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Abstract

Patients who suffer from subarachnoid hemorrhage (SAH) usually have long-term neurolog-

ical impairments. Endogenous neurogenesis might play a potential role in functional recov-

ery after SAH; however, the underlying neurogenesis mechanism is still unclear. We

assessed the extent of neurogenesis in the subventricular zone (SVZ) to better understand

the neurogenesis mechanism after SAH. We performed a rat model of SAH to examine the

extent of neurogenesis in the SVZ and assessed functional effects of the neurotrophic fac-

tors in the cerebrospinal fluid (CSF) on neural stem cells (NSCs) after SAH. In this study,

the proliferation, differentiation, and migratory capacities of NSCs in the SVZ were signifi-

cantly increased on days 5 and 7 post SAH. Furthermore, treatment of cultured rat fetal

NSCs with the CSF collected from rats on days 5 and 7 post SAH enhanced their prolifera-

tion, differentiation, and migration. Enzyme-linked immunosorbent assay (ELISA) of the

CSF detected a marked increase in the concentration of brain-derived neurotrophic factor

(BDNF). Treating the cultured NSCs with recombinant BDNF (at the same concentration as

that in the CSF) or with CSF from SAH rats, directly, stimulated proliferation, differentiation,

and migration to a similar extent. BDNF expression was upregulated in the SVZ of rats on

days 5 and 7 post SAH, and BDNF release occurred from NSCs, astrocytes, and microglia

in the SVZ. These results indicate that SAH triggers the expression of BDNF, which pro-

motes the proliferation, differentiation, and migration of NSCs in the SVZ after SAH.

Introduction

Subarachnoid hemorrhage (SAH) is a fatal type of stroke and survivors usually have long-term

physical, neurocognitive, psychological, and/or psychiatric impairments [1]. Current standard

management for SAH is mainly supportive and aimed at preventing complications. However,

there is no definite treatment promoting neurological recovery. Stem cell therapy is an

advanced stroke treatment that could potentially improve functional outcome [2]. Adult

endogenous neural stem cells (NSCs) proliferate, differentiate, and migrate from the
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subventricular zone (SVZ) of the brain [3–5] to play major roles in neurological recovery after

ischemic stroke [6, 7]. Therefore, investigating endogenous neurogenesis after SAH might sug-

gest a future cell-based therapy for SAH.

Previous studies have noted the higher proliferation capacity of NSCs in the SVZ of rats

with SAH and the activation of endogenous NSCs in the brains of adult humans with SAH [8,

9]. However, the characteristics and underlying mechanisms of endogenous neurogenesis in

SAH are still unclear. The cerebrospinal fluid (CSF) functions as a sink for brain extracellular

solutes that pass through the brain interstitial space [10]. Therefore, certain factors that trigger

neurogenesis after SAH may be apparent and measurable in the CSF, affording the opportu-

nity to find out the main factor contributing to endogenous neurogenesis in SAH. In the pres-

ent investigation of endogenous neurogenesis in the SVZ after SAH, we used CSF analysis to

identify brain-derived neurotrophic factor (BDNF) as the key factor associated with neurogen-

esis after SAH.

Materials and Methods

Ethics statement

This research program using the animal experiment protocols specified below was approved

by the Utilization Committee and the National Taiwan University Institutional Laboratory

Animal Care committee (Approval no.: IACUC-20140071). All procedures met the require-

ments of the Animal Welfare Protection Act of the Department of Agriculture, Executive

Yuan, Taiwan. All surgery was performed under anesthesia by using 2.5% isoflurane with 70%

nitrous oxide and 27.5% oxygen. Animals were sacrificed by using overdose of sodium pento-

barbital and all efforts were made to minimize suffering.

Animal model

Adult male Wistar rats weighing from 280 to 300 g were anesthetized by using 2.5% isoflurane

with 70% nitrous oxide and 27.5% oxygen. A small suboccipital incision was made to expose

the arch of the atlas, the occipital bone, and the atlantooccipital membrane overlying the cis-

terna magna. The cisterna magna was tapped using a U-100 insulin syringe with 28G x 1/2

inch needle (BD Biosciences, San Jose, CA), and 0.1 ml of CSF was then gently aspirated. The

femoral artery was exposed and a PE-50 tube connected with 0.5-ml syringe was introduced

into the artery. Approximately 0.2 ml of blood drawn from femoral artery was injected into

the cisterna magna over a period of 2 to 3 minutes. In sham-operated controls, normal saline

was injected into the cisterna magna. Immediately after the injection of blood, the hole was

sealed with Super Glue1 (Super Glue Corporation, Ontario, CA) to prevent fistula formation.

After suturing the skin, rats were placed in a cage under an infrared heating lamp until recov-

ery from anesthesia. The incision site was examined daily for evidence of wound dehiscence or

infection until it is completely healed. In general, the animals showed drowsiness immediately

after SAH induction. In rare cases mild paresis of hind limbs could be observed.

