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Intracerebral hemorrhage (ICH) is a devastating form 
of stroke with high rates of mortality and morbidity.15 
In patients surviving the initial expansion of the clot, 

the brain is susceptible to secondary injury from inflam-
mation and the coagulation cascade in the perihematomal 
regions.14,58 Research efforts have focused on pharmaco-
logical enhancement of neuroprotection from the acute 
injury.16,46 Alternatively, therapies can be designed to aug-
ment the natural recovery process that occurs in the brain 

as patients regain function, termed the neurorestorative 
approach. Using this approach, the transplantation of bone 
marrow mesenchymal stromal cells (MSCs) has been ex-
tensively studied as a treatment for stroke. MSCs home 
to damaged microvasculature based on matching pairs of 
membrane adhesion proteins and have proven effective 
at enhancing functional recovery following experimental 
stroke.3,28,39,42 This has been attributed to modulation of 
immune and endothelial cells, as well as neurons and glia, 
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OBJECTIVE Previous studies have demonstrated that transplanted multipotent mesenchymal stromal cells (MSCs) 
improve functional recovery in rats after experimental intracerebral hemorrhage (ICH). In this study the authors tested 
the hypothesis that administration of multipotent MSC-derived exosomes promotes functional recovery, neurovascular 
remodeling, and neurogenesis in a rat model of ICH.
METHODS Sixteen adult male Wistar rats were subjected to ICH via blood injection into the striatum, followed 24 hours 
later by tail vein injection of 100 μg protein of MSC-derived exosomes (treatment group, 8 rats) or an equal volume of 
vehicle (control group, 8 rats); an additional 8 rats that had identical surgery without blood infusion were used as a sham 
group. The modified Morris water maze (mMWM), modified Neurological Severity Score (mNSS), and social odor–based 
novelty recognition tests were performed to evaluate cognitive and sensorimotor functional recovery after ICH. All 24 
animals were killed 28 days after ICH or sham procedure. Histopathological and immunohistochemical analyses were 
performed for measurements of lesion volume and neurovascular and white matter remodeling.
RESULTS Compared with the saline-treated controls, exosome-treated ICH rats showed significant improvement in the 
neurological function of spatial learning and motor recovery measured at 26–28 days by mMWM and starting at day 14 
by mNSS (p < 0.05). Senorimotor functional improvement was measured by a social odor–based novelty recognition test 
(p < 0.05). Exosome treatment significantly increased newly generated endothelial cells in the hemorrhagic boundary 
zone, neuroblasts and mature neurons in the subventricular zone, and myelin in the striatum without altering the lesion 
volume.
CONCLUSIONS MSC-derived exosomes effectively improve functional recovery after ICH, possibly by promoting 
endogenous angiogenesis and neurogenesis in rats after ICH. Thus, cell-free, MSC-derived exosomes may be a novel 
therapy for ICH.
https://thejns.org/doi/abs/10.3171/2018.2.JNS171475
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via cytokines or factors secreted by MSCs.9,17 Emerging 
data show that one way MSCs affect recovery is by se-
cretion of exosomes, which are extracellular vesicles com-
posed of protein, lipids, mRNA, and miRNA.7

Exosomes are formed from the inward budding of a 
large intracellular vesicle called a multivesicular body, 
trapping cytoplasm components and cargo proteins in a 
smaller compartment (30–120 nm).19 When the multive-
sicular body merges with the plasma membrane, the exo-
somes are released into the interstitial fluid but their con-
tents are protected from extracellular RNAase and other 
digestive enzymes. This process makes exosomes effective 
vehicles in their ability to transfer RNA to distant cells.

Recent studies on multipotent MSC-derived exosomes 
have demonstrated their effectiveness in treating cardio-
vascular, liver, and kidney diseases.7,17 Our previous stud-
ies demonstrated that MSC-derived exosomes promote 
neurite remodeling and functional recovery in rats after 
ischemic stroke and traumatic brain injury (TBI).49,50,55 
The present study aimed to investigate the potential thera-
peutic benefit of intravenously administered exosomes in 
a rat model of experimental ICH by posttreatment mea-
surement of cognitive and sensorimotor functional recov-
ery as well as exploring the potential underlying cellular 
mechanisms.

