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Abstract

Mesenchymal stem cells (MSCs) have been used in clinical studies to treat neurologi-
cal diseases and damage. However, implanted MSCs do not achieve their regenera-
tive effects by differentiating into and replacing neural cells. Instead, MSC secretome
components mediate the regenerative effects of MSCs. MSC-derived extracellular
vesicles (EVs)/exosomes carry cargo responsible for rescuing brain damage. We pre-
viously showed that EP, antagonist-induced MSC EVs/exosomes have enhanced
regenerative potential to rescue hippocampal damage, compared with EVs/exosomes
from untreated MSCs. Here we show that EP, antagonist-induced MSC EVs/
exosomes promote neurosphere formation in vitro and increase neurogenesis and
neuritogenesis in damaged hippocampi; basal MSC EVs/exosomes do not contribute
to these regenerative effects. 2/,3'-Cyclic nucleotide 3’-phosphodiesterase (CNP)
levels in EP4 antagonist-induced MSC EVs/exosomes are 20-fold higher than CNP
levels in basal MSC EVs/exosomes. Decreasing elevated exosomal CNP levels in EP4
antagonist-induced MSC EVs/exosomes reduced the efficacy of these EVs/exosomes
in promoting B3-tubulin polymerization and in converting toxic 2/,3'-cAMP into neu-
roprotective adenosine. CNP-depleted EP4 antagonist-induced MSC EVs/exosomes
lost the ability to promote neurogenesis and neuritogenesis in damaged hippocampi.
Systemic administration of EV/exosomes from EP4-antagonist derived MSC
EVs/exosomes repaired cognition, learning, and memory deficiencies in mice caused
by hippocampal damage. In contrast, CNP-depleted EP, antagonist-induced MSC
EVs/exosomes failed to repair this damage. Exosomal CNP contributes to the ability
of EP4 antagonist-elicited MSC EVs/exosomes to promote neurogenesis and
neuritogenesis in damaged hippocampi and recovery of cognition, memory, and
learning. This experimental approach should be generally applicable to identifying the
role of EV/exosomal components in eliciting a variety of biological responses.
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1 | INTRODUCTION

The hippocampus CA1 region is essential for cognition, spatial learn-
ing, and short- and long-term memory.>? Pyramidal neurons of the
hippocampus CA1 region are extremely vulnerable and undergo
degeneration in response to many pathological conditions, including
ischemia,®* depression, post-traumatic stress disorder,” Alzheimer's
disease (AD),®” and Parkinson's disease (PD).2 Hippocampal CA1
damage occurring with pathological conditions contributes to memory
loss and other cognitive impairments that affect social functioning
and daily living of patients.2%-12

Adult neurogenesis persists in the mammalian brain throughout
life,*® occurring mainly in two regions: the subventricular zone (SVZ)
and the dentate gyrus (DG).1*'* Additional reports also demon-
strated that neurogenesis also occurs in many discrete parts of the
adult brain at a low frequency.*>*” Although neurogenesis declines
in the adult brain,*® neurogenesis can be upregulated, albeit tran-
siently, in response to pathological conditions such as ischemia,*”2°
trauma,2?2 and AD.2® This induced neurogenesis may be a compen-
satory response to promote functional recovery of the damaged
brain. Since the endogenous regenerative capacity of damaged brain

appears to be very limited,2*%°

augmentation of its latent regenera-
tive potential presents a goal as a therapeutic option for CNS dis-
eases.?® Infusion of growth factors, including epidermal growth
factor receptor (EGF),%’ fibroblast growth factor 2 (FGF2),%® brain-
derived neurotrophic factor (BDNF),?° heparin-binding EGF-like
growth factor,%® and vascular endothelial growth factor,3! can aug-
ment regenerative processes such as neuritogenesis and neuro-
genesis. However, prolonged treatment with growth factors delays
and inhibits differentiation of progenitors.>? Additional research is
required to understand how neural progenitors can be recruited to
restore specific neuronal cells.

Therapeutic effects of mesenchymal stem cells (MSCs) for neuro-
logical diseases such as cerebral infarction, AD, and PD have been
reported.>*>3* However, the regenerative effects of MSC transplanta-
tion do not result from permanent cell engraftment. Instead, they rely
mainly on MSC-produced extracellular components.>3¢ We previ-
ously demonstrated that EP4 antagonist-induced MSC extracellular
vesicles (EVs)/exosomes have superior ability to rescue cognition and
learning deficiencies caused by hippocampal damage.3” Consequently,
we suspected increases in specific EP; antagonist-induced MSC
EVs/exosome cargo components might be responsible for these
regenerative effects.