In this study 60 rats were totally used, including 44 male rats for SAH animal model (6 per

each SAH time points, 12 rats for control and 8 rats were dead during the induction of SAH)

and 16 female pregnant Wistar rats for primary NSC culture. The mortality rate was 25% and

the animals were randomized to experimental conditions.

Immunohistochemistry

Immunohistochemistry was performed on cryostat brain sections that were collected from rats

1, 3, 5, and 7 days after SAH induction and sham induction. Sections were permeabilized with
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1% Triton X100-PBS, incubated with 3% fetal bovine serum (FBS) in 0.1% Triton X100-PBS at

room temperature for 2 hours to block nonspecific binding, incubated with primary antibodies

in blocking solution (3% fetal bovine serum in 0.1% triton X100-PBS) at 4˚C overnight, incu-

bated with secondary antibodies and Hoechst 33342 (1:1000 diluted in PBS; Life Technologies)

for 1 hour at room temperature, and mounted with Fluoro-Gel (Electron Microscopy Sciences,

Hatfield, PA). Detailed information of antibodies used in this experiment were provided in the

supporting information (S1 Text). All images were acquired with a Leica TCS SP5 confocal

microscope (Leica Microsystems).

Primary culture of neural stem cells

Telencephalon of gestational age day 15 Wistar rat was dissected out. The telencephalon tissues

were pooled in a 50-ml tube and centrifuged at 1000 rpm for 5 minutes. The tissue pellet was

then dissociated into single cells by triturating through a 1000-μl pipette. Cultures were incu-

bated at 37˚C in a humidified atmosphere and 5% CO2 for 6 days by which time primary neu-

rospheres had formed. Detailed procedure were provided in supporting information (S1 Text).

Immunocytochemistry

Primary neurospheres were seeded on coverslips in wells of a 12-well plate containing com-

plete medium with 0.5% CSF, and cultured for 24 hours with or without treatment with 0.5%

CSF or 5 pg/ml BDNF. Cells were then fixed with 4% paraformaldehyde (PFA), incubated

with 1% FBS in 1% Triton X100-PBS for 1 hour at room temperature to block nonspecific

binding, incubated with primary antibodies diluted in blocking solution overnight at 4˚C,

incubated with secondary antibodies and Hoechst 33342 (diluted in blocking solution) for 1

hour at room temperature, and mounted on microscope slides (Marienfeld-Superior, Lauda-

Königshofen, Germany) with Fluoro-Gel. Detailed information of antibodies used in this

experiment were provided in the supporting information (S1 Text).

Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of erythropoietin (EPO), BDNF, beta-neural growth factor (NGF), and epidermal

growth factor (EGF) protein were determined (detailed information of ELISA kits were pro-

vided in the supporting information [S1 Text]). All procedures were performed following the

manual supplied by the manufacturer. After the reaction was terminated by stop solution, the

optical density was read at 450 nm on a microplate reader (Amersham Bioscience, Bucking-

hamshire, UK).

Quantification in images

The immunoreactivity for Ki67, nestin, BDNF, Iba-1, and ED-1 was determined in the dorso-

lateral SVZ and that for DCX and GFAP was determined in the lateral SVZ and striatum in 4

anatomically matched sections, 84 μm apart from each other, per animal. All experimental

assessments were done in blind condition. The number of proliferating cells, BDNF-express-

ing cells, and microglia in the dorsolateral SVZ were semiquantitatively estimated using image

analysis software. The resulting projection image was converted to grayscale and a similar

threshold was set for all images and the area of specific immunoreactivity was measured using

ImagePro Plus 6.0 (MediaCybernetics1). Immunoreactivity was then expressed as the total

area of specific immunoreactivity within the total dorsolateral, lateral, and striatum areas. In

images of the immunocytochemically stained neurospheres, neurospheres immunoreactive for

Ki67 were counted. ImagePro Plus 6.0 was used to count the number of differentiated cells
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(i.e., cells immunopositive for DCX, GFAP, and Tuj-1 that migrated out from neurospheres).

Detailed information of live cell imaging by time-lapse microscopy were provided in the sup-

porting information (S1 Text).

Statistical analysis

Values are expressed mean values ± SD. The image quantification and ELISA data were statis-

tically processed using one way ANOVA followed by Tukey’s multiple comparisons test or

Dunnett’s multiple comparisons test and plotted by GraphPadPrism1 4.0 (GraphPad, La Jolla,

CA). P<0.05 was considered statistically significant.