Methods
All experimental procedures were approved by the 

Henry Ford Health System Institutional Animal Care and 
Use Committee. An ICH injection model in adult male 
Wistar rats (weighing 270–300 g, from Charles River) was 
used.39 Briefly, blood was taken from the femoral artery 
and after craniectomy, injected into the striatum 3–4 mm 
lateral to bregma and 5-mm deep into the brain; 0.1 ml of 
blood was infused at a rate of 10 μl per minute to create 
the hemorrhage. The animals were randomly divided into 
3 groups (8 rats per group): group 1 received exosomes 
derived from 3 × 106 MSCs (in 0.5 ml phosphate-buffered 
saline [PBS]); group 2 was treated with equal volume (0.5 
ml) of PBS; and group 3 (sham group) had surgery with-
out blood infusion into the brain and was treated with 0.5 
ml PBS. The exosome solution or PBS was administered 
intravenously over 5 minutes via the tail vein, starting 24 
hours after the ICH; this protocol was chosen based on our 
ischemic stroke and TBI studies with exosomes in rats.55 
All rats were killed at 28 days after treatment. In addition, 
all rats received a daily intraperitoneal injection of 100 
mg/kg 5′-bromo-2′-deoxyuridine (Brdu; Sigma) from day 
1 until day 14.

Neurological Functional Studies
A modified Morris water maze (mMWM) test was 

used to monitor cognitive (spatial learning) improvement. 
The spatial learning testing with mMWM was identical 
to that previously described.1,2 The mMWM testing was 
performed from day 24 through day 28 after experimental 
ICH. Data collection was automated by the HVS Image 
2020 Plus tracking system. Each rat was given 4 trials per 
day for 4 days with a hidden platform at a fixed location, 
and then 4 trials were performed on day 5 with the plat-

form in different locations hidden beneath the surface of 
the water. Each trial lasted a maximum of 90 seconds. If 
the animal reached the platform within 90 seconds, the 
percentage of time traveled within the northeast quadrant 
(where the hidden platform was located) was calculated 
relative to the total amount of time spent swimming before 
reaching the platform, and this percentage was employed 
for statistical analysis.

The modified Neurological Severity Score (mNSS) is 
used to assess neurological function via a 0–18 composite 
score of motor, sensory, balance, and reflex measures, with 
higher scores implying greater neurological injury.41,42

Odor recognition was used to test sensory memory 
ability in identifying a previously encountered stimulus. 
The odor recognition test was performed in the home cage 
as previously described in detail35 and consisted of 3 phas-
es: a familiarization phase, an odor habituation phase, and 
an odor recognition memory test phase. The memory test 
phase gives the rat a choice of 4 beads: 3 beads (F1–F3) 
that are saturated with the familiar smell of the home cage 
and 1 bead (N1) with the smell of a separately housed rat. 
Three trials are run for 1 minute, switching the place of 
the beads for each trial. The amount of time spent sniff-
ing each bead is noted. The next day, a new bead with the 
smell of an unfamiliar rat (N2) is presented alongside F1, 
F2, and N1, and 3 more trials are run. The more time the 
rat smells the N2 bead compared to the N1 bead represents 
how well the rat has remembered the N1 smell from the 
day before.

Exosome Generation and Preparation From MSC Cultures
MSC expansion was performed according to previ-

ously described methods.50 Bone marrow from adult male 
Wistar rats was mechanically harvested by flushing the 
cavity of the femurs with PBS, and the cells were washed 
and suspended in culture medium.50 The initial cultured 
cells were considered to be P0 MSCs. The MSCs were 
conventionally cultured with a modified minimum essen-
tial medium (Hyclone) containing 20% fetal bovine serum 
(FBS) and penicillin-streptomycin. For the exosome iso-
lation, exosome-depleted FBS was used (EXO-FBS-250 
A-1, System Biosciences). When the cells reached 60% 
to 80% confluence, they were cultured for an additional 
48 hours. The media were collected and exosomes were 
isolated using the ExoQuick exosome isolation method ac-
cording to the manufacturer’s instructions (System Biosci-
ences). Next, 2.5 ml of ExoQuick-TC was added to 10 ml 
of media, and the mixture was incubated for 12 hours at 
4°C, then centrifuged at 1500g for 30 minutes. After the 
supernatant (nonexosomal fraction) was removed from the 
samples, the exosome pellets were washed 3 times with 
PBS to remove chemical residue and then suspended in 
200 μl of PBS. The total protein content of the exosome 
concentration was quantitated using bicinchoninic acid 
(BCA) assay (Pierce), and particle size was analyzed us-
ing a qNano nanopore-based exosome detection system 
according to the manufacturer’s instructions (Izon). Exo-
somes were identified by a specific protein marker Alix by 
Western blot, and electron microscopy was performed to 
verify their presence, as described in our previous study.48
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Histology and Immunohistochemistry
After the behavioral tests at the 28-day time point, all 

animals from all 3 groups were anesthetized and perfused 
transcardially with PBS, followed by 4% paraformalde-
hyde in PBS. Brain tissues were excised, fixed in 4% para-
formaldehyde, and sliced into seven 2-mm-thick blocks. 
Each block was processed and embedded in paraffin, 
and 4 adjacent 6-μm-thick sections were cut from each 
block and stained with hematoxylin and eosin (H & E). 
The percentage of tissue loss in the ipsilateral hemisphere 
compared to the contralateral hemisphere of the brain was 
measured using an image analysis system (Data Transla-
tion), as previously described.39

