blood vessels in the injured cerebral
cortex (Fig. 2K–M).

In order to establish whether loss of SPARC expression in
microglia are specific to ischemic stroke, or represent a more
universal event accompanying microglial activation following
different CNS lesions, we applied the same analysis to an excito-
toxic lesion of the OB. In the uninjured OB (Fig. 3A–F), SPARC
is expressed by ramified microglia in all cell layers, other than the
outer nerve fiber layer, where it is also expressed by OECs (Au et
al., 2007). Infusion of NMDA into the OB leads to excitotoxic
death of subsets of glutamatergic OB neurons, and initiates a full
gliotic response (Sultan-Styne et al., 2009). This excitotoxic le-
sion results in the rapid activation of microglia, which upregulate
Iba-1 and become hypertrophic within 24 h after NMDA infu-
sion (Fig. 3G–L). Consistent with microglial activation following
photothrombotic stroke, reactive hypertrophic microglia in the
NMDA-lesioned OB rapidly secrete and downregulate SPARC as
they become activated and mobilized to phagocytize apoptotic
neurons.

Microglial morphology is drastically altered in the SPARC-
null CNS
Although SPARC is clearly specifically enriched in mature micro-
glia, does this have any functional consequences at rest or follow-
ing lesion? To better visualize how SPARC may directly impact
the response of microglia to stroke lesion (and remove the vari-
ables that may accompany immunofluorescent quantification),
we used transgenic mice where enhanced GFP (EGFP) is ex-
pressed in resident microglia, driven by the Cx3cr1 promoter
(Jung et al., 2000; Nimmerjahn et al., 2005). These mice were
crossed with SPARC-null mice to produce offspring that were
heterozygous for GFP-CX3CR1 and homozygous SPARC null. In
the uninjured adult SPARC-null CNS at low magnification, Iba-1
intensity initially appeared similar to control mice (Fig. 4A,B).
We also performed flow cytometric analysis for Cd11b and CD45
in microglia from SPARC-null and control mice and found there
were no major differences in the expression of these microglia
markers (data not shown), nor a change in the overall yield of
microglia in the brain. However, when we combined the detec-
tion of Iba-1 with GFP, it is clear that the cortical gray matter
density of Iba-1-positive microglial cell bodies (the main antigen
normally used to detect mature CNS microglia) is significantly
higher, whereas it is significantly lower in the white matter of the
SPARC null, compared with controls (Fig. 4C). In addition, when
visualizing SPARC-null microglia with GFP in the GFP-
CX3CR1/SPARC-null mouse at high magnification, microglial
morphology appeared to be significantly more complex and var-
ied in the null than could be detected with Iba-1 immunofluores-
cence. To directly test this, we performed detailed morphological
analysis of endogenous GFP distribution in CX3CR1-GFP mi-
croglia in the cortex of both SPARC-null and control mice (Fig.
4D–I). Z-stacks of individual microglia, sampled from equivalent
sites in the gray and white matter, were deconvolved, flattened
(Fig. 4D), skeletonized (Fig. 4E), and analyzed for total process
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Figure 1. SPARC is expressed by mature ramified microglia in the brain. A, At P6 migratory, amoeboid developing microglia expressing Iaba-1 (red, closed arrowhead) enter the brain parenchyma
and are detected as clusters around the lateral ventricle (LV) that rarely coexpress SPARC (green), which is enriched in radial glial processes (green). B, C, From P9 to P12, microglia migrate away from
the LV into the brain, differentiate into a ramified morphology, and begin to express SPARC (open arrowhead; inset). D, In the P6 cerebral cortex, SPARC is primarily expressed in radial glia processes
(green, arrow) and is absent from Iba-1-expressing immature microglia (arrowhead, red). E, F, From P9 to P12, microglia invade the cortex and become ramified, and by P12, SPARC is coexpressed
with Iba-1 (yellow-orange, open arrowheads) in all cortical microglia. In the adult brain, SPARC is expressed by Iba-1-positive microglia in all regions, including the cerebral cortex (G; Cx); the corpus
callosum (H; CC); the CA1 region of the hippocampus (CA1; I ); the cerebellum (J; Cb), where SPARC is also detected in Bergmann glia (Iba-1-negative); and the thalamus (K; Th), one of the few adult
regions where Iba-1-negative astrocytes express SPARC (green). L, SPARC is not detected in Iba-1-positive macrophages in the adult choroid plexus (CP). Scale bars: 20 �m.
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Figure 2. SPARC is downregulated in microglia and upregulated in astrocytes following photothrombotic stroke. A–D, Using VIP immunohistochemistry, SPARC is initially absent from the initial
infarct (A; demarcated by dotted line) but is readily detected at all levels of the lesion core and perilesion zone at 1 week after photothrombotic stroke (B; rostral edge of lesion shown, arrowhead),
and is elevated at the center of the lesion and cells migrating to the lesion (C, D; arrows) until at least 4 weeks post injury. At 1 week post lesion (E), SPARC appears diffusely throughout the lesion
core, and although SPARC (green) colocalizes (yellow) in Iba-1-expressing (red) ramified microglia (F; arrowhead) in the uninjured cortex, SPARC is not in activated hypertrophic microglia (G; red,
open arrowhead) in the perilesion zone (region, asterisk in E, H, K ). I, SPARC is normally undetectable in GFAP-expressing (red) cortical astrocytes (arrowhead), but is upregulated (H, J ) in
hypertrophic astrocytes at the outer margin of the perilesion zone (open arrowhead). K–M, SPARC (green/white) is also upregulated on cells closely associated with laminin-expressing (red) blood
vessels in the lesion core and perilesion zone. Scale bars: A–D, E, J, K, H, 100 �m; F, G, I, J, L–M, 10 �m.
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outgrowth and branching (Fig. 4F–I). Microglial processes in
both the SPARC-null gray matter and white matter are signifi-
cantly longer compared with the wild-type reporter mice (Fig.
4J). In addition, microglial processes in the SPARC-null white
matter showed significantly increased branching relative to the
controls (Fig. 4K).