Results

SAH promotes NSC proliferation, differentiation, and migratory

capacities in the SVZ

To investigate the NSC proliferative capacity in the SVZ after SAH, forebrain sections from a

rat model of SAH at different post-SAH times were immunostained with anti-Ki67 and anti-

nestin antibodies. The cells in the SVZ were mainly positive for the NSC marker nestin (85–

93%) and the percentage of these cells was similar in rats without SAH and rats with SAH at dif-

ferent times after SAH (Fig 1B, 1F, 1J, 1N, 1R and 1Y). Using Ki67 as a marker of proliferating

cells, the percentage of Ki67-positive cells in the SVZ declined significantly below the baseline

(sham control) level on post-SAH days 1 and 3 (19% and 28% vs. 55.5%, P< 0.001), returned to

the baseline level (51.4%) on post-SAH day 5 (Fig 1A, 1E, 1I and 1Z), and increased significantly

above the baseline on post-SAH day 7 (75%, P = 0.036; Fig 1M, 1P, 1Q, 1T and 1Z), which

implied the enhancement of the proliferative capacity of NSCs in the SVZ 7 days after SAH.

We further used DCX (a neuroblast marker) and GFAP (an astrocyte marker) to determine

the differentiation and migratory capacity of NSCs in the SVZ after SAH. DCX immunoreac-

tivity in the SVZ was significantly above baseline (the sham control level) on 5 and 7 days post

SAH (25.8% and 26% vs. 8%, P< 0.001) (Fig 2A, 2M, 2Q and 2Y), indicating enhancement of

NSC differentiation into neural lineage cells after SAH. Previous studies have shown that in

the nonstroke-derived brain slice adult SVZ cells located within the SVZ, in which SVZ cells

do not migrate to the striatum; however, after stroke, SVZ cells migrated toward the ischemic

striatum, indicating that in addition to increases in migratory capability, SVZ cells change

their migratory direction after stroke.[11, 12] In our study, DCX immunoreactivity in the stri-

atum (at least 50 μm away from the SVZ) was also significantly above baseline on 5 and 7 days

post SAH (2% and 2.6% vs. 0.8%, P< 0.01) (Fig 2A, 2M, 2Q and 2Z), indicating promotion of

the migratory capacity of neuroblasts after SAH. Moreover, striatal astrogliosis was profound

on days 5 and 7 post SAH in contrast to the sham control (41% and 42% vs. 18%, P< 0.001)

(Fig 2B, 2N, 2R and 2Aa). Taken together, the results indicate the induction of NSC differenti-

ation (into neural and glial lineage cells) and migration of neuroblasts from the SVZ on days 5

Fig 1. Cell proliferation at the SVZ in a rat model of SAH. Coronal sections of forebrain were immunostained

with anti-Ki67 antibody (red, proliferating cell), anti-nestin antibody (green, NSC) and Hoechst 33342 (blue,

nucleus).The level of cell proliferation in the SVZ was determined by Ki67/ Hoechst 33342 co-staining. (A)-(T):

photomicrograph showing the distribution of Ki67+ (A, E, I, M, and Q) and nestin+ (B, F, J, N, and R) signals and as

merged images (D, H, L, P, and T) in the SVZ of animals at different SAH time course (1, 3, 5, and 7 days after

SAH) and sham control. Scale bar = 50 μm. (U)-(X): Images of Ki67+ /nestin+ NSCs in the SVZ on day 7 post SAH

showing Ki67 (U) and nestin (V) immunoreactivity separately or as merged image (X). Scale bar = 7.5 μm. (Y):

Percentage of NSCs (Nestin+ of Hoechst+ cells) in the SVZ. (Z): Percentage of proliferating cells (Ki67+ of Hoechst

+ cells) in the SVZ. Means ± SD, n = 6 for each time-point. *, P < 0.05; ***, P < 0.001, one way ANOVA with

Dunnett’s multiple comparisons test.

doi:10.1371/journal.pone.0165460.g001
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Fig 2. NSC differentiation and neuroblast migration around the SVZ after SAH. Coronal sections of forebrain

were immunostained with anti-DCX (green: neuroblast), anti-GFAP (red: astrocyte) and Hoechst 33342 (blue:

nucleus) to analyze the effect of SAH on NSC differentiation at the SVZ and neuroblast migration toward the striatum.
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and 7 post SAH. We also assess the ipsilateral cortex for the neuronal progenitor cells and

astrocytes; however, little to none of them was found in this area (data not shown)

Post-SAH CSF stimulates proliferation, differentiation, and migratory

capacities of cultured neurospheres

Since the SVZ is near cerebroventricles without barriers and capable of releasing certain neu-

rotrophic factors into the CSF after SAH, CSF was collected from SAH and control rats at dif-

ferent post-SAH time points (days 3, 5, and 7). CSF from rats at 7 days post SAH was first

serially diluted to determine the optimal conditions for further analysis. Primary cultured neu-

rospheres treated with CSF (CSF in cultured medium at 0.25, 0.5, 1 and 2% concentrations)

for 24 hours were double immunostained with anti-nestin and Ki67 antibodies. The percent-

age of Ki67-positive cells was significantly higher at the concentrations of 0.5%, 1%, and 2% in

SAH neurospheres than control neurospheres (48.4%, 48.8% and 50.7% vs. 21.7%, P< 0.001)

(S1 Fig). The concentration of 0.5% CSF was thus applied for further in vitro studies.

