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SUMMARY

Physical activity is a strong positive physiological modulator of adult neurogenesis in the hippocampal dentate gyrus. Although the un-
derlying regulatory mechanisms are still unknown, systemic processes must be involved. Here we show that platelets are activated after
acute periods of running, and that activated platelets promote neurogenesis, an effect that is likely mediated by platelet factor 4. Ex vivo,
the beneficial effects of activated platelets and platelet factor 4 on neural precursor cells were dentate gyrus specific and not observed in
the subventricular zone. Moreover, the depletion of circulating platelets in mice abolished the running-induced increase in precursor cell
proliferation in the dentate gyrus following exercise. These findings demonstrate that platelets and their released factors can modulate
adult neural precursor cells under physiological conditions and provide an intriguing link between running-induced platelet activation

and the modulation of neurogenesis after exercise.

INTRODUCTION

Adult neurogenesis is the life-long generation of functional
new neurons in the adult brain. In the hippocampal dentate
gyrus (DG), one of the major adult neurogenic niches, this
process is responsive to external stimuli. A strong positive
physiological modulator of neural precursor cell (NPC) pro-
liferation in the DG is physical activity (Kronenberg et al.,
2003; van Praag et al., 1999a, 1999b). We have previously
shown that 4 days of running are sufficient to significantly
increase the number of proliferating NPCs in the DG (Over-
all et al., 2013); however, which factors regulate this early
response is mainly unknown. Exercise is associated with
changes in the blood, and the direct contact of neural
stem and progenitor cells with blood vessels (Filippov
etal., 2003; Moss et al., 2016; Sun et al., 2015) allows cross-
talk between neural stem cells and peripheral modulators.
Accordingly, blood-borne factors have been shown to affect
adult hippocampal neurogenesis under physiological con-
ditions, including during aging (Castellano et al., 2017; Vil-
ledaetal., 2011, 2014), and in conditions that promote neu-
rogenesis, including physical activity. Following exercise,
circulating growth factors, such as peripheral vascular endo-
thelial growth factor (VEGF) (Fabel et al., 2003) and insulin-
like growth factor-1 (IGF-1) (Trejo et al., 2001), influence
NPC proliferation. Furthermore, muscle-derived cathepsin
B mediates running-induced neurogenic effects, particularly
improved spatial memory function (Moon et al., 2016).

In this study, our aim was to identify alternative systemic
molecular mechanisms by which the early proliferative

response of NPCs following exercise is regulated. We hy-
pothesized that systemic factors are released into the blood
after acute periods of physical activity. We used a proteomic
screening approach to identify running-induced changes
in the blood composition that could contribute to the regu-
lation of the NPC response. From this, we identified plate-
lets and their released factors as potential candidates. Plate-
lets are short-lived, small blood cells that primarily regulate
hemostasis. However, recently platelets have also gained
recognition for their function in a number of other
regulatory processes, suggesting a much broader systemic
functionality than previously assumed. Signal-dependent
translation from stable platelet mRNAs allows these non-
nucleated cells to rapidly modify their proteome, thereby
adjusting their function (Weyrich et al.,, 2009; Wicki
et al.,, 1989). With the capacity to synthesize and release
selective sets of proteins in response to distinct stimuli
(Berthet et al., 2012; Coppinger et al., 2007; Italiano
et al., 2008), platelets are proficient at sensing, and there-
fore responding to environmental changes. Following
activation, platelets release a range of bioactive molecules,
many of which are capable of increasing hippocampal neu-
rogenesis. Among these, VEGF (Fabel et al., 2003), IGF-1
(Trejo et al., 2001), and serotonin (Klempin et al., 2013)
are required for the increase in neurogenesis observed after
exercise. In the context of injury and insult, platelets can
also promote neurogenesis in the subventricular zone
(SVZ) (Hayon et al., 2012, 2013; Kazanis et al., 2015), high-
lighting a regulatory role for platelets in another neuro-
genic niche.

L) Stem Cell Reports | Vol. 12 | 667679 | April 9,2019 | © 2019 The Authors. 667
i This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

OPEN ACCESS


mailto:t.walker1@uq.edu.au
https://doi.org/10.1016/j.stemcr.2019.02.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stemcr.2019.02.009&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

A B C
[
o
4d RUN £
___________ c
] 6 o
do 1 2 3 4 2
&
serum / plasma [
collection H
c
(3
2
K|
e

D

Platelet degranulation

Response to elevated platelet cytosolic Ca**
Platelet activation, signaling and aggregation
Innate Immune System

Neutrophil degranulation

Hemostasis

Immune System

Terminal pathway of complement

neurosophere assay

Figure 1. Acute Exercise-Induced Periph-
eral Changes Are Platelet-Related and In-
crease the Number of DG-Derived Neuro-
spheres

(A) Animals ran for 4 days followed by serum
and plasma collection in the morning of
day 5.

(B) Representative image of a neurosphere
cultured with 0.01% mouse serum. Scale
bar, 50 pum.