SPARC-null mice do not develop different size lesions in
response to photothrombotic stroke
At the onset of this project, early experiments (where we did not
shave the skull substantially) indicated that SPARC-null mice
may develop variable, larger lesions in response to photothrom-
bosis than control mice, with decreased survival. We concluded
that this might be because the lack of SPARC may cause thinner
skull density and stimulate a greater response to rose bengal in the
same time window of laser exposure, as control. To counteract

this, we modified our lesion approach to first shave a skull win-
dow to the same thickness (measured by degree of translucence),
and use a less intense laser for longer time periods, yielding a
small but reproducible lesion. However, given that resting micro-
glia also appear biologically different (Fig. 4), and participate in
the spread of lesion response, we also monitored lesion volume
changes and lesion location using multiple approaches at two key
time points after lesion–7 and 32 d. We detected early changes in
lesion size by using a combination of astrocyte (GFAP) and mi-
croglial (Iba-1 or GFP) immunoreactivity (Fig. 5A–E) to delin-
eate lesion boundaries, every 100 �m throughout the lesion. In
addition, for 32 d analysis, sections at similar intervals were Nissl
stained with cresyl violet to give two independent readings of
lesion volumes throughout the lesion, which gave a similar dis-
tribution to intensely DAPI-stained nuclei (Fig. 5 B,D). The ros-
trocaudal lesion boundaries and lesion “core” were highlighted