For immunohistological studies, 6-μm-thick sections 
were blocked in a Tris-buffered saline solution containing 
5% normal goat serum, 1% BSA, and 0.05% Tween-20. 
Sections were then incubated with the primary antibodies 
for localization of BrdU (1:100; a marker for proliferation 
cells, monoclonal antibody against BrdU, Roche), EBA 
(1:1000; a marker for detection of mature vessels, endothe-
lial barrier antigen, Covance), TUJ1 (1:400; monoclonal 
antibody against tubulin isotype III, BABCO), DCX (1:50; 
Doublecortin, a marker for migrating neuronal precursor 
cells, Santa Cruz Biotechnology), and MAP2 (1:1000; a 
marker for neuron-specific cytoskeletal proteins, Abcam). 
The sections were incubated with Cy3- and/or FITC-
conjugated secondary antibody (1:200; Jackson Immu-
noResearch) at room temperature for 2 hours. Nuclei were 
counterstained with DAPI (4′,6-diamidino-2-phenylin-
dole, Sigma).

White matter was stained using 0.1% Luxol fast blue 
(Poly Scientific R&D). Sections were dehydrated with 
95% alcohol and stained in Luxol fast blue overnight. Ex-
cess stain was removed with 95% alcohol, and the sections 
were rinsed in distilled water. Immersion in 0.05% lithium 
carbonate solution differentiated between gray and white 
matter. Sections were again dehydrated with 95% alcohol, 
cleared in xylene, and then mounted in xylene-soluble 
mounting media.

Quantitative measurements of immunostaining were 
performed by an observer blinded to the treatment status 
of the individual animals. All slides were digitized un-
der a ×20 objective lens (Eclipse 80i, Nikon) by using a 
CoolSNAP color camera (Photometrics) interfaced with 
a MetaMorph image analysis system (Molecular Device). 
BrdU-positive cells in the hemorrhagic boundary zone 
and subventricular zone (SVZ) were digitized and counted 
and the counts from multiple fields of view were converted 
to units of cell number/mm2. The same process was ap-
plied to quantification of EBA- and Map2-positive cells. 
TUJ1 and DCX were quantified as percentage of positive 
area (above threshold) per field of view. For quantification 
of vessels, the number of EBA-positive vessels was mea-
sured in 8 fields of view within the hemorrhagic boundary 
zone and SVZ. Data are presented as the density of EBA-
immunoreactive vessels relative to the area (vessels/mm2).

Statistical Analysis
Analysis of variance (ANOVA) with repeated-measures 

analyses was done to assess the group effects over time 
(or conditions for odor test) for the neurological functional 

scores. If the interaction between time and group was sig-
nificant (p < 0.05), pairwise comparisons of the groups 
were done within each time point using ANOVA methods. 
For pairwise comparisons of time points or conditions 
within a group, paired t-tests were done. ANOVA meth-
ods were also used for immunohistochemical outcomes 
with similar pairwise comparisons of the groups when the 
overall difference was significant. The testing level was 
set at 0.05, with no adjustments for multiple comparisons 
in this proof-of-concept study. Data are presented as the 
mean ± standard error (SE). All measurements were per-
formed by observers blinded to individual treatments.

Results
MSC Exosome Administration Significantly Enhances 
Spatial Learning in Rats After ICH

Spatial learning measurements were performed during 
the last 5 days (24–28 days after ICH) using an mMWM 
test. The greater the percentage of time the animals spent 
in the correct quadrant (i.e., the northeast quadrant) of the 
water maze, the better the spatial learning. Over time the 3 
groups followed different trends (p = 0.034 for interaction 
between group and time). In the testing of spatial learning, 
no significant between-group differences in the time spent 
in the correct quadrant were detected on the 1st and 2nd 
days of testing (i.e., the 24th and 25th days after ICH). 
The percentage of time spent by sham rats in the correct 
quadrant increased significantly from 26 to 28 days after 
sham operation, compared with time spent in the correct 
quadrant on the first 2 days of testing (days 24 and 25) (p 
< 0.003 for all). The time spent in the correct quadrant 
(northeast) by all ICH rats gradually increased from day 
24 to day 28 after surgery, but the increases were not sta-
tistically significant. Compared to the control group, the 
exosome-treated group showed significant improvement 
in spatial learning (that is, a larger percentage of time 
spent in the correct quadrant) at days 26, 27, and 28 after 
ICH (p = 0.025, p = 0.048, and p = 0.046, respectively; 
Table 1 and Fig. 1).