(C) More neurospheres formed after the
addition of 0.01% 4d RUN serum. Dashed
line represents control cultures normalized
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In this study, we investigated whether platelets are
involved in regulating adult neurogenesis under baseline
physiological circumstances and in response to physical
activity.

RESULTS

Acute Exercise-Induced Peripheral Changes Are
Platelet-Related and Increase the Number of DG-
Derived Neurospheres

In a previous study, we demonstrated that short periods of
exercise (4 days) are sufficient to significantly increase NPC
proliferation in the DG (Overall et al., 2013). To test
whether factors that are released into the blood following
an acute period of running could initiate the increase in
NPC proliferation in the DG, we isolated serum from stan-
dard-housed (STD) mice or animals housed with a running
wheel for 4 days (4d RUN) and performed neurosphere
assays on DG-derived primary cells (Figures 1A and 1B).
We found significantly more neurospheres in cultures
supplemented with 4d RUN serum compared with
cultures containing STD serum (170.5% =+ 15.6% versus
112.2% + 15.6% of control, p = 0.04; Figure 1C), indicating
that running-induced systemic factors can activate latent
stem cells in vitro (Walker et al., 2008).

To identify potential running-induced protein changes
in the blood, we next performed a mass spectrometry-based
proteomic screen of plasma isolated from 4d RUN and STD
mice (Table S1). This and all further experiments were per-
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o pathway analysis. Dashed line indicates
false discovery rate (FDR) of 0.05.

formed with plasma, as plasma, in comparison with serum,
more closely resembles the physiological, non-coagulated
blood composition in vivo and could be applied to potential
future downstream therapeutic approaches. From the pro-
teomic screen, we identified 38 proteins with significantly
higher levels in RUN animals. To investigate a potential
interplay between these proteins and to determine poten-
tial biological pathways underlying the systemic changes,
we performed a Reactome pathway analysis (Fabregat
et al., 2018). From this, we identified the top three signifi-
cant pathway terms as “Platelet degranulation,” “Response
to elevated platelet cytosolic Ca®*,” and “Platelet activa-
tion, signaling and aggregation” (Figure 1D), indicating
that platelets are activated after running and that
platelet-associated proteins are secreted into the plasma
of running mice.

Platelets Are Activated and Change Their Proteomic
Profile after Acute Periods of Running

The results from the proteomic pathway analysis sug-
gested that platelets are responsive to exercise. To deter-
mine whether platelets are indeed activated after short pe-
riods of running, we determined the platelet count and
activation state using flow cytometry (Figure 2A). For
this, whole blood was collected from STD mice and ani-
mals that were running for 1 day (1d RUN) or 4 days (4d
RUN). We found that 4d RUN mice had a lower platelet
count than STD controls (STD 858.5 + 60.75 x 10° versus
4d RUN 512.5 + 59.19 x 10° platelets/uL blood, p = 0.005;
Figure 2B), a finding that was confirmed when the
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Figure 2. Platelets Are Activated after Acute Periods of Running

(A) Representative flow cytometry plots of platelet count and activation. Left: platelets and reference beads were first gated based on
forward and side scatter. Platelets and activated platelets were defined by the expression of CD61 (middle) and CD62P (right), respectively.
(B) Platelet count in STD and RUN mice measured by flow cytometry. n = 4 mice per group, **p <0.01, one-way ANOVA with Dunnett test.
(Cand D) Platelet count (C) and normalized platelet count (D) in a different cohort of mice determined by the Sysmex system. n = 4 mice

per group, Student’s t test.

(Eand F) Platelet activation in (E) C57BL/6 and (F) DBA/2 mice after running. n = 4 mice per group, *p <0.05, **p <0.01, one-way ANOVA

with Dunnett test.

(G) Time course of platelet activation. n = 4 mice per group, **p <0.01, ***p <0.001, one-way ANOVA with Dunnett test. All data represent

the means + SEM.

platelet count was determined in a different cohort of
mice using a Sysmex automated hematology counter
(Figure 2C). This result is consistent with what is
known to occur in humans following exercise and
is most likely due to an increase in plasma volume
(Fellmann, 1992). We corroborated this assumption by
normalizing the platelet count of individual mice to their
hematocrit levels measured by the Sysmex system, which
abolished the running-induced decrease in platelet count
(Figure 2D).

To address platelet activation in the blood of the same an-
imals, the percentage of activated platelets (CD62P")
within the total platelet population (CD61%) was deter-
mined. This revealed that more platelets were activated in
the blood of RUN mice compared with STD controls (Fig-
ure 2E). A statistically significant difference was already
observed after 1d RUN (414% =+ 88.1% of control, p =
0.03) with a further increase after 4 days of running

(628.7% + 87.7% of control, p = 0.001). These data show
that platelets are responsive to the physiological stimulus
of exercise, particularly after acute periods of running.