The CSF collected from rats at different post SAH time points was then added to culture

medium to see the effects of CSF on proliferation, differentiation, and migration of NSCs in

cultured neurospheres. Almost all cells in neurospheres were positive for nestin (92~95%) in

different groups (Fig 3B–3R). CSF collected 5 or 7 days post SAH in contrast to control CSF

significantly increased the percentage of Ki67-positive cells in neurospheres (50.3% and 48.4%

vs. 29.3%; P< 0.001), indicating post-SAH CSF could stimulate proliferation of cultured NSCs

(Fig 3E, 3M, 3Q and 3U).

CSF collected 5 or 7 days post SAH significantly increased the immunoreactivities of DCX

and a mature neuronal marker, Tuj-1, over baseline (control) control values, respectively

(DCX, 37.3% and 37.4% vs. 10.9%, P< 0.001; Tuj-1, 41.5% and 43.7% vs. 10.3%, P< 0.001),

implying that post-SAH CSF can stimulate the neuronal differentiation of NSCs (Fig 4E, 4M,

4Q and 4Y and S2D, S2J, S2M and S2P Fig), and the immunoreactivity of GFAP over baseline

(control) values (41.2% and 42.1% vs. 18.8%; P< 0.001), indicating post-SAH CSF could trig-

ger astrocyte differentiation of NSCs (Fig 4F, 4N, 4R and 4Z). Time-lapse imaging of cell

migration showed that CSF collected 7 days post SAH (S2 Movie) relative to untreated control

(S1 Movie) stimulated the migratory capacity of NSCs around neurospheres, implying post-

SAH CSF could stimulate NSC migration.

Taken together, these data indicate CSF collected on days 5 and 7 post SAH enhance the

proliferation, differentiation (into neural and glial lineage cells), and migratory capacity of

NSCs in cultured neurospheres.

Increase of BDNF concentration in CSF from SAH rats

Enhanced expression of BDNF, EGF, EPO, and bNGF after cerebral ischemia or traumatic

brain injuries may contribute to the activation of neurogenesis in the SVZ. We thus analyzed

the concentrations of these neurotrophic factors in CSF collected before and after SAH using

ELISA. The concentration of BDNF in CSF decreased relative to the baseline (control) value 3

(A)-(T): photomicrograph showing the distribution of DCX+ (A, E, I, M, and Q) and GFAP+ (B, F, J, N, and R) signals

and as merged images (D, H, L, P, and T) at the SVZ of animals with different SAH time course (1, 3, 5, and 7 days

after SAH) and sham control. Scale bar = 50 μm. (U)-(X): Images showing DCX+ (U) and GFAP+ (V) cells or as

merged image (X) in the striatum on day 7 post SAH. Scale bar = 10 μm. (Y): Percentage of DCX+ area (DCX+ area/

total area) at the SVZ; (Z): Percentage of DCX+ area (DCX+ area/ total area) in the striatum 50 μm away from the SVZ;

(Aa) Percentage of GFAP+ area (GFAP+ area/ total area) in the striatum. Means ± SD, n = 6 for each time-point. **,

P < 0.01; ***, P < 0.001, one way ANOVA with Dunnett’s multiple comparisons test.

doi:10.1371/journal.pone.0165460.g002
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days post SAH (5 vs. 46 pg/ml, P = 0.95) and increased markedly by 5 or 7 days post SAH (593

and 793 vs. 46 pg/ml, P<0.01) (Fig 5). On the other hand, the concentrations of EGF (52 vs.
10.8 pg/ml, P = 0.03), EPO (99 vs. 65 pg/ml, P = 0.02), and bNGF (183 vs. 74 pg/ml, P = 0.002)

relative to their respective control values were modestly increased in CSF on day 3 or 5 post

SAH (Fig 5), but not significantly increased on day 7 post SAH. Since the change in BDNF

concentration paralleled changes in the proliferation, differentiation, and migration of NSCs

both in vivo and in vitro (and all peaking on days 5 and 7 post SAH), we proposed that BDNF

might be the major trophic factor stimulating neurogenesis of NSCs after SAH.

Recombinant BDNF facilitates the proliferation, differentiation, and

migratory capacities of NSCs in cultured neurospheres

To determine the effect of BDNF on neurogenesis, primary cultured neurospheres were

treated with recombinant human BDNF at 5 pg/ml, which was about the 0.5% concentration

of BDNF determined by ELISA in CSF on 7 days post SAH. The percentage of Ki67-positive

cells was significantly higher in BDNF-treated neurospheres than in untreated neurospheres

(48.5% vs. 21.7%, P<0.001), and was comparable to that (48.4%) in group of 0.5% CSF (CSF

collected on 7 days post SAH) (Fig 6D, 6G and 6S) (CSF not exposed to SAH has little neuro-

trophic effects as untreated control shown in both Figs 3 and 4). BDNF treatment (relative to

the control) increased the immunoreactivities of both DCX and Tuj-1 around neurospheres

(DCX, 37.8% vs. 8.5%, P<0.001; Tuj-1, 38.6% vs. 9.9%, P<0.001) and the increase was similar

to that in cells treated with CSF (DCX, 37.4%; Tuj-1, 42%) (Fig 6J, 6M, 6P and 6T and S3 Fig).