2',3'-Cyclic nucleotide 3'-phosphodiesterase (CNP) is highly
enriched in myelin but is also present in the cell bodies of oligoden-
drocytes and neurons.®®3? Data from CNP transgenic and knockout
mice suggest important roles for CNP in myelin formation and axonal
integrityf‘o'41 CNP proteolysis is increased in aged monkeys, resulting
in axonal loss during CNS aging.***® Decreased CNP levels are
observed in AD and multiple sclerosis, suggesting CNP loss may con-
tribute to neurological diseases.**

Here we demonstrate that EVs/exosomes released from EP4

antagonist-treated MSCs have increased CNP levels. In addition to

Significance statement

Mesenchymal stem cells (MSCs) have therapeutic effects
for neurological diseases and damage; however, their thera-
peutic effects are mediated by components of the MSC
secretome. Compared with basal MSC EVs/exosomes, EP4
antagonist-induced MSC EVs/exosomes have superior
regenerative ability to rescue damaged brain functions. Ele-
vated CNP levels are required for the enhanced ability of
EP4-induced MSC EVs/exosomes to promote p3-tubulin
polymerization, decrease toxic 2/,3’-cAMP, produce neuro-
protective adenosine, induce neurogenesis, and elicit
neuritogenesis in damaged hippocampi. At a functional level,
elevated EV/exosome CNP levels are required to rescue
cognition and learning deficiencies caused by this damage.
These data suggest that CNP modulation is a potential tar-
get for treating brain damage and neural degeneration dis-
eases. Moreover, these results suggest a generalized
approach to identifying causal roles for EV/exosome cargo

components in a variety of regenerative applications.

7 systemic administra-

suppressing astrogliosis and inflammation,®
tion of EP, antagonist-elicited MSC EVs/exosomes promotes neu-
rogenesis and neuritogenesis in damaged hippocampi and can
rescue hippocampal CA1 damage-mediated cognition and learning
deficiencies. We identify elevated CNP levels as a required compo-
nent in the EP4 antagonist-elicited MSC EVs/exosomes to promote
neuritogenesis of proliferated progenitors in repairing hippocampal
damage, and to restore cognitive, memory, and learning function.
These results expand the possibility of novel neuronal cell regenera-

tion therapies for brain damage and disease.

2 | MATERIALS AND METHODS

21 | Cell culture

Human bone marrow MSCs were obtained from ScienCell
(Carlsbad, California). MSCs were propagated in low glucose
Dulbecco's modified Eagle's medium (DMEM) containing 5% fetal
bovine serum with penicillin-streptomycin. EVs were collected from
the MSCs at passage 5 to passage 8. MSCs were discarded after
one round of EV collection. MSCs were passaged for not more than
eight times. NE-4C cells, neuroectodermal stem cells (NSCs)
established from the cerebral vesicles of 9-day-old mouse embryos
lacking the functional p53, were obtained from the American Type
Culture Collection. NE-4C cells were propagated in Eagle's Mini-
mum Essential Medium containing 10% fetal bovine serum with
penicillin-streptomycin. NE-4C cells were cultured in poly-b-lysine-

coated dishes or glass slides.
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2.2 | EV/exosome isolation

EVs/exosomes were isolated from MSC culture media by differential
ultracentrifugation as previously described.®”*° Briefly, MSCs were
treated with DMSO vebhicle or 20 pg/mL EP4 antagonist GW627368X
for 4 or 8 days, as indicated in the figure legends (Fig. 5A,B). Culture
media were collected and replaced with fresh media supplemented
with DMSO or GW627368X every 4 days. The collected culture
media were centrifuged at 300g for 5 minutes to remove cells (P1), at
2 000g for 20 minutes (P2), and then at 10 000g for 30 minutes (P3),
all at 4°C. Finally, EVs/exosomes (P4) were separated from the super-
natant by centrifugation at 110 000g for 60 minutes. The EV/exosome
pellet was washed once in phosphate-buffered saline (PBS) and then

resuspended in PBS for further analysis and injection.

2.3 | Neuron differentiation

NE-4C NSCs were seeded on poly-p-lysine-coated glass slides in six-well
dishes. When the NE-4C cells reached 50% confluence, they were treated
with PBS, 2pg/well basal MSC EVs/exosomes, or 2 pg/well
GW627368X-induced MSC EVs/exosomes. Treatments were provided
every other day for 14 days in the growth medium. The cells were induced
to differentiate into neurons by culturing in the growth medium with 5 pM
retinoic acid for 8 days, with the medium replaced every 2 days.

24 | Sphere formation assay

NE-4C cells, which were pretreated as described in Section 2.3, were
dissociated into single-cell suspensions and plated in 96 wells of ultra-
low attachment plates (Corning, New York) at 50 cells/well in DMEM-
F12 with 1% methyl cellulose, 1x GlutaMax, penicillin-streptomycin,
20 ng/mL EGF, 20 ng/mL FGF2, and 2% B27. After 6 days, the num-

ber of spheres of each well was calculated.