To test whether running-induced platelet activation is
associated with increased levels of NPC proliferation, and
to ensure that this was not a side effect of physical exercise
per se, we also investigated the activation state of platelets
in a different mouse strain. We had previously shown that
DBA/2 mice do not show increased NPC proliferation after
short periods of running (Overall et al., 2013). Similarly,
DBA/2 mice exhibited no increase in platelet activation
after 1d RUN and 4d RUN (Figure 2F), even though they
ran the same distance as the C57BL/6 mice.

In a time course experiment, we found that after longer
periods of running, the level of platelet activation in
C57BL/6 mice returned to those observed in STD mice,
indicating that running-induced platelet activation is an
acute, transient effect (Figure 2G).
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Figure 3. Platelets Change Their Proteomic Signature after
Acute Periods of Running

Quantitative proteomic analysis of platelets from 4d RUN and STD
mice revealed distinct platelet protein levels after physical activity
(see also Table S2). Log10 p values were plotted against effect size
(difference of means). 14-3-3y showed the most significant in-
crease after 4 days of running. The insert shows the log2-trans-
formed and scaled protein values for 14-3-3v. n = 4 mice per group,
***p < 0.001, Student’s t test. Data represent the means + SEM.

To determine whether platelets change their proteomic
signature after running, we next performed a proteomic
screen on platelets isolated from STD and 4d RUN animals.
We identified 16 proteins that were significantly different
between running mice and sedentary animals (Figure 3;
Table S2). This suggests that the running-induced activa-
tion of platelets could lead to changes in protein
content and platelet function. Among the differentially
expressed proteins were members of the 14-3-3 protein
family, regulatory molecules that are highly expressed in
the brain. The isoform 14-3-3y showed the most signifi-
cantly increased protein levels after running (p < 0.001;
Figure 3).

Activated Platelets Increase Neurogenesis and Act
Directly on Hippocampal NPCs Ex Vivo

The current literature on alternative platelet function, and
the fact that platelets are activated after short periods of
running, led us to hypothesize that running-activated
platelets might have the capacity to stimulate adult hippo-
campal neurogenesis. To investigate this, we isolated
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platelet-rich plasma (PRP) (“rich”) and platelet-poor
plasma (PPP) (“poor”) from STD and 4d RUN mice and per-
formed neurosphere assays. Freshly isolated PRP and PPP
did not affect DG neurosphere numbers (Figure 4A). We
next determined whether platelets activated by freeze-
thawing had an effect on NPCs. It has previously been re-
ported that low temperatures induce platelet activation
(Roffi et al., 2014), and this was confirmed by our measure-
ments after only one cycle of freeze-thawing (Figure 4B).
In cold-activated samples, 8.7% =+ 0.7% of platelets were
activated compared with only 0.4% + 0.1% in untreated
control samples (p < 0.001). This was as efficient as
phorbol-12-myristate-13-acetate-induced platelet activa-
tion, which was used as a positive control (8.6% + 1.3%,
p < 0.001). Moreover, co-isolated cell populations, such as
erythrocytes, monocytes, and leukocytes, were signifi-
cantly reduced in the cold-activated samples (Figure 4C),
resulting in a purer population of activated platelets (fresh
170,373 + 8,945 versus frozen 284 + 45 co-isolated cells per
1,000 bead events; n = 4 samples, p < 0.001).

Treatment of primary DG cells with cold-activated PPP
and PRP resulted in more neurospheres in the PRP samples
from both STD and RUN mice compared with untreated
control cultures (Figure 4D). STD-rich plasma increased
the neurosphere number to 136.1% = 13.4% of that in con-
trol cultures (p = 0.06). An even greater and significant ef-
fect was observed in primary cultures supplemented with
RUN-rich plasma (145.0% + 11.1% of control, p = 0.01).
Although there was no significant difference in the
response to treatment with cold-activated PRP from STD
and RUN animals, the data show a clear effect of activated
platelets on NPCs. In contrast, the number of neurospheres
in cultures treated with PPP did not differ from that in un-
treated controls, further confirming that the increase in
neurosphere number was due to PRP rather than an effect
of the plasma treatment itself. In addition, cultures treated
with PRP generated more large neurospheres than un-
treated control cultures, indicating that more early NPCs
were proliferating in the presence of activated platelets
(Figures 4F and 4F).

To determine whether PRP directly affects adult hippo-
campal neural stem and progenitor cells, we next used
the lysophosphatidic acid receptor 1 (LPA;) as a marker
to specifically isolate type 1 and type 2a cells (Gong
et al., 2003; Walker et al., 2016). LPA;-GFP* and LPA;-
GFP™ cells (Figure 4G) were cultured as neurospheres
with activated PPP and PRP. Treatment of LPA;-GFP*
cells with PRP significantly increased the number of
neurospheres to 248.7% =+ 34.9% of control cultures
(p = 0.006; Figure 4H), indicating that activated platelets
in PRP directly act on neural stem and progenitor cells
from the adult DG without the support of other cell

types.
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Figure 4. Activated Platelets Increase Neurogenesis and Directly Act on Hippocampal NPCs Ex Vivo

(A) Neurosphere number after the addition of freshly isolated PPP and PRP. n = 7 independent experiments.