MSC Exosome Administration Significantly Improves 
Neurological Functional Recovery in Rats After ICH

The mNSS was performed to test motor coordination 
and sensory ability. Foot faults during grid walking, direc-
tion bias when the rat is held by the tail, and a slow reac-
tion time to remove a sticker from the paw are all indica-
tive of neurological damage. As in the mMWM scores, 

TABLE 1. Comparison of mMWM scores in the sham, control, and 
exosome-treated groups

Time Sham Control Exosome-Treated

Day 24 39.07 ± 1.94 33.72 ± 4.46 37.49 ± 3.31
Day 25 44.07 ± 2.92 36.27 ± 3.34 42.67 ± 4.97
Day 26 52.82 ± 2.23 38.92 ± 2.90 47.64 ± 2.53
Day 27 64.07 ± 2.92 41.05 ± 3.06 49.36 ± 2.38
Day 28 54.07 ± 2.92 38.83 ± 3.14 46.69 ± 1.55

Data represent mean ± SE.
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the 3 groups showed different trends over time (p < 0.001 
for interaction between group and time). Compared to rats 
in the sham group, ICH rats in the control and exosome-
treatment groups showed severe neurological impairment 
in the mNSS test on day 1 (p < 0.001 for both). At 1 week 
after ICH, there was no significant difference between the 
exosome-treated group and the control group in terms of 
mNSS results (p = 0.746), but starting at day 14, the exo-
some-treated group showed significantly better improve-
ment in neurological function than the control group (day 
14, p = 0.016; day 21, p = 0.007; and day 28, p < 0.001; 
Table 2 and Fig. 2).

Exosome Treatment Improves Nonspatial Social 
Odor–Based Recognition

The social odor–based recognition task was performed 
to detect sensory-memory deficits after ICH that might be 
related to anterograde amnesia. The 3 groups again fol-
lowed different trends over the 4 different conditions or 
beads (p < 0.001 for interaction between group and condi-
tion). The mean amount of time spent with the familiar-
smell beads was similar across all groups (F1, p = 0.936; 
and F2, p > 0.99). Also, the mean amount of time spent 
on the odor bead from the day before (N1) was similar 
across all groups (p = 0.412). However, the rats in the con-
trol group spent significantly less time exploring the novel 
odor bead (N2) than did those in the sham and exosome-
treated groups (p < 0.01 and p = 0.001, respectively) (Table 
3 and Fig. 3). These data indicate that nonspatial social 

odor–based memory impairment occurred after ICH and 
that exosome treatment starting 24 hours after ICH en-
hanced recovery of sensory memory.

MSC Exosome Administration Significantly Increases 
Vascular Density and Angiogenesis in Rats After ICH

To quantitate changes in vessel density after ICH, EBA 
staining was performed. The overall difference among the 
3 groups with respect to the density of EBA-positive ves-
sels was statistically significant (p = 0.007). Compared to 
the control group, the exosome-treated group demonstrat-
ed significantly increased density of EBA-positive vessels 
in the hemorrhagic boundary zone (389.95 ± 47.30 vessels/
mm2 for control vs 579.46 ± 55.82 vessels/mm2 for exo-
some-treated, p = 0.008), as did the sham group (598.70 ± 
31.31 vessels/mm2, p = 0.007 vs control). The difference 
between the exosome-treated and sham groups was not 
statistically significant (p = 0.77) (Fig. 4).

Administration of MSC-Derived Exosomes Significantly 
Increases Neurogenesis in the Subventricular Zone in 
Rats After ICH

To determine the effects of exosomes on cell prolifera-
tion after ICH, we injected BrdU into rats once daily for 
14 days starting 24 hours after ICH. Animals were killed 
28 days after ICH, and immunostaining was performed on 
paraffin-embedded brain coronal sections.40–42 The overall 
difference among the 3 groups for BrdU was significant 
(p < 0.001). Exosome treatment increased the amount of 
BrdU-positive cells in the SVZ compared to the control 
group, with the exosome-treated group and sham group 

FIG. 1. Exosome treatment significantly improves the spatial learning 
function measured by mMWM test from day 26 to day 28 after ICH in 
rats. Data represent mean ± SE (error bars); n = 8 per group. Figure is 
available in color online only.

FIG. 2. Treatment of ICH in rats with MSC-derived exosomes signifi-
cantly improves sensorimotor function measured by mNSS starting at 
day 14 and continuing through day 25 after ICH. Data represent mean ± 
SE (error bars); n = 8 per group. Figure is available in color online only.

TABLE 2. Comparison of mNSS scores in the sham, control, and 
exosome-treated groups

Time Sham Control Exosome-Treated

Day 1 2.38 ± 0.42 9.75 ± 0.16 9.88 ± 0.12
Day 7 0.63 ± 0.33 7.88 ± 0.40 7.13 ± 0.52
Day 14 0.13 ± 0.12 6.00 ± 0.33 4.88 ± 0.40
Day 21 0.00 ± 0.00 5.38 ± 0.33 4.38 ± 0.26
Day 28 0.00 ± 0.00 4.38 ± 0.33 3.13 ± 0.23

Data represent mean ± SE.