BDNF treatment also increased the immunoreactivity of GFAP around neurospheres (29% vs.
8.5%, P<0.001) and the increase was similar between the BDNF and CSF (29.6%) treatments

(Fig 6K, 6N, 6Q and 6U). In the time-lapse experiment, the migratory capacity of NSCs around

neurospheres was higher after BDNF treatment (S3 Movie) than control treatment (S1 Movie),

and was similar to that after CSF treatment (S2 Movie). Collectively, these findings point to

the similarity between BDNF-induced and CSF-induced proliferation, differentiation (into

neural and glial lineage cells), and migratory capacity of NSCs in cultured neurospheres.

The expression of BDNF is increased at the SVZ in SAH rats

To demonstrate the expression of BDNF in the SVZ, forebrain sections from SAH rats at dif-

ferent post-SAH times were immunostained with anti-BDNF, anti-nestin, anti-GFAP, and

anti-Iba-1 antibodies. BDNF immunoreactivity in the SVZ was significantly higher in SAH

rats on post-SAH days 5 and 7 than in sham controls (59.8%, 56.4% vs. 33.6%, P< 0.05) (Fig

7A, 7G, 7I and 7W). At 7 days post SAH, nestin, GFAP, and Iba-1 were colocalized with

BDNF (Fig 7K–7V), indicating that NSCs, astrocytes, and microglia all contributed to BDNF

expression after SAH. Since microglia secrete trophic factors after activation [13], both anti-

Iba-1 (a microglial marker) and anti-ED1 (an activated microglial marker) were used to assess

microglial activation around SVZ. The immunoreactivities of Iba-1 and ED1 were both signifi-

cantly higher in SAH rats on post-SAH days 3, 5, and 7 as compared to sham controls (Iba-1

33.8%, 40.6%, 47.2% vs. 17.2%, P< 0.05; ED1 6.9%, 10.9%, 15.5% vs. 2.5%, P< 0.01) (S4Y and

Fig 3. Treatment with post-SAH CSF promotes cell proliferation of cultured neurospheres. Cells were immunostained with anti-

nestin antibody (green: NSC), Ki67 antibody (red: proliferating cell) and Hoechst 33342 (blue: nucleus) to determine the level of cell

proliferation of cultured neurospheres. (A)-(T): photomicrograph showing the distribution of Ki67+ (A, E, I, M, and Q) and nestin+ (B, F, J, N,

and R) signals and as merged images (D, H, L, P, and T) in the neurospheres treated with and without CSF. Scale bar = 50 μm. (U):

Percentage of proliferating cells (Ki67+ of Hoechst+ cells) in the neurospheres. Means ± SD, 12 neurospheres were counted for each

condition. ns: non-significant; *, P < 0.05; ***, P < 0.001, one way ANOVA with Tukey’s multiple comparisons test.

doi:10.1371/journal.pone.0165460.g003
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S4Z Fig). The percentage of Iba-1-positive cells that are also positive for ED1 were increased

on post-SAH days 3, 5, and 7 (17.8%, 28.8%, 40.5% vs. 16%, P< 0.01) (S4Aa Fig). The above

results indicated that microglia are activated 3 to 7 days after SAH in the SVZ.

Discussion

Adult neurogenesis is sensitive to pathologic stimuli, such as ischemic stroke and traumatic

brain injury, which promote proliferation, differentiation, and migration of NSCs in the SVZ

[14]. Investigating the post-insult endogenous neurogenesis might provide information

needed for establishment of a future cell-based therapy. Although activation of endogenous

neurogenesis after SAH has been noted in rodent and human brains [8, 9], the features and

mechanisms of neurogenesis after SAH remain unclear. In the present study, neurogenesis

activities including proliferation, differentiation, and migration of NSCs increased in the SVZ,

5 to 7 days after SAH. CSF collected from rats 5 to 7 days post SAH stimulated these activities

in cultured NSCs, implying that certain factors in CSF could trigger neurogenesis. By ELISA

analysis, we found that changes in BDNF concentration paralleled temporal changes in neuro-

genesis of NSCs after SAH. Both recombinant BDNF and CSF similarly enhanced neurogen-

esis in cultured NSCs. The expression of BDNF in the SVZ was also increased 5–7 days post

Fig 4. Treatment with post-SAH CSF enhances cell differentiation of cultured neurospheres. Cell

differentiation were determined by immunocytostaining of cultured neurospheres with anti-DCX antibody (green:

neuroblast), GFAP antibody (red: astrocyte) and Hoechst 33342 (blue: nucleus). (A)-(T): photomicrograph

showing the distribution of DCX+ (A, E, I, M, and Q) and GFAP+ (B, F, J, N, and R) signals and as merged images

(D, H, L, P, and T) in the neurospheres treated with and without CSF. Scale bar = 50 μm. (U)-(X): Images showing