(B) Platelet activation in the plasma of STD mice through cold and with phorbol-12-myristate-13-acetate (PMA). n = 4 samples of four
individual mice, ***p < 0.001, one-way ANOVA with Dunnett test.

(C) Representative flow cytometry plots showing cell populations as determined by forward and side scatter in freshly isolated (left) and
cold-activated samples (right). Co-isolated cells are gated in P1, whereas P2 yields platelets.

(D) Neurosphere assays with activated platelets in PPP and PRP. n = 11 independent experiments, *p < 0.05, one-way ANOVA with
Dunnett test.

(E) Representative image of a neurosphere in control conditions (top) and a large neurosphere in RUN rich conditions (bottom). Scale bars,
100 pm.

(F) Neurospheres (=130 um) cultured with activated platelets. n = 11 independent experiments, *p < 0.05, one-way ANOVA with
Dunnett test.

(G) Flow cytometry plots of gating strategy to isolate lysophosphatidic acid receptor 1 (LPA;)* cells. Left: viable DG cells from LPA;-GFP
mice were determined by forward and side scatter. Right: plot of sorted LPA;-GFP* and LPA;-GFP cells.

(H) Neurosphere assay using LPA;-GFP* cells with activated PPP and PRP from STD mice. n = 7 independent experiments, **p < 0.01, one-
way ANOVA with Dunnett test.

(I) Representative image of differentiated neurospheres showing GFAP* astrocytes (green) and B-tubulin® neurons (red). Scale bar, 50 um.
(J and K) Quantification of GFAP™ astrocytes is shown in (J) and B-tubulin® neurons in (K). n = 4 independent experiments, *p < 0.05, one-
way ANOVA with Dunnett test. Dashed lines represent control cultures normalized to 100%. All data represent the means + SEM.
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After assessing their activation and proliferation poten-
tial, the neurospheres were differentiated and stained for
the expression of B-tubulin and glial fibrillary acidic pro-
tein (GFAP) (Figure 4I). The number of GFAP* astrocytes
was similar in all conditions (Figure 4]); however, an
increase in the number of B-tubulin® cells was observed
in cultures treated with activated PRP, indicating a
specific effect of activated platelets on cells committing to
the neuronal lineage (percent of total cells: control: 6.7%
+ 0.5%; STD poor: 7.0% + 1.2%; STD rich: 9.9% =+ 1.0%;
RUN poor: 6.5% =+ 0.7%; RUN rich: 10.1% =+ 0.9%; control
versus STD rich: p = 0.04, control versus RUN rich: p =0.03;
Figure 4K). Together these data indicate that activated
platelets stimulate neurogenesis, not only through the acti-
vation and/or proliferation of NPCs, but also by promoting
neuronal differentiation.

Activated Platelets Do Not Influence Ex Vivo
Neurogenesis in the SVZ

The above data suggest that platelets play a role in the
regulation of running-induced neurogenesis in the
hippocampal DG. Physical activity, however, was shown

672 Stem Cell Reports | Vol. 12 | 667-679 | April 9, 2019

to affect the two neurogenic niches differently, resulting
in a robust running-induced increase in NPC prolifera-
tion in the SGZ (Kronenberg et al.,, 2003; van Praag
et al., 1999a, 1999b) but not in the SVZ (Brown et al.,
2003). To validate this finding, we investigated the effect
of three different bouts of physical activity on prolifera-
tion in the two neurogenic niches and found that 4,
10, and 28 days of running significantly increased the
number of proliferating cells in the DG but not in the
SVZ of the same animals (Figures 5A and S1). Fitting
with our hypothesis that activated platelets induce hip-
pocampal NPC proliferation and neurogenesis following
exercise, activated platelets did not increase the number
of neurospheres in any of the SVZ culture conditions
compared with untreated controls (Figure 5B). Further-
more, and in contrast to the DG-derived neurosphere
cultures, PRP treatment did not alter the differentiation
potential of SVZ neurospheres (Figures 5C-5E). These
data suggest that, comparable with the differential effect
of physical exercise on hippocampal and SVZ neuro-
genesis, the effect of activated platelets under physiolog-
ical conditions is specific to DG-derived NPCs.
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Figure 6. Platelet Factor 4 Increases Neurogenesis in the DG

(A) Relative plasma PF4 levels in STD and 4d RUN mice. n = 5 mice per group, *p < 0.05, Student’s t test.

(B) Representative image of proliferating NPCs in monolayer culture. Scale bar, 50 pum.

(C) Viability assay in NPC cultures with PF4. n = 5 independent experiments.

(D) Neurosphere assays with different concentrations of PF4. n = 12 independent experiments, *p < 0.05, one-way ANOVA with Dunnett

test.