Figure 3. SPARC is lost in reactive microglia following NMDA excitotoxic lesion of the OB. A–C, In the contralateral unlesioned OB (B) SPARC (green) is coexpressed by ramified Iba-1-expressing
(red) microglia in all neuronal layers of the OB, with the glomerular layer (GL) and external plexiform (EPL) layer shown. D–F, High magnification of boxed area in A, showing SPARC coexpressed by
Iba-1-expressing ramified microglia (arrowheads). G–I, Twenty-four hours after infusion of NMDA into the ipsilateral OB, at the peak of excitotoxic neuronal death, Iba-1-positive microglia become
hypertrophic and reactive (I ), at which point SPARC immunoreactivity is no longer detectable in microglia (H ). J–L, High magnification of boxed area in G, showing SPARC-negative hypertrophic
microglia (open arrowheads). Scale bars: (in C) A–C, 100 �m; (in I ) G–I, 100 �m; (in F ) D–F, 20 �m; (in L) J–L, 20 �m.
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(Fig. 5 A,G) by microglial distribution (Iba-1/GFP), and location
determined using anatomical landmarks at the lateral ventricle,
anterior commissure, and hippocampus, visualized by DAPI
staining. SPARC-null lesions extended from �0.342 to �0.504
mm from bregma at 7 DPI compared with controls (�0.144 to
�0.808 mm). Lesions condensed by 32 DPI (Fig. 5F), where nulls
extended from �0.507 to �1.24 mm, compared with �0.850 to
�1.393 mm for controls. Although lesions in both groups varied
within this (with a trend to larger initial lesions in many SPARC-
null mice), comprehensive assessment of lesion volume using

multiple markers at both 7 and 32 d after injury yielded no sig-
nificant difference (Fig. 5F) in between SPARC-null and control
mice.

SPARC-null mice show increased microgliosis and enhanced
functional recovery after photothrombotic stroke
Given the increased density and altered morphology of microglia
in the double transgenic, it became clear that we needed to test if
there were functional consequences to this altered distribution
and morphology. During the process of activation within the

Figure 4. The absence of SPARC differentially regulates microglial expansion, process length, and branching in cortical gray and white matter in the uninjured SPARC-null cerebral cortex. A, B,
GFP-expressing ramified microglia are evenly distributed, but Iba-1-positive cells (C) are more dense (n � 3) in SPARC nulls than control (�/�) ( p � 0.01) and significantly less dense in the white
matter of the corpus callosum ( p � 0.05) compared with control mice. D, Microglial morphology was analyzed by visualizing 3D deconvolved images of GFP� microglia in SPARC null/CX3CR1-GFP
double transgenic mice and skeletonizing to analyze for process outgrowth (microns per cell) and number of primary branch points (E, arrowhead). F–I, SPARC-null microglia in the gray matter (G;
GM) and white matter (I; WM) have increased process outgrowth (J; p � 0.05, Student’s t test) and, in white matter, have more primary branch points (K; p � 0.01) than control microglia.
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CNS, microglia undergo extensive and rapid morphological and
biochemical changes (Figs. 1–3), including upregulation of Iba-1
and galectin-3 (Gal-3). Gal-3 is a 30 kDa �-galactosidase-binding
lectin that is upregulated by reactive microglia and macrophages
following ischemia (Walther et al., 2000; Yan et al., 2009). Gal-3 is
not detected in ramified microglia in the uninjured cerebral cor-
tex (Fig. 6A). In the perilesion zone at 7 d after photothrombotic
stroke, a small proportion of reactive hypertrophic microglia be-
gin to express Gal-3 (Fig. 6B), whereas in the infarct core, all
amoeboid (phagocytic) microglia and macrophages strongly ex-
press Gal-3 (Fig. 6C). Gal-3 is thus considered a marker of the
most highly activated microglia/macrophages in these kinds of
CNS lesions. By this measure, at 7 DPI, microgliosis is signifi-

cantly greater in the SPARC null (Fig. 6 G–I) compared with the
wild type (Fig. 6 D–F), when assessed both by the distribution of
GFP-CX3CR1 cells and by Gal-3 immunoreactivity (Fig. 6J).
Functional recovery of paw preference was also assessed using a
forelimb preference cylinder test (Schallert et al., 2000). Both
wild-type and SPARC-null mice showed a similar degree of loss
of contralateral limb sensorimotor function immediately after
inducing photothrombotic stroke (Fig. 6K). From 7 d post isch-
emia, however, SPARC-null mice appeared to progressively dem-
onstrate greater functional recovery (contralateral paw use) than
control mice, that is significant by 32 d (n � 7/6, p � 0.01), when
they achieved a contralateral paw placement rate similar to unle-
sioned mice.