DCX+ (U) and GFAP+ (V) cells or as merged image (X) in the neurospheres treated with CSF collected from rats 7

days post SAH. Scale bar = 16 μm (Y): Percentage of DCX+ area (DCX+ area/ total area); (Z): Percentage of

GFAP+ area (GFAP+ area/ total area). Means ± SD, 12 neurospheres were counted for each condition. ns: non-

significant; *, P < 0.05; ***, P < 0.001, one way ANOVA with Tukey’s multiple comparisons test.

doi:10.1371/journal.pone.0165460.g004

Fig 5. Concentration of trophic factors in CSF from SAH rats. ELISA analysis was applied to measure the

concentration of trophic factors in the CSF. The concentration of BDNF was significantly increased in the CSF

collected from rats on days 5 and 7 post SAH as compared to that in the CSF from rats without SAH. The

concentration of bNGF, EPO and EGF was increased in the CSF from rats on day 3 or 5 post SAH. Results of

ELISA were analyzed by one way ANOVA with Tukey’s multiple comparisons test. *, P < 0.05; **, P < 0.01, ***,

P < 0.001 compared with CSF without SAH. ND, non-detectable.

doi:10.1371/journal.pone.0165460.g005
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SAH. These findings suggest that SAH enhances NSC proliferation, differentiation, and migra-

tion in the SVZ by upregulating BDNF expression.

After SAH, NSC proliferation in the SVZ declined in the first 3 days and then increased

from days 5 to 7. The initial decline may result from a high concentration of free radicals

derived from the degradation of hemoglobin and/or profound inflammation caused by the

sudden increase of intracranial pressure [8, 15]. Notably, previous studies have shown that free

radicals such as reactive oxygen or nitrogen species suppress SVZ neurogenesis by stimulating

apoptosis or necrosis after cerebral infarct and traumatic brain injury [16, 17]. After transient

suppression of NSC proliferation in the first few days post SAH, it may be the up-regulation of

BDNF, which not only account for enhancement of NSC proliferation to a higher than pre-

SAH level, but also increased NSC differentiation and migration in the SVZ [18–20].

The activity of neurogenesis is mainly mediated by growth factors and/or neurotrophic fac-

tors and growth/neurotrophic factors differ in their relationship to particular pathological con-

ditions [21]. Among them, BDNF, NGF, EGF and EPO are important factors contributing to

post-insult activation of neurogenesis [22–26]. In this study, although the concentrations of

these factors all increased after SAH, only the temporal change in BDNF concentration paral-

leled the temporal change in NSC neurogenesis after SAH. In addition, recombinant BDNF at

a concentration similar to that in CSF (7 days post SAH) enhanced the proliferation, differenti-

ation, and migration of NSCs. BDNF is a potent modulator capable of regulating the functions

of neurogenesis including neural regeneration and neuroprotection [27]. BDNF can also

enhance synaptic efficacy and promote the formation of new synapses both in vitro and in

vivo by morphological effects on dendrites and axons (a permissive mechanism) or promoting

synapse formation directly (an instructive mechanism)[28, 29]. In this study, robust neurite

sprouting demonstrated on day 5 and 7 post SAH both in vivo and in vitro matching the time

course of NSC activation and BDNF upregulation suggests possible neuronal recovery and

reconstruction of neural circuitry. Infusion or viral overexpression of BDNF in the cerebro-

ventricles of adult rats can cause marked neurogenesis in the olfactory bulbs and striatum [20,

30–32]. Therefore, BDNF is likely the major neurotrophic factor triggering neurogenesis after

SAH. There are still some limitations of this study regarding the detailed relationship between

BDNF upregulation and the NSC stimulation. To further identified the role of BDNF in regu-

lating neurogenesis after SAH, experiments utilizing BDNF inhibitor (BDNF scavenger,

TrkB-Fc fusion protein or BDNF antibody, a specific inhibitor of Trk kinase activity, K252)

[33–41] or knockout model (heterozygous BDNF knockout rats and in transgenic rats overex-

pressing truncated TrkB receptors)[42, 43] will be required. Furthermore, the results of the

BDNF level in subacute phase of SAH, which was 7.87 pg/ml and 13.27 pg/ml on day 10 and

14 post SAH respectively (data not shown) indicating the expression of BDNF was downregu-

lated compared to the level of BDNF on day 7 post SAH (793 pg/ml) and the neurogenesis

may be regulated through other mechanisms in subacute phase of SAH. Additionally, the pos-

sibility that other growth factors or neurotrophic factors also play an independent or synergis-

tic roles cannot be ruled out.