2.5 | Sphere staining

Neurospheres were transferred to 12-well plates and washed three
times with PBS. After PBS aspiration, the spheres were fixed with of
4% paraformaldehyde (PFA) for 20 minutes at room temperature and
then washed three times with PBS. The spheres were blocked by PBS
containing 5% normal serum and 0.025% (wt/vol) Triton X-100 for
30 minutes and then subjected to incubation with primary and sec-
ondary antibodies at 4°C. The following antibodies were used: anti-
GFAP (Millipore, Burlington, Massachusetts; MAB360; 1:100 dilution),
anti-Nestin (BioLegend, San Diego, California; 839 801; 1:100 dilu-
tion), anti-Mouse IgG, Alexa Fluor 488 (Thermo Fisher Scientific, Mas-
sachusetts; A21202; 1:200), and anti-Rabbit 1gG, Alexa Fluor
594 (Thermo Fisher Scientific, A21207; 1:200). Nuclear staining was
performed with Hoechst 33342 (1:1 000 dilution), and the spheres
were observed using a Leica DM IRB microscope.

# TRANSLATIONAL MEDICINE

2.6 | P3-tubulin polymerization

In vitro p3-tubulin polymerization in EVs/exosomes was analyzed by
B3-tubulin polymerization assay (Cytoskeleton, Inc, Denver, Colorado;
BKO11P), according to the manufacturer's protocol. Twenty micro-
grams of exosome protein was suspended in 50 pL of buffer 1 from
the kit and then subjected to sonication (20 kHz, amplitude 60%) on
ice for 20 seconds. Five microliters of exosome lysate/well was
loaded in the 96-well assay plate for $3-tubulin polymerization assay.
The B3-tubulin formation in 30 and 60 minutes was quantified by

measuring the fluorescence.

2.7 | Immunofluorescence studies on cells

Cells on coverslips were fixed in 4% PFA solution in PBS for
15 minutes at room temperature and then washed with PBS. Cells
were blocked with 5% bovine serum albumin and 0.3% Triton X-100
in PBS at room temperature for 60 minutes. The coverslips were incu-
bated with anti-p3 tubulin antibodies (Cell Signaling Technology,
Danvers, Massachusetts; C55568; 1:500 dilution) overnight at 4°C
and then with secondary antibodies for 1 hour at room temperature.
Cell nuclei were visualized with DAPI. Slides were mounted with Pro-
Long Gold Antifade Reagent and imaged using a TCS SP5 Il confocal
microscope. The confocal images were loaded into Image) with
Neurphology) HT plugin. The number of neurites and total neurite
length in the images were calculated using “Neurphology) HT” as

described.*®

2.8 | Animal experiments

All research involving animals complied with protocols approved by
the NHRI Committee on Animal Care. B6.CBA-Tg(Camk2a-tTA) and
B6.Cg-Tg(tetO-DTA) mice were obtained from Jackson Labs and the
National Laboratory Animal Center (NLAC, Taiwan). Camk2a-tTA/
tetO-DTA transgenic mice (Camk2a/DTA mice) express the tetracy-
cline/doxycycline-suppressed transactivator protein (tTA) under con-
trol of the hippocampus CA1-specific calcium-calmodulin-dependent
kinase Il (Camk2a) promoter and diphtheria toxin A (DTA) under the
control of a tetracycline/doxycycline-responsive element. Doxycycline
(Dox) was removed from the diet of 6-week-old tetO-DTA mice and
Camk2a-tTA/tetO-DTA mice for 25 days. On the 26th day, doxycy-
cline (2000 ppm) was returned to the mouse feed. Mice were
maintained on tetracycline-enriched chow, except for the 25-day
Dox-free period for brain lesion. After the Dox-free period, mice were
injected with 100 pL of vehicle PBS or EVs/exosomes derived from
MSCs or EP,4 antagonist-elicited MSCs (15 ug EV/injection, twice) via
intracardiac injection. After the injection, mice were subjected to
behavioral analysis (eg, New Object Recognition Test [NORT], New
Location Recognition Test [NLRT], Morris Water Maze [MWM]) at
the time points indicated in the figures. Mice were sacrificed at the

time points indicated in the figures and the brains were collected for
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further analysis. The sample size and numbers of mice are specified in

each figure legend.