Figure 5. SPARC-null mice do not develop smaller lesions following photothrombotic stroke. Seven days after inducing photothrombotic stroke (7 DPI). A, Using immunofluorescence for GFP or
Iba-1 (green) and Gal-3 (red) in staggered sections through the lesion site reveals a similar location and extent of lesion in SPARC nulls (�/�) and controls (�/�). (Asterisk indicates sections that
were used in calculations, but removed for figure construction). Black vertical bars indicate distance from bregma. The lesion site could be clearly delineated with a combination of DAPI� nuclei (B,
D) GFAP (C, E) in the astrogliotic lesion penumbra. F, At 7DPI, lesion volumes in both SPARC-null (�/�) and control (�/�) mice were variable but not significantly different, with lesion volume
shrinking in both genotypes by 32 DPI, but still not significantly different from each other. G, Indicates the cortical area within which all lesions were located. Scale bars: A, 100 mm; C, E, 60 mm.
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Figure 6. In SPARC nulls, microgliosis is increased and functional recovery is enhanced, following photothrombotic stroke. A, B, Seven days after photothrombotic stroke lesion, Gal-3 (red, used
to indicate a high level of microglial activation) is not expressed by GFP-expressing (green) ramified microglia in the contralateral cortex (A; detail in insets), but is (B) expressed by a small proportion
of hypertrophic activated microglia in the perilesion zone (peri), and is expressed by all amoeboid GFP-CX3CR1-positive cells in the lesion core (C). D–F, In CX3CR1-GFP/SPARC control mice 1 week
after surgery, both Gal-3 immunoreactivity and GFP-CX3CR1 signal are increased in the lesion core (images are representative maximal lesion core cross section). G–I, In SPARC nulls, Gal-3-
expressing cells and GFP-expressing cells in the lesion core and prelesion area appear to be significantly enhanced. J, Gal-3 immunoreactivity (IR) and GFP-CX3CR1 normalized detection are
significantly increased in the SPARC-null CNS relative to the wild-type (assayed area 1.5 � 1 mm centered on lesion as shown in D and G; n � 6 –7, p � 0.05 in both cases). K, In the forelimb
preference cylinder test, both SPARC-null and control mice showed a decrease in contralateral forelimb function following photothrombotic lesion to the forelimb sensorimotor cortex. SPARC-null
mice demonstrated increased functional recovery by 32 d ( p � 0.01, Student’s t test with Welch’s correction), SEM. Scale bars: A–C, 40 �m; D–I, 500 �m.
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Absence of SPARC leads to increased microglial proliferation
in vivo and in vitro
Following photothrombotic stroke, microgliosis (defined as the
accumulation of microglia at the lesion site following injury) is
enhanced in the SPARC-null CNS. At 2 d post ischemia, the
number of PCNA-positive microglia in the lesioned cortex is
significantly increased in SPARC nulls (Fig. 7A–C). SPARC may
thus normally restrict the accumulation of microglia and macro-
phages in and around a focal ischemia lesion, but we do not know
whether this is due directly to it impacting their proliferation or
migration to the lesion site, or through a more indirect mecha-
nism. To directly test if SPARC can regulate microglial prolifer-
ation, we used an in vitro assay. Microglia are traditionally
harvested and cultured from perinatal mixed glial cultures. How-
ever, microglia derived from the early postnatal cortex (see Fig. 1)
do not express SPARC in vivo, or, incidentally, in vitro, even if
cultured for extended periods of time (Fig. 7D). SPARC is, how-
ever, expressed in vitro by GFAP-positive contaminating cells in
postnatal cultures (data not shown). To obtain microglia that are
more representative of their mature, “resting” phenotype (Sant-
ambrogio et al., 2001), microglia must be derived from adult
mice following isolation using a discontinuous Percoll gradient,
which highly enriches for mature isolectin IB4-positive microglia
that also express SPARC, similar to adult microglia in vivo (Fig.