(E and F) Quantification of B-tubulin® neurons (E) and GFAP™ astrocytes (F) in differentiated neurosphere cultures treated with PF4. n =3

independent experiments, **p < 0.01, Student’s t test.

(G) Experimental setup of in vivo PF4 administration directly into the hippocampus of C57BL/6 mice.

(H) Representative image of BrdU™ cells in the DG. Scale bar, 50 pum.

(I) Quantification of BrdU™ cells in the SGZ of PF4-treated mice. n = 8 mice per group.
(J) Representative images of newborn immature neurons stained with DCX. Scale bars, 50 pum.
(K) Quantification of DCX™ cells in the DG of PF4-treated mice. n = 8 mice per group, *p < 0.05, Student’s t test. All data represent the

means + SEM.

Platelet Factor 4 Increases Neurogenesis in the DG

We next wanted to determine whether platelet factors,
which are released into the bloodstream following platelet
activation, such as platelet factor 4 (PF4); (Brandt et al.,
2000; Rucinski et al., 1990), can modulate NPCs. Using
an ELISA, we found significantly higher plasma PF4 levels
in mice that ran for only one night (2,379 + 98.9 ng/mL
versus 835.2 = 189.9 ng/mL, n = 4 animals per group,
p = 0.0004). This result was consistent with the significant
increase in platelet activation observed early (1d and 4d
RUN) after the onset of exercise (Figure 2E). Moreover,
from our proteomic analysis (Table S1), we identified signif-
icantly higher levels of plasma PF4 in running mice after

4 days of exercise (p = 0.04; Figure 6A). The exact function
of PF4 in vivo, particularly in the brain, is not yet under-
stood. In brain tissue under physiological conditions,
PF4 was detected in the lumen of blood vessels inside
non-nucleated cells, most likely platelets (de Jong et al.,
2008). We therefore next sought to determine whether
PF4 could be responsible, at least in part, for the pro-neuro-
genic effects of PRP described above. Using a resazurin
reduction cell viability assay any potential toxic effects of
PF4 on NPCs in culture were first excluded (Figures 6B
and 6C).

Next, we showed that the addition of PF4 significantly
increased neurosphere numbers in DG-derived cultures
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Figure 7. In Vivo Platelet Depletion Abolishes the Running-Induced Increase in Precursor Cell Proliferation in the DG
(A) Animals received a single injection of anti-platelet serum for 13 days, every second day. From days 3 to 13 the mice had access to a

running wheel.

(B) Platelet count of mice treated with anti-platelet and control serum (see also Table S3). n = 14-15 mice per group pooled from three
independent experiments, ****p < 0.0001, one-way ANOVA with Sidak test.

(C) Representative image of Ki67* cells in the SGZ. Scale bar, 100 um.

(D) Quantification of Ki67" cells in the SGZ. n = 14-15 mice per group pooled from three independent experiments, **p < 0.01, one-way

ANOVA with Sidak test. All data represent the means + SEM.

(10 ng/mL 137.9% =+ 13.8% of control, p = 0.04
and 100 ng/mL 137.8% =+ 12.3% of control, p = 0.04;
Figure 6D). No effect of PF4 on neurosphere size was
observed (Figure S2). Consistent with the finding that
activated PRP treatment promotes neuronal differentia-
tion (Figure 4K), neurospheres cultured in 100 ng/mL
PF4 generated 1.5-fold more B-tubulin* neurons than un-
treated control cultures (percent of total cells: control:
5.6% + 0.2%; PF4: 8.9% = 0.1%; p < 0.001; Figure 6E).
The number of GFAP" astrocytes remained similar to
that in control cultures (Figure 6F). Similar to the results
obtained with activated platelet-containing plasma, we
found no effect of PF4 on SVZ primary neurosphere cul-
tures (Figure S2).

To determine whether NPCs also respond to PF4 treat-
ment in vivo, we used mini-osmotic pumps to administer
PF4 at a concentration of 100 ng/mL for 7 days directly
into the hippocampus of STD C57BL/6 mice. On the
last night, a single bromodeoxyuridine (BrdU) injection
was given to label proliferating cells (Figures 6G and
6H). Quantification of BrdU* cells in the SGZ of the DG
revealed that PF4 administration had no effect on NPC
proliferation (Figure 6I). Interestingly, despite showing
no increase in proliferating cells, PF4-treated animals
had significantly more doublecortin (DCX™) cells per DG
than PBS-treated controls (32,166 = 1,529 cells versus
26,834 + 1,763 cells, p = 0.04; Figures 6] and 6K), indi-
cating that PF4 alone stimulated the survival of immature
neurons in vivo.

In this study, the effect of systemic PF4 administration
on NPCs was not assessed. However, our findings
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that plasma PF4 levels are increased following exercise
and that NPCs can respond to PF4 suggest that this
platelet-derived factor may play a role in regulating
the exercise-induced increase in NPC proliferation and
differentiation.