TABLE 3. Comparison of odor test results in the sham, control, 
and exosome-treated groups

Bead Sham Control Exosome-Treated

F1 0.88 ± 0.29 0.88 ± 0.29 0.75 ± 0.25
F2 0.75 ± 0.25 0.75 ± 0.31 0.75 ± 0.25
N1 2.00 ± 0.33 1.38 ± 0.37 1.50 ± 0.33
N2 13.75 ± 2.21 3.50 ± 0.50 12.63 ± 1.89

Data represent mean time in seconds ± SE.
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having similar numbers of BrdU-positive cells per mm2 
(Fig. 5; 988.24 ± 73.34 for the sham group, 542.84 ± 64.83 
for the control group, and 926.31 ± 69.79 for the exosome-
treated group; p < 0.001 for control vs the sham and exo-
some-treated groups and p = 0.534 for sham vs exosome-
treated groups).

To determine the effects of exosomes on neurogenesis, 
immunostaining for DCX, TUJ1, and MAP2 was per-
formed (Figs. 5 and 6). Treatment with exosomes signifi-
cantly increased DCX and MAP2 expression compared 
with the control ICH group (12.06% ± 1.49% vs 17.56% 
± 1.67% for DCX, p = 0.04; and 385.22% ± 49.39% vs 
541.33% ± 54.58% for MAP2, p = 0.045) and showed 
a strong trend for TUJ1 (11.93% ± 1.53% vs 17.30% ± 
1.81%, p = 0.053). Results in the sham group were also 
significantly higher than in the control group for all 
3 measures (DCX: 18.81% ± 21.4%, p = 0.014; MAP2: 
567.64% ± 51.76%, p = 0.021; and TUJ1: 18.68% ± 2.17%, 
p = 0.017) and similar to results in the exosome-treated 
group (DCX, p = 0.628; MAP2, p = 0.723; and TUJ1, p = 
0.605). Double staining for BrdU-DCX, BrdU-TUJ1, and 
BrdU-MAP2 (Figs. 5 and 6) revealed that some neuro-
nal marker–positive cells were BrdU-positive, indicating 
that there were newly generated neuroblasts (BrdU-DCX, 
BrdU-TUJ1) and newly generated immature neurons 
(BrdU-MAP2) around the hematoma and the SVZ. We 
found that exosome treatment significantly increased the 

number of DCX/BrdU+ cells (9.74 ± 1.23 vs 5.61 ± 1.23, 
p = 0.028), TUJ1/BrdU+ cells (9.77 ± 0.99 vs 5.42 ± 0.82, 
p = 0.004), and MAP2/BrdU+ cells (42.13 ± 7.37 vs 19.20 
± 2.30, p = 0.01) compared to the results in the ICH con-
trol group.

Exosome Treatment Increases White Matter Density in the 
Striatum

Myelin was stained using Luxol fast blue. The myelin-
positive area in the perihematomal region was quantified 
through thresholding and then divided by the myelin-pos-
itive area in the contralateral hemisphere to generate the 
myelin fraction (Fig. 7). In the striatum, exosome treat-
ment improved the myelin fraction compared to results in 
controls (0.86 ± 0.047 vs 0.71 ± 0.043, p < 0.05), but did 
not completely recover myelin to the levels found in the 
sham group (0.96 ± 0.038, p < 0.05). In the corpus cal-
losum, exosome treatment did not significantly increase 
myelin fraction compared to results in the control group 
(0.86 ± 0.051 vs 0.73 ± 0.059, p = 0.12).

Effects of Exosome on Tissue Loss After ICH
Measurements of tissue volume in the injured hemi-

sphere showed significant loss in the saline-treated and 
exosome-treated groups compared to the sham group at 
28 days after ICH (Fig. 8). Tissue loss estimates for the 
saline- and exosome-treated groups were not significantly 
different from each other (28.90% ± 3.25% for control and 
27.04% ± 3.20% for exosome-treated, p = 0.622) and both 
were significantly higher than tissue loss estimates for the 
sham group (1.01% ± 0.16%, p < 0.001).

Discussion
In the present study, we demonstrate that systemic ad-

ministration of cell-free MSC-derived exosomes after ICH 
in rats does not prevent tissue loss. However, this treat-
ment showed the following positive effects: 1) improved 
spatial learning (mMWM test), motor function (mNSS 
test), and sensory memory (odor recognition test); 2) in-
creased vessel density in the hematoma boundary zone; 
3) increased numbers of newborn neuroblasts and mature 
neurons in the SVZ; and 4) increased myelin staining in 
the striatum. Our results suggest that improved functional 
recovery after exosome treatment in this model may be 
associated with increased angiogenesis and neurogenesis. 
The administration of MSC-derived exosomes may rep-

FIG. 3. Exosome treatment significantly improves nonspatial social 
odor–based novelty recognition memory at day 28 after ICH in rats. The 
exosome-treated rats explored the novel odor bead (N2) significantly 
more than the control rats. Data represent mean ± SE (error bars); n = 8 
per group. Figure is available in color online only.