Fig 6. BDNF promotes cell proliferation, differentiation, and migration of cultured neurospheres. Neurospheres were

immunostained with Ki67, nestin, DCX and GFAP antibodies to determine the effects of recombinant BDNF (5 pg/ml) on

neurogenesis of cultured neurospheres. The groups of neurospheres treated with 0.5% CSF (collected from rats on day 7 post SAH)

and without treatment (control) were used for comparison. (A)-(I): photomicrograph showing the distribution of Ki67+ (A, D, and G)

and nestin+ (B, E, and H) signals and as merged images (C, F, and I); (J)-(R): photomicrograph showing the distribution of DCX+ (J,

M, and P) and GFAP+ (K, N, and Q) signals and as merged images (L, O and R). Scale bar = 50 μm. (S): Percentage of proliferating

cells (Ki67+ of Hoechst+ cells) in the neurospheres. (T): Percentage of DCX+ area (DCX+ area/ total area). (U): Percentage of GFAP+

area (GFAP+ area/ total area). Means ± SD, 12 neurospheres were counted for each condition. ns: non-significant; ***, P < 0.001,

one way ANOVA with Tukey’s multiple comparisons test.

doi:10.1371/journal.pone.0165460.g006
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Fig 7. BDNF expression and its cellular localization in the SVZ of SAH rats. Coronal forebrain sections were immunostained with anti-BDNF, nestin,

GFAP, Iba-1 (microglia) antibodies to determine the expression of BDNF after SAH. (A)-(J): photomicrograph showing the distribution of BDNF+ (A, C, E, G,

and I) signal and as merged images (B, D, F, H, J) in the SVZ of animals with different SAH time course (1, 3, 5, and 7 days after SAH) and sham control.

Scale bar = 50 μm. (K)-(V): Images showing BDNF+ (K, L and M), nestin+ (N), GFAP+ (O) and Iba-1+ (P) immunoreactivity and as merged images (T, U and V)

on day 7 post SAH in the SVZ. Scale bar = 16 μm. (W): Percentage of BDNF+ area (BDNF+ area/ total area) in the SVZ. Means ± SD, n = 6 for each time-

point. *, P < 0.05; one way ANOVA with Tukey’s multiple comparisons test.

doi:10.1371/journal.pone.0165460.g007
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From post SAH day 5 to 7, the expression of BDNF increased in NSCs, astrocytes, and

microglia in the SVZ and was especially high in NSCs on day 7 post SAH. BDNF from NSCs

might further trigger neurogenesis in an autocrine and/or paracrine manner. Reacting to neu-

ral damage, astrocytes secrete many trophic factors such as BDNF [44–46]. Activated microglia

under certain circumstances can be beneficial and support progenitor cell proliferation, sur-

vival, migration, and differentiation by secreting neurotrophic factors including BDNF [47–

49]. The up-regulation of BDNF in astrocytes and microglia after SAH is likely also enhance

activation of neurogenesis. However, the detailed relationship between these BDNF-expressing

cells are unclear and may be complex. For example, previous studies have demonstrated that

cytokines mediate the interaction between activated microglia and astrocytes and could be

involved in the regulation of neurogenesis and neuroblast migration under pathological states

[50, 51]. Whether SAH activates NSCs, astrocytes, and microglia simultaneously or sequen-

tially to stimulate BDNF expression is unknown. In addition, the activation of microglia in

acute inflammation (e.g., by bacterial endotoxin stimulation) is detrimental to NSCs prolifera-

tion and survival [52]. Whether microglial activation noted in this study has a predominantly

beneficial or detrimental role to play in neurogenesis after SAH will require further study.

At present, there is no neuroprotective treatment for stroke, including subtypes of cerebral

infarct, intracerebral hemorrhage, and SAH. Transgenic ablation of neurogenesis has been

shown to impede motor function recovery after cerebral ischemia in mice, indicating the great

importance of endogenous neurogenesis in the repair process following brain damage [53, 54].

In cerebral infarcts, NSCs in the SVZ proliferate and migrate to the infarct area and subse-

quently facilitate functional recovery via neurotrophic and cell-replacement effects [6, 7, 55].

In addition, gliogenesis may contribute to brain repair following brain injuries. In this study,

we also demonstrated the proliferation, differentiation (into neural and glial lineage cells), and

migration (to the striatum) were increased after SAH. The large amount of blood in subarach-

noid space in SAH increases intracranial pressure, thereby causing inflammatory and toxic

reactions to free radicals, which all potentially lead to neuronal death. The neurotrophic and

cell-replacement effects of neurogenesis up-regulation after SAH might prevent cell death as

noted in cerebral infarction. Although there is much remains to be done regarding the impor-

tance of neurogenesis activation in SAH and detailed relationship between BDNF upregulation

and the NSC stimulation, the present study identified quantifiable and temporal features of

neurogenesis in the SVZ that are necessary to guide future studies of SAH.

In summary, we demonstrated that neurogenesis (i.e., the proliferation, differentiation, and

migration of NSCs) was enhanced on days 5 and 7 post SAH. This enhancement was likely

mediated by up-regulation of BDNF expression in NSCs, astrocytes, and microglia of the SVZ.

This study may provide a rationale for the use of BDNF as a targeted SAH therapy, considering

no curative or neuroprotective therapy for SAH exists.