In Vivo Platelet Depletion Abolishes the Running-
Induced Increase in Precursor Cell Proliferation

in the DG

To investigate the ability of platelets to regulate exercise-
induced adult hippocampal NPC proliferation in vivo, we
induced thrombocytopenia in running adult C57BL/6
mice by the specific depletion of circulating platelets with
anti-platelet serum (Langer et al.,, 2012; Figure 7A).
Platelet-depleted mice and control serum-treated animals
were housed in cages with a running wheel for 10 days, a
time period in which NPC proliferation is robustly
increased in the DG (Kronenberg et al., 2006) (Figure S1).
As shown in Figure 7B and Table S3, anti-platelet serum-
treated mice had a significantly lower platelet count, con-
firming the efficacy of this treatment. NPC proliferation
at baseline did not differ between platelet-depleted and
control serum-treated animals (Figures 7C and 7D),
suggesting that platelets are not required for NPC prolifer-
ation under basal conditions. As expected, running
increased NPC proliferation in the SGZ of control mice
(6,530 + 332 versus 4,832 + 409 Ki67" cells, p = 0.009; Fig-
ure 7D). However, mice depleted of platelets did not exhibit
the running-induced increase in NPC proliferation (5,528
+ 454 versus 4,597 + 442 Ki67" cells, p = 0.3; Figure 7D).
Collectively, these data suggest that platelets contribute



to the regulation of hippocampal neurogenesis following
physical activity, likely through factors released after
platelet activation.

DISCUSSION

The complex regulatory mechanisms underlying running-
induced neurogenesis are largely unknown. In particular,
the mode of communication between acute systemic
changes in the periphery and the brain remains unclear.
Here we show that platelets contribute to the regulation
of adult hippocampal neurogenesis, particularly after acute
periods of physical activity.

Platelets can exert selective and dosed responses depend-
ing on the type and context of stimulation (Berthet et al.,
2012; Coppinger et al., 2007; Italiano et al., 2008). We
have identified another type of platelet activation in mice
thatis induced by physical activity. Consistent with studies
in humans (Heber and Volf, 2015), acute exercise in mice
increased the percentage of activated platelets in the blood.
In the adult DG, type 1 cells reside in a vascular niche
(Palmer et al., 2000) and directly contact blood vessels (Fil-
ippov et al., 2003; Moss et al., 2016), allowing a potential
interaction with external factors at the vessel wall. In the
developing brain, it has been shown that platelets supply
the DG, via the vessels, with external compounds, such
as epithelial sonic hedgehog (Choe et al., 2015). Although
the authors examined a time point when vessels are still
leaky, alterations in blood-brain barrier integrity have also
been reported to occur under normal circumstances in
the adult brain (Abbott, 2002; Zlokovic, 2008), as well as af-
ter physical exercise (Sharma et al., 1991; Van der Borght
et al., 2009). The fact that in our study, platelets responded
to exercise after just 1 day of running is of particular inter-
est, as proliferation in the DG has been previously shown to
increase after a single day of exercise (Steiner et al., 2008).
We found that activated platelets in the form of PRP act
directly on type 1 and type 2a dentate NPCs ex vivo. Our
data suggest that activated platelets may deliver external
compounds or relevant cues that result in an increase in
the number of proliferating precursor cells. One possible
explanation of this effect is that rapidly dividing precursor
cells are recruited from quiescent NPCs residing in the
niche (Lugert et al., 2010). However, a number of alterna-
tive mechanisms which also lead to a net increase in pre-
cursor cell numbers have previously been proposed (Over-
all et al., 2016). These include shortening of the cell-cycle
length, an increase in the number of divisions before exit-
ing the cell cycle, and changes in the number of precursor
cells undergoing cell death. However, further research is
necessary to determine which of these mechanisms under-
lies the effect of activated platelets on NPC proliferation.

We also show that activated platelets and PF4 promote
neuronal differentiation. In DBA/2 mice, running-induced
proliferation of NPCs only occurs after approximately
2 weeks of running (Overall et al., 2013). However, the
proliferating cells fail to survive and do not differentiate
into mature neurons (Overall et al.,, 2013). Thus, the
absence of platelet activation in running DBA/2 mice sup-
ports the idea that a link might exist between activated
platelets, the factors they release, and neurogenesis after
physical exercise.