FIG. 4. Exosome treatment significantly increases vascular density in the brain after ICH in rats. EBA staining was performed for 
detection of mature vasculature at day 28 after ICH in the lesion boundary zone. Scale bar = 25 μm. Data in bar graph (right panel) 
represent mean ± SE (error bars); n = 8 per group.
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resent a novel therapeutic approach warranting further in-
vestigation for treatment of ICH.

ICH triggers a cascade of changes to the brain that 
destroys neural structure and creates mass effect and 
subsequent perihematomal edema. In the border zone of 
edema, cells are vulnerable to damage by ectopic serum 
proteins (thrombin) and hemoglobin breakdown products. 
An inflammatory reaction recruits immune cells, which 
help phagocytize much of this ectopic material but also 
may damage surrounding brain cells with their release of 
cytokines.29 The border zone may undergo extensive re-
modeling to compensate for loss of neuronal function in 
the core.34 It is during the remodeling process that prolif-
erating vessels, neuronal precursors, and glial cells likely 
play a key role in structural and functional recovery.6 That 
treatment with exosomes may modulate the inflammatory 
process and influence recovery after ICH remains a pos-

sibility that was not addressed in our study but should be 
investigated in the future.

In this 28-day study, the exosome treatment signifi-
cantly improved functional recovery (mMWM, mNSS, 
odor test) after ICH compared to results in the control 
animals. The comprehensive mNSS provides multiple 
measures of sensory-motor coordination, including limb 
placement, grip, and balance. It demonstrated that both 
control and exosome-treated groups had profound motor 
deficits immediately after the ICH, but at day 14 the re-
covery of the exosome-treated rats became significantly 
greater than that of controls. The deficits in the ICH rats 
and the improvements seen in the exosome group with the 
odor test, despite the injury site being distal to the olfac-
tory bulb, suggest that the hematomal region is impor-
tant for the functional integration of olfaction and social 
memory.

FIG. 5. Exosome treatment significantly increases neurogenesis in the SVZ of rats killed at day 28 after ICH. BrdU staining 
highlights cell proliferation. MAP2 staining identifies mature neurons, and BrdU (red)/MAP2 (green) indicates newborn mature 
neurons. Dapi identifies cell nuclei. BrdU and MAP2 colocalize within newly formed mature neurons. The top 4 photographs 
(first and second rows) show the appearance of BrdU, Dapi, and MAP2 and the colocalization of staining in a specimen from an 
exosome-treated rat. The bottom 3 fluorescent images show BrdU staining in sections from a sham, a control, and an exosome-
treated rat. Scale bar = 25 μm. Data in bar graphs represent mean ± SE (error bars); n = 8 per group.
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Exosome treatment following ICH, compared to control, 
increased the density of EBA-positive cells. The increased 
density of these cells indicates mature vessels with a func-
tioning blood-brain barrier (BBB).38 It is probable that the 
higher vessel density is due to angiogenesis that produced 
mature vessels in the course of the 1-month recovery time. 
Angiogenesis can contribute to functional recovery by ac-
celerating neurite growth and synaptogenesis in the brain. 
This is similar to the effect of exosomes on recovery from 
ischemic stroke.7 Clinically, ischemia after hemorrhage is 
uncommon, but hyperemia in injured brain regions com-
pared to the contralateral hemisphere is associated with 
better functional outcome, implicating increased angiogen-
esis as crucial to recovery.5 VEGF, an angiogenic hormone, 

acts through endothelial nitric oxide synthase–BDNF 
(brain-derived neurotrophic factor) pathway to promote 
neurogenesis after stroke.4 Angiogenesis is well coupled 
with neurogenesis, sharing factors that are essential for di-
viding cells and simultaneously building a delivery system 
for long-term metabolic support of new neurons. The newly 
formed vasculature also provides the substrate for new neu-
ron migration after injury to the adult striatum,22 divert-
ing neurons from the canonical rostral migratory stream 
to the olfactory bulb.21 SVZ explants in coculture with en-
dothelial cells have been shown to increase neuronal mat-
uration.24 This is consistent with our finding of increased 
DCX, MAP2, and TUJ1 expression in the exosome-treated 
group concurrent with the increase in vessel density. These 