7F; 97% pure). Even under highly regulated in vitro conditions,
SPARC expression is gradually lost as microglia are maintained
over time in vitro (data not shown), in support of the belief that
many microglia in vitro are not truly “resting.” Detection of nu-
clear NF�B indicates that, even in the absence of inflammatory
cytokine addition, subpopulations of microglia from early post-
natal or mature cortex are similarly “partially activated” in vitro
(Fig. 7 D,E). Following density gradient isolation, microglia de-
rived from SPARC-null adult mice are initially morphologically
similar to their wild-type counterparts, yet when seeded at the
same density, they generate significantly more dense cultures af-
ter only DIV 8 (Fig. 7F,G). This increase in cell numbers is not
due to a differential loss, but an increase in proliferation as dem-
onstrated by thymidine analog incorporation. After DIV 2,
SPARC-null adult-derived microglia showed significantly greater
incorporation of EdU in a 48 h period, compared with microglia
derived from wild-type mice (Fig. 7H), an enhanced prolifera-
tion that was partially reversed by adding exogenous SPARC in a
dose-dependent manner.

Discussion
In this study, we have used a series of in vitro assays, analysis of
spatiotemporal expression changes after two different lesions,
and recovery analysis in double transgenic mice to test if SPARC

Figure 7. SPARC inhibits microglial proliferation in vivo and in vitro. Two days following photothrombotic stroke surgery, cortical microglia adjacent to the lesion in SPARC controls (A) become
activated (more amoeboid) and proliferate (coexpress proliferating cell nuclear antigen, PCNA; red, arrowheads), a response which appears enhanced at this early stage lesion in the (B) SPARC null.
C, Proliferation of microglia, assessed by coexpression of PCNA with GFP-CX3CR1, is significantly increased in the SPARC-null cerebral cortex (images are representative; assayed area 1.5 � 1 mm
centered on lesion; p � 0.05) relative to the wild-type controls. D, SPARC is not expressed in vitro by partially activated NF�B-expressing microglia derived from postnatal mixed glial cultures, but
is expressed in vitro by the majority of (E) adult-derived microglia. F–H, Microglial cultures derived from SPARC-null adult mice are significantly higher in density after DIV 8, when compared with
wild-type microglia. H, SPARC-null adult-derived microglia proliferate at a significantly greater rate than wild-type microglia, as assessed by thymidine analog (EdU) uptake over 48 h. This effect is
diminished by addition of exogenous SPARC to the culture media. Scale bars: 20 �m. All error bars are SEM.
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can directly regulate microglial responsiveness. SPARC is ro-
bustly induced by only mature, ramified microglia in the adult
brain, but is lost from reactive hypertrophic or amoeboid micro-
glia as they respond to both photothrombotic stroke and excito-
toxic cortical lesion. When the CNS develops in the absence of
SPARC, however, resting microglia become more abundant, and
their branching is significantly more elaborate, with distinctly
differential patterning in gray and white matter. Following pho-
tothrombotic stroke, cortical microgliosis is increased and func-
tional recovery is enhanced in the absence of SPARC, thus
SPARC appears to normally restrict microglial proliferation both
in vivo and in vitro. These data suggest a potentially novel func-
tion of SPARC in regulating microglial patterning, proliferation,
and response to lesion, and reveal a new pathway that could be
temporally regulated to potentially alter the dynamics of the neu-
roimmune repair response.

During early postnatal development, SPARC is not expressed
by developing microglia (monocytes) as they infiltrate into the
CNS, proliferate, and migrate to their mature CNS location, and
is only induced as microglia become mature and ramified (Fig.
1). In accord with this, when we prepare microglia derived from
postnatal mixed glial cultures (using widely published tech-
niques), they do not express SPARC, suggesting that they may not
have yet attained full maturity. This alone is not novel—micro-
glia from neonatal animals are known to be phenotypically dif-
ferent from microglia from adult rodents— but the majority of
markers that differentiate their phenotype are linked to cytokine
or chemokine signaling, not interaction with the ECM of the gray
or white matter of the mature CNS. Neonatal microglia are not
only functionally immature, but they have a “partially activated”
phenotype (Carson et al., 1998; Santambrogio et al., 2001). Thus,
SPARC expression appears indicative of a more mature “survey-
ing” ramified phenotype, and is correspondingly lost after lesion
in vivo, as resting microglia switch into a highly activated state
(Figs. 1, 2).