Our platelet proteomic screen revealed that platelets
change their proteomic signature after running, including
the levels of 14-3-3 proteins. The exact function of these
proteins is not well understood, although previous work
has revealed their contribution to neuronal processes,
such as neuronal differentiation, synaptic plasticity, and
learning and memory (Ramocki et al.,, 2010; Skoulakis
and Davis, 1998; Toyo-oka et al., 2014). Whether 14-3-3
proteins are involved in platelet-brain communication
and whether the herein identified isoform 14-3-3y repre-
sents a potential candidate that contributes to neurogene-
sis remains to be determined. Moreover, platelets have
the ability to collect proteins from the plasma through
endocytosis (Harrison et al., 1989). Thus, together with
their potential to stimulate NPCs, platelets could act as ve-
hicles that sense alterations in the blood and translate the
systemic changes that occur after physical activity into
plastic changes in the adult hippocampal niche. How and
where intercellular communication between platelets and
NPCs occurs remains to be established. A potential mecha-
nism could be the release of platelet proteins into the
bloodstream, globally or at local sites, e.g., through recep-
tor interaction. In this study, we determined that PF4 is a
potential mediator between the blood and the hippo-
campal stem cell niche in running mice. We found
increased levels of PF4 in the plasma of running mice but
not in the platelets of exercising mice. Although we did
not determine the source of the raised plasma PF4, it is
likely that it is released by running-induced activated plate-
lets. We have shown that this increase occurs as early as
1 day after the onset of running, and it is therefore possible
that the levels of PF4 do not remain high in the platelets
themselves. In vivo, activated platelets represent the pri-
mary source of PF4 (Shi et al., 2013). However, we cannot
exclude the possibility that the accumulation of PF4 in
the plasma is platelet independent, as it has been shown,
although not under physiological conditions, that PF4
can be produced by a subset of myeloid cells (Jian et al.,
2017) and after brain injury by microglia (de Jong et al.,
2008). The precise mechanisms through which PF4 pro-
motes adult hippocampal neurogenesis are unknown.
However, in the bone marrow, PF4 was shown to directly
affect hematopoietic stem cell quiescence (Bruns et al.,
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2014), underlining its potential as a regulatory factor in
another stem cell niche.

Our results demonstrate that, under physiological condi-
tions, the neurogenesis-enhancing effects of platelets and
their secreted factor PF4 are specific to DG NPCs. Although
platelets have been shown to promote neurogenesis in the
SVZ, the majority of these studies were performed in the
context of injury (Hayon et al., 2012; Kazanis et al.,
2015). They do, however, emphasize the potential of
platelets to mediate regulatory processes in the brain and
suggest that these cells could potentially contribute to
the creation of an increased pool of NPCs. Under more
physiological conditions, platelet lysate treatment in vitro
promotes the survival but not the proliferation and differ-
entiation of NPCs from the adult rat SVZ (Kazanis et al.,
2015). This is more in line with our work, although an ef-
fect of activated PRP treatment on the survival of NPCs
was not determined. The observed differential effects of
activated platelets on DG and SVZ NPCs in the present
study suggest distinct regulatory mechanisms within the
two major neurogenic niches under physiological condi-
tions. We have previously shown that NPCs from these
niches respond differently to neuronal depolarization
(Walker et al., 2008). Furthermore, a robust running-
induced increase in neurogenesis is clearly observed in
the SGZ (Kronenberg et al., 2003; van Praag et al., 1999a,
1999b), but not along the lateral ventricles of the SVZ
(Brown et al., 2003). Together with the results of the pre-
sent study, these findings provide an intriguing link be-
tween running-induced platelet activation and the capac-
ity of platelets and their released factors to specifically
modulate NPC biology in the DG after physical activity.

EXPERIMENTAL PROCEDURES

Mice

Animals were housed on a 12/12-h light/dark cycle in standard
cages of an individually ventilated cage system from Tecniplast.
Standard mouse chow (Sniff) and water was provided ad libitum.
All animals were female, except for LPA;-GFP mice, and
were 8-10 weeks old at the beginning of the experiment. C57BL/
6JRj and DBA/2JRj mice were purchased from Janvier Labs,
France. LPA;-GFP mice (STOCK Tg(Lparl-EGFP)GX193Gsat/
Mmucd) (Gong et al., 2003; Walker et al., 2016); were initially pur-
chased from the Mutant Mouse Resource & Research Center and
maintained as a hemizygous breeding colony. All mouse experi-
mental tasks were conducted on approval by the local ethics
committee (Landesdirektion Sachsen) and in accordance with
the European and national regulations (Tierschutzgesetz).

Proteomic Profiling of Mouse Plasma and Platelets

Whole blood from C57BL/6JRj mice that were either STD or
housed with a running wheel for 4 days (4d RUN) was collected
into EDTA-coated tubes (Sarstedt). Either plasma was prepared,
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or platelets isolated, and mass spectrometry-based proteomics
profiling performed. The resulting spectrometry peak data of
each screen were analyzed and annotated to the corresponding
proteins. Any determined protein with expression data for fewer
than four samples per group (STD or 4d RUN) was discarded. A
linear model was fitted to the data for each resulting protein and
moderated p values were calculated using the functions ImFit
and eBayes from the R package limma.

Reactome Pathway Analysis

Pathway analysis was performed using the Reactome online anal-
ysis tool (Fabregat et al., 2018) at https://reactome.org/ as of
December 5, 2017. Uniprot accessions of proteins, which were
determined to be significantly elevated in the plasma of mice after
4d RUN were analyzed using standard settings of the online
version for identifiers from Mus musculus.