FIG. 6. Exosome treatment significantly increases cell proliferation in the SVZ at day 28 after ICH. BrdU staining was performed 
for cell proliferation, and DCX and TUJ1 staining was performed for immature neurons. The top row shows double staining with 
BrdU (green)/TUJ1 (red) for newborn immature neurons in a specimen from an exosome-treated rat. The lower 2 rows of photo-
graphs demonstrate the difference between DCX and TUJ1 in the sham, control, and exosome groups. The bottom graphs show 
the statistical comparison of quantified staining across the 3 groups. Of note, the TUJ1 comparison resulted in a near-significant 
increase in the exosome-treated group relative to the control group (p = 0.05). Scale bar = 25 μm. Data in bar graphs represent 
mean ± SE (error bars); n = 8 per group.
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mechanisms may be responsible for the angiogenic contri-
bution to functional recovery after ICH, as demonstrated 
by our group and others.25,33,50,53,55,57

Newly generated neurons were identified by double la-
beling for BrdU (Figs. 5 and 6) and 3 neuronal markers. 
Exosome treatment significantly increased the number of 
SVZ progenitors with neuronal destiny compared to find-
ings in controls. DCX is observed in the earliest stages of 
neuronal development and during migration.11,31 DCX ex-
pression is restricted to the neuronal lineage and multipo-
tential precursors, and is observed in the dentate gyrus of 
the hippocampus, SVZ, rostral migratory stream, and ol-
factory bulb.45 Depletion of DCX cells of the SVZ showed 
reduced motor recovery after stroke, indicating the impor-
tance of these neural progenitor cells (i.e., neuroblasts) for 
functional recovery.43 TUJ1 is present in newly generated 
immature post-mitotic neurons and differentiated neu-
rons and in some mitotically active neuronal precursors;44 
TUJ1-expressing cells also possess more neurites.27 MAP2 
expression appears to be confined to neurons and reactive 
astrocytes.13 Overall, TUJ1 marks the SVZ cells destined 
for the neuronal lineage, and MAP2 increases as they ma-
ture into functioning neurons.8,26 Unlike the control group, 
SVZ cells of the exosome-treated group coexpressed the 
markers for these different stages of neural differentiation 
and BrdU, showing that those cells were generated during 
the 14 days of BrdU administration and matured by day 
28. These 3 markers were chosen to show that newborn 
neurons survive and move into and aid in the remodeling 
of the border zone. Concentrated conditioned media from 
cultured SVZ cells promoted functional recovery in a 
mouse ischemic stroke model, which suggests that beyond 
the beneficial effect of new neurons in damaged networks, 
SVZ cells secrete factors such as VEGF that enhance the 
remodeling of their local environment.10

Interestingly, the control ICH group exhibited less neu-

rogenesis than the sham group, but in the exosome-treated 
group neurogenesis markers recovered to the levels seen 
in the sham group. Usually after ICH there is an increase 
in neurogenesis, even without treatment.30 We postulate 
that the 26 1/2–gauge needle tract might have induced 
neurogenesis in animals in the sham group. Critically, our 
BrdU treatment stopped 14 days before euthanization. It is 
possible that in the control ICH many of the posthemor-
rhage BrdU cells had undergone apoptosis, consistent with 
Otero and colleagues’ findings that ICH-induced neuro-

FIG. 8. Exosome treatment did not significantly change striatal tissue 
loss in the ICH region relative to the contralateral normal region of rats 
killed at day 28 after ICH. Upper: Images of H & E–stained specimens 
from the sham, control, and exosome-treated groups (scale bar = 2 mm). 
Lower: Data in the bar graphs represent mean ± SE (error bars); n = 8 
per group.

FIG. 7. The myelin-positive area was quantified, then ipsilateral measurements were compared to contralateral measurements. 
The upper row shows samples from the corpus callosum, the lower row shows samples from the striatum. The control and exo-
some groups had less myelin in the corpus callosum (p < 0.05) than the sham group. In the striatal bundles, the exosome group 
showed greater recovery of white matter compared to controls (p < 0.05). Data in bar graphs represent mean ± SE (error bars); n = 
8 per group. Both scale bars = 100 µm; original magnification ×200 (upper row) and ×400 (lower row).
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genic neurons survive for only 3 weeks.36 This increased 
apoptosis is consistent with the loss of other neurogenic 
markers, DCX, TUJ1, and MAP2, in the control animals. 
Exosome treatment may have increased the endogenous 
neurogenesis or enhanced the survival of newborn cells, 
resulting in the observed findings.

In comparison to the control group, the exosome-treat-
ed group had increased white matter density in striatal 
bundles (p < 0.05) around the ICH border zone and, to a 
lesser degree, increased white matter density in the cor-
pus callosum (p = 0.12). Another time-course experiment 
using the ICH model showed that at 7 days, when white 
matter bundles were most fragmented, oligodendrocytic 
precursors migrated into the bundles and matured into 
myelinating oligodendrocytes. These white matter bundles 
were substantially more intact at day 14 than at day 7.20 
This creates the possibility that the increased white matter 
observed in our study’s exosome-treated group was due to 
remyelination by newly generated oligodendrocytes, some 
originating from the SVZ, rather than a protective effect 
against hemorrhagic damage.54,56 Similar to the mutualism 
between neuron and endothelial proliferation, endothelial 
cells provide fibroblast growth factor (FGF) to increase ol-
igodendrocyte progenitor cell (OPC) proliferation. OPCs 
produce MMP9 specifically during white matter injury—
which has the dual effect of increasing BBB permeability 
and stimulating angiogenesis.18,32 Our finding that exo-
somes increased vessel density and myelin-positive area in 
the striatum supports this hypothesis of oligodendrocytic-
endothelial mutualism.