Although most dynamic microglial “markers” suggest distinct
heterogeneity of regional subpopulations of microglia, microglial
expression and retention of SPARC in steady state is consistent
across the adult brain (Lawson et al., 1990; Carson et al., 2007).
SPARC is a multimodal protein that functions in a highly
context-dependent manner. For example, different matrix met-
alloproteinases (MMPs) can cleave and make it shift activity to
differentially bind to different ECM components, and SPARC
can, in turn, regulate MMP production and activity. It is thus
possible that microglial SPARC may play different roles in differ-
ent regions of the CNS, and in different time windows after a
lesion. For example, a novel developmental role for astrocyte-
derived SPARC as a regulator of synapse formation and stabiliza-
tion in early postnatal development has recently been elucidated
(Jones et al., 2011; Kucukdereli et al., 2011). However, after P14,
cortical and hippocampal astrocytes rarely express SPARC and
when they do, it appears restricted to blood– brain barrier end
feet. Given the recently demonstrated essential role of microglia
in synaptic pruning during development (Paolicelli et al., 2011)
and plasticity (Tremblay and Majewska, 2011), we show here that
SPARC-expressing microglia are ideally situated throughout the
gray matter to step in for astrocytes in this role in the adult CNS,
and could also use SPARC as part of their molecular arsenal for
modulating plasticity depending on the immune state of the CNS
or periphery.

Following lesion, SPARC is lost in reactive and phagocytic
microglia in and adjacent to the lesion site, but upregulated in
reactive astrocytes and blood vessels demarcating the perilesion

boundary of both ischemic and excitotoxic lesion cores (Figs. 2, 3,
5, 6). Early after lesion, some secreted SPARC appears diffusely
distributed through the extracellular milieu of the lesion core.
Here, by modulating local matrix and cytokine availability, it
could have a more extensive localized impact on immune-
mediated tissue remodeling that is quite different from its astro-
cytic role in modulating cell responses in the lesion penumbra.
The upregulation of SPARC in perilesion reactive astrocytes here
is consistent with other lesions, including cortical stab wound
(Mendis et al., 1998), entorhinal deafferentation (Liu et al.,
2005), spinal cord injury, and glial tumors (Capper et al., 2010).
The spatiotemporal changes in SPARC expression that differ be-
tween these scenarios, however, suggest that SPARC may have
different roles depending on the type, and extent, of lesion. The
two lesions used here (Figs. 2, 3) suggest that the downregulation
and rapid loss of SPARC (presumably by secretion into the le-
sion) is a consistent feature of microglia’s phagocytic transforma-
tion. In addition, as phagocytic microglia begin to clear the lesion
of debris, perilesion astrocytes upregulating SPARC could make
it available to contribute to the significant later structural changes
(e.g., scar formation and synaptic remodeling) that are observed
in the perilesion zone following ischemia (Brown et al., 2007,
2010).