Supporting Information

S1 Fig. Post-SAH CSF promotes cell proliferation of cultured neurospheres at different

concentrations. Primary cultured neurospheres treated with 0.25, 0.5, 1, and 2% CSF collected

from rats on day 7 post SAH were immunostained with anti-nestin antibody (green: NSCs),

anti-Ki67 antibody (red: proliferating cell) and Hoechst 33342 (blue: nucleus). (A)-(T): photo-

micrograph showing the distribution of Ki67+ (A, E, I, M, and Q) and nestin+ (B, F, J, N, and

R) signals and as merged images (D, H, L, P, and T) in the neurospheres of CSF treatment or

control. Scale bar = 50 μm. Images of Ki67+ /nestin+ neural stem cells in the neurospheres

treated with 0.5% CSF showing Ki67 (U) and nestin (V) immunoreactivity separately or

as merged image (X). Scale bar = 16 μm (Y): Percentage of proliferating cells (Ki67+ of
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Hoechst+ cells) in the neurospheres. Means ± SD, 12 neurospheres were counted for each con-

centration. ns: non-significant; ���, P< 0.001, one way ANOVA with Tukey’s multiple com-

parisons test.

(TIF)

S2 Fig. Treatment with post-SAH CSF enhances neuronal differentiation of cultured neu-

rospheres. Neuronal differentiation were determined by immunocytostaining of cultured neu-

rospheres with anti-Tuj-1 antibody (green: mature neuron) and Hoechst 33342 (blue:

nucleus). (A)-(O): photomicrograph showing the distribution of Tuj-1+ (A, D, G, J, and M)

signals and as merged images (C, F, I, L, and O) in the neurospheres treated with or without

CSF. Scale bar = 50 μm. (P): Percentage of Tuj-1+ area (Tuj-1+ area/ total area). Means ± SD,

12 neurospheres were counted for each condition. ns: non-significant; ���, P< 0.001, one way

ANOVA with Tukey’s multiple comparisons test.

(TIF)

S3 Fig. BDNF treatment enhances neuronal differentiation of cultured neurospheres. Neu-

rospheres were immunostained with anti-Tuj-1 antibody (green: mature neuron) to determine

the effects of recombinant BDNF (5 pg/ml) on neuronal differentiation of cultured neuro-

spheres. The groups of neurospheres treated with 0.5% CSF (collected from rats on day 7 post

SAH) and without treatment (control) were used for comparison. (A)-(I): photomicrograph

showing the distribution of Tuj-1+ (A, D, and G) signals and as merged images with Hoechst

33342 (blue: nucleus) (C, F, and I). Scale bar = 50 μm. L (J): Percentage of Tuj-1+ area (Tuj-1+

area/ total area). Means ± SD, 12 neurospheres were counted for each condition. ns: non-sig-

nificant; ���, P< 0.001, one way ANOVA with Tukey’s multiple comparisons test.

(TIF)

S4 Fig. Activation of microglia around the SVZ in SAH rats. Microglial activation in the SVZ

was determined by double immunostaining of the forebrain sections with anti-Iba-1 antibody

(green: microglia), ED-1 antibody (red: activated microglia), and Hoechst 33342 (blue: nucleus).

(A)-(T): photomicrograph showing the distribution of Iba-1+ (A, E, I, M, and Q) and ED-1+

(B, F, J, N, and R) signals and as merged images (D, H, L, P, and T) in the SVZ of animals with

different SAH time course (1, 3, 5, and 7 days after SAH) and sham control. Scale bar = 50 μm.

(U)-(X): Images of ED-1+ /Iba-1+ activated microglia in the SVZ on day 7 post SAH showing

Iba-1+ (U) and ED-1+ (V) immunoreactivity separately or as merged image (X). Scale bar =

16 μm. (Y): Percentage of Iba-1+ of Hoechst+ cells in the SVZ; (Z): Percentage of ED-1+ of

Hoechst+ cells in the SVZ; (Aa) Percentage of activated microglia (ED1+ of Iba-1+ cells) in the

SVZ. Means ± SD, n = 6 for each time-point. �, P< 0.05;��, P< 0.01; ���, P< 0.001, one way

ANOVA with Dunnett’s multiple comparisons test.

(TIF)

S1 Movie. Cell migration around the cultured neurospheres using the time-lapse experi-

ment.

(MPG)

S2 Movie. Cell migration around the cultured neurospheres using the time-lapse experi-

ment.

(MPG)

S3 Movie. Cell migration around the cultured neurospheres using the time-lapse experi-

ment.

(MPG)

SAH Promotes Neurogenesis via BDNF Upregulation

PLOS ONE | DOI:10.1371/journal.pone.0165460 November 10, 2016 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165460.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165460.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165460.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165460.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165460.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165460.s007


S1 Text. Supporting Methods, including antibodies used in immunohistochemistry, anti-

bodies used in immunocytochemistry, primary culture of neural stem cells, ELISA kits

used in this experiments, and live cell imaging by time-lapse microscopy.
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