The finding of improved brain remodeling in our study 
is consistent with similar studies of exosomes in models of 
TBI and ischemic stroke. Although the etiology (ectopic 
serum proteins, oxygen deprivation, and physical trauma) 
of tissue damage is varied, the features of a central core of 
neuronal death, loss of neurological function, and a sur-
rounding region of temporal and dynamic cellular vulner-
ability are similar.20,51 The gradual recovery of function 
over the course of a month in our experiment suggests a 
primary mechanism of brain remodeling over the predom-
inantly neuroprotective mechanism.

Otero-Ortega et al. performed a similar study using an 
exosome treatment in a collagenase rat model of ICH.37 In 
their experiment they used cultured MSCs obtained from 
allogeneic adipose tissue of Sprague-Dawley rats (250–
300 g), whereas our MSCs were derived from bone mar-
row (their exosome preparation kit was miRCURY, ours 
was ExoQuick).

Their exosome group had increased BDA-labeled axons 
and MRI fiber tract density compared to control, indicat-
ing axonal sprouting. CryoMyelin staining found restored 
myelin in the exosome group. Markers of OPC differen-
tiation such as CNPase and MOG were also increased in 
the exosome group. This is consistent with our hypothesis 
that OPC differentiation may have resulted in the increase 
in Luxol fast blue staining observed in our rats. However, 
they found a decrease in lesion size in the treated group 
compared to controls, whereas we found no change. The 
therapeutic constituents of their adipocyte-derived exo-
somes may be different from those of our bone marrow–
derived exosomes. The collagenase model induces a blood 

effusion but perhaps not to the same extent as our direct 
blood infusion.

Some limitations should be noted in the present study. 
There was lack of an effective way to quantify the num-
ber of exosomes reaching the target region by intravenous 
administration. Other authors have infused exosomes with 
fluorescently labeled chemotherapies and found that the 
fluorescence passed beyond the BBB and into the brain tis-
sue in zebrafish.52 Endothelial exosomes were better than 
cancer exosomes at penetrating the BBB, presumably be-
cause of receptor proteins such as CD63 expressed on the 
exosomes and aiding in endocytosis. Adapting a similar 
labeling method for our exosomes will help verify a dose-
response and location response after experimental ICH.

We cannot exclude the possibility that microvesicle 
components are in the prepared exosome precipitate even 
though the supernatant was carefully removed and the pel-
let was washed after centrifugation. In addition, exosomes 
from other cell types may have a different effect on ICH 
recovery than MSC-derived exosomes and might be em-
ployed as more ideal comparison controls besides PBS. In 
this proof-of-concept study, we focused on gross morpho-
logical changes over alterations in protein expression in 
the recovering tissue. It would be prudent to establish a 
time course for the exosomes’ therapeutic effects by hav-
ing multiple euthanization points as well as different exo-
some dosing schedules.

Our study did not identify the specific contents of the 
exosomes or the transfer of exosome content to recipient 
cells. However, other studies by our laboratory have used 
a luciferase reporter system to show that MSCs can trans-
fer miRNAs to other cell types via exosomes.48 MSCs en-
hanced with miRNA 133b increase cortical axonal density 
after stroke beyond the positive affect of naïve MSCs.51 
Since exosomes pick up constituents of the cytoplasm, 
MSCs modified with high-expression miRNA plasmids 
will generate exosomes abundant in that miRNA.47 The 
variety of endogenous mechanisms that miRNAs support 
makes miRNA-enhanced exosomes a versatile pharma-
ceutical delivery system. Exosomes also contain proteins, 
lipids, and long noncoding RNA that can be transferred 
with miRNA to recipient cells.12,23 Exosomes may act on 
different cell types in the brain, and we cannot identify 
from our study whether there is one major target that starts 
a chain reaction or multiple targets that generally promote 
neurovascular remodeling, neurogenesis, and functional 
recovery after ICH.

Conclusions
We have demonstrated that intravenous administration 

of MSC-derived exosomes improves functional recovery 
and promotes neurovascular and white matter remodel-
ing in rats after ICH. The therapeutic benefits observed 
in this study coincided with increased cell proliferation, 
vascularity, white matter density, and neurogenesis. This 
observation opens up a novel avenue for treatment of ICH 
and possibly other neurological diseases.
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