Using the CX3CR1-GFP reporter in a SPARC-null back-
ground allowed us to establish that even at rest, SPARC-null
microglia extend more elaborate processes and display different
patterns of branching, with significant and distinct differences
between gray and white matter (Fig. 4). Preliminary live slice
imaging of hippocampal slices prepared from CX3CR1-GFP/
SPARC-null mice suggested that, despite their altered morphol-
ogy, cortical and hippocampal microglia can still initially dynam-
ically survey their environment successfully in the absence of
SPARC (B. MacVicar, unpublished data). The double transgenic/
null line was also critical to establish that SPARC regulates the
spread of microgliosis in vivo following lesion (Fig. 6), even if the
lesion volume of SPARC nulls is statistically indistinguishable
from controls (Fig. 5). The antiproliferative activity of SPARC on
microglia in vivo (Fig. 6) and in vitro (Fig. 7) is consistent with
altered immune responses to CNS lesion in the absence of SPARC
(Sangaletti et al., 2005, 2011; Au et al., 2007; Rempel et al., 2007).
These findings also extend SPARC’s reported antiproliferative
activity in a number of nonimmune cells, like smooth muscle and
endothelia (Raines et al., 1992; Sage et al., 1995), into the CNS.
Ramified microglia represent a very stable cell population with a
slow turnover (Lawson 1992).

It is possible that SPARC acts to maintain microglia in a stable,
nonproliferative state by minimizing the microglial response to
growth factors and local ECM. Both vascular endothelial growth
factor and insulin-like growth factor 1 are released in the vicinity
of a lesion, and can stimulate microglial proliferation (Forstreu-
ter et al., 2002; O’Donnell et al., 2002), but are inhibited by
SPARC (Kupprion et al., 1998; Francki et al., 2003). Furthermore,
transforming growth factor �-1, whose activity is augmented by
SPARC, inhibits microglial proliferation (Suzumura et al., 1993;
Francki et al., 2004). Thus, SPARC could normally act as a mod-
ulator of ECM and growth factor interactions within a highly
localized microglial microenvironment, and only when the exter-
nal stimulus is beyond the threshold of SPARC’s modulatory
action (e.g., after lesion), can microglia undergo transformation
into a hypertrophic, reactive state. Once activated, microglia then
rapidly secrete their SPARC, stimulating a feedforward, rapid
expansion of highly localized microglial populations.
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The spatiotemporal changes in SPARC expression reported
here support the hypothesis that SPARC could play different
roles depending on the lesion scenario, and the loss of microglial
SPARC may be an important trigger allowing proliferation of
microglia following injury. The concurrent upregulation of
SPARC in reactive astrocytes could be similarly intended to keep
astrocytic scar proliferation in check, given that SPARC nega-
tively correlates with proliferation in astrocytic tumors (Capper
et al., 2010). However, reactive gliosis can also be protective fol-
lowing focal brain ischemia (Järlestedt et al., 2010), so this is
unlikely to represent the whole picture. This immediate loss of
microglial SPARC after lesion could also facilitate migration of
other immune cells into the lesion core through SPARC’s anti-
adhesive properties with ECM (Murphy-Ullrich, 2001) and also
by regulating MMP expression and activity in the lesion environ-
ment (Rich et al., 2003; Kunigal et al., 2006; Said et al., 2007). The
differences in behavioral recovery that emerge after the initial
microgliosis (and are independent of lesion volume change) ar-
gue that these later activities induced by expanded microglia may
be responsible for enhanced cortical function.

We thus reveal a novel role for SPARC as a glia-derived pro-
tein involved in regulation of the neuroimmune microglial re-
sponse, and that its activity in repair may differ between gray and
white matter. Manipulating the proliferation of microglia and
macrophages following injury can be a double-edged sword,
however. It is clear that preventing aberrant microglial prolifer-
ation could be highly desirable in some lesion scenarios, because
activated microglia can themselves be neurotoxic (Walter and
Neumann, 2009). However, it is also important that the immune
response be initiated in a timely manner in the case of injury or
disease. Selective ablation of proliferating microglia can exacer-
bate ischemic injury (Lalancette-Hébert et al., 2007), whereas
here, functional recovery (in the absence of SPARC) is enhanced
by increased microgliosis. The reactive state of microglia close to
a CNS lesion must therefore be highly tuned, and here we present
SPARC as a novel modulator of this crucial regulatory process.
Controlling localized SPARC action may thus be a potential ther-
apeutic avenue to modulate local neuroimmune responses, at the
same time as carefully considering the other beneficial roles it
may play in vascular and astrocytic remodeling at the perilesion
boundary.
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