Platelet Count and Platelet Activation State

The platelet count and activation state were determined using
flow cytometry following an optimized protocol based on Alu-
gupalli et al. (2001). In brief, 5 pL of tail blood was collected
into 45 pL 0.11 M sodium citrate (Merck) in 0.01 M PBS, pH
6.5. Diluted whole blood (10 pL) was stained with 5 pL each
of anti-mouse CD61 PE (Thermo Fisher Scientific) and Alexa
Fluor 647-conjugated anti-mouse CD62P (BD Pharmingen) for
30 min. The samples were fixed with 975 pL platelet fixation so-
lution (0.01 M PBS containing 0.2% BSA [Sigma-Aldrich], 0.1%
D-glucose [AppliChem], and 0.1% formalin [Sigma-Aldrich]). A
dose of 5 uL of Sphero 8-peak Rainbow Calibration Particles
(3.0-3.4 um diameter; BD Biosciences) was added as an internal
standard to determine the platelet count. A total of 30,000
platelet events were analyzed by flow cytometry. Activated
platelets were identified as CD62P* cells within the CD61"
population.

Preparation of PPP and PRP

Whole blood was collected transcardially using a 21G”/® needle
with a blunt tip, then transferred into EDTA-coated tubes. Blood
samples were centrifuged at 200x g for 20 min at room tempera-
ture. The plasma and buffy coat were collected into a new centrifu-
gation tube. A second centrifugation step was performed at 800x g
for 15 min at room temperature to obtain a platelet gradient. The
upper two-thirds of the supernatant was collected as PPP, and the
lower one-third of the volume was resuspended as PRP. Depending
on the experimental setup, PPP were either used immediately as
freshly isolated plasma or stored at —80°C for no longer than
2 weeks.

Neurosphere Culture

Neurosphere cultures were prepared from mouse primary cells
seeded at a density of the DG’s from one mouse per 96-well plate
according to Bernas et al. (2017), which results in an average of
one DG-derived neurosphere per well. The cultures were supple-
mented with either 0.01% mouse serum, 0.01% mouse PPP or
PRP, or PF4 diluted in 0.5% BSA in 0.01 M PBS (10-500 ng/mL; Bio-
Legend). Control cultures of PF4 neurosphere experiments were
treated with 0.5% BSA in 0.01 M PBS. SVZ- and DG-derived cultures


https://reactome.org/

were incubated at 37°C for 7 and 12 days, respectively. The neuro-
spheres were counted and DG neurospheres measured. Then, the
neurospheres were differentiated at 37°C for 7 days until adherent.
The differentiated cells were fixed with 4% paraformaldehyde
(Sigma-Aldrich) in 0.01 M PBS at room temperature for 15 min.
The differentiated cells were immunostained with antibodies
against GFAP (1:500; Dako Cytomation) and p-Ill-tubulin
(1:2,000; Promega). Neurosphere counts per condition were
normalized to the value of an untreated control of the respective
experiment. The raw counts of each neurosphere experiment are
presented in Tables S5-S11.

In Vivo PF4 Infusion

Mini-osmotic pumps (ALZET; model 1007D) were used to deliver
100 ng/mL PF4 (BioLegend) supplemented with 0.1% BSA or
vehicle solution (0.9% PBS containing 0.1% BSA) for 7 days into
the hippocampus of 8-week-old C57BL/6JRj female mice. The
pump cannula was inserted to reach the hilar region (coordinates
relative to bregma: anterior-posterior —1.3 mm; medial-
lateral +1.0 mm; ventral-dorsal —2.2 mm). Twelve hours prior to
perfusion, the mice received a single intraperitoneal (i.p.) injection
of BrdU (50 mg/kg, Sigma-Aldrich).

Platelet Depletion with Anti-platelet Serum

Platelets were depleted in 8-week-old pair housed C56BL/6]JRj
mice using rabbit anti-platelet serum (1:2 in PBS; Accurate Chem-
ical & Scientific Corporation). The mice were given i.p. injections
every second day for 2 weeks, making seven injections in total.
The control group received injections of normal rabbit serum
(1:2 in PBS; Accurate Chemical & Scientific Corporation). On day
3, the cages were equipped with a running wheel that remained
in the cage for the following 10 days.

Histology

Immunostaining was performed on a complete series of 40-um sec-
tions, 240 um apart, using primary antibodies against BrdU (1:500;
AbD Serotec), Ki67 (1:1,000; eBioscience), and DCX (1:500; Santa
Cruz; see also Table S4). Counting was performed blinded to the
experimental groups at 400X magnification.

Statistical Analysis

All analyses were carried out using Graph Pad Prism 6 or R/Bio-
conductor. All data are represented as means + SEM. Comparison
of two groups was performed using unpaired, two-tailed Student’s
t tests with assumed equal variances. When comparing more than
two groups, a one-way ANOVA with post hoc Dunnett, Tukey, or
Sidak comparison was performed, as appropriate. Conventional
statistical significance was set at p < 0.05.
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