29 | Tissue preparation and immunofluorescence
for tissue sections

Mice were perfused by inserting a needle into the left ventricle and
slowly (20 mL/min) pushing through 20 mL of ice-cold PBS for
3 minutes. Whole brains of the mice were excised and fixed with 4%
formaldehyde. Formaldehyde-fixed tissues were embedded in paraffin
blocks and cut into 4-pm sections. Hematoxylin and eosin (H&E)
staining was conducted according to conventional procedures. Tissue
sections were deparaffinized/hydrated and then were subjected to
antigen retrieval in citrate buffer (pH = 6.0) for 10 minutes. The sec-
tions were incubated with primary antibodies overnight at 4°C and
then with secondary antibodies (1:300 dilution) for 1 hour at room
temperature. Cell nuclei were visualized with DAPI. Slides were
mounted with ProLong Gold Antifade Reagent and imaged using a
TCS SP5 Il confocal microscope and a Leica DM2500 microscope. The
following antibodies were used: anti-SOX2 (Santa Cruz Biotechnol-
ogy, Dallas, Texas; sc-17 320; 1:100 dilution), anti-p3 tubulin (Cell Sig-
naling Technology, CS5568; 1:250 dilution), anti-MAP2 (Millipore,
AB5622; 1:250 dilution), and anti-DCX (Santa Cruz Biotechnology, sc-
8066; 1:100 dilution). Immunofluorescence quantification was per-
formed using ImageJ, following the ImageJ User Guide. For quantifica-
tion of doublecortin (DCX) signal, eight-bit images covering the
hippocampus CA1 region were loaded into Imagel. The DCX signal
was calculated using the “Threshold Colour” plug-in and “Measure”
under the ImageJ “Analyze” function. For quantitation of microtubule-
associated protein 2 (MAP2)-positive areas and B3 tubulin-positive
areas, 8-bit images covering 100 x 200 pm of the hippocampus CA1
region were loaded into Imagel. The signal-positive area was calcu-
lated using “Analyze Particles” under the ImageJ “Analyze” function.
For quantification of CA1 neuron thickness, 8-bit DAPI images cover-
ing whole hippocampi were loaded into Imagel. For each hippocam-
pus, three lines across the DAPI-positive layer of neuronal nuclei in
CA1 region were drawn and lengths of the lines were measured using
ImagelJ. The average length of the three lines represents the CA1 neu-

ron thickness of the hippocampus.

210 | BrdU incorporation

Camk2a-tTA/tetO-DTA and tetO-DTA mice were labeled with BrdU
by i.p. injection daily for 5 days after Dox withdrawal. Three mice per
group were used. The mice were weighed before each BrdU injection
and were injected with 50 mg BrdU per kg body weight intraperitone-
ally. After the 5-day injection period, the mice were slowly (20 mL/min)
perfused with 20 mL of ice-cold PBS for 3 minutes. Whole brains were
excised and fixed with 4% formaldehyde. Paraffin sections of the brains
were prepared and stained with anti-BrdU antibody (Abcam, ab6326;
1:250 dilution) overnight at 4°C and then with secondary antibodies

(1:300 dilution) for 1 hour at room temperature. Cell nuclei were visual-
ized with DAPI. Slides were mounted with ProLong Gold Antifade

Reagent and imaged using a Leica DM2500 microscope.

211 | Western blotting

Mouse hippocampi were isolated as described.*’ Briefly, the brain
was hemisected and the cortical hemisphere was laterally peeled to
expose the hippocampus. The hippocampus was laterally removed
with a spatula. Hippocampi were ground and lysed with RIPA lysis
buffer on ice for 30 minutes for protein extraction.

Total protein of hippocampi or EVs/exosomes was extracted with
RIPA lysis buffer. EV protein samples from the same number of EVs
were loaded in each lane, compared on a per-vesicle basis. Protein
lysates were resolved on a 4% to 12% Bis-Tris Gel, transferred to
PVDF membranes, probed with primary antibodies (1:1000 dilution)
overnight at 4°C and then with HRP-linked secondary antibodies
(1:3000 dilution) and visualized with ECL reagent. The following anti-
bodies were used: anti-GAPDH (GeneTex [Irvine, California],
GTX100118), anti-N-cadherin (BD Biosciences [Franklin Lakes, New
Jersey], BD610921), anti-CD90 (GeneTex, GTX62251), anti-CD44
(R&D system [Minneapolis, Minnesotal, BBA10), anti-CD81
(GeneTex, GTX101766), anti-CNP (GeneTex, GTX103954), anti-
CD109 (GeneTex, GTX51683), anti-CD146 (GeneTex, GTX108777),
anti-TGFBR1  (GeneTex, GTX102784), anti-CD49f (GeneTex,
GTX100565), anti-cofilin (GeneTex, GTX102156), anti-AKT (GeneTex,
GTX121937), and anti-p3 tubulin (Cell Signaling Technology, CS5568).

212 | Creation of CNP knockdown EVs/exosomes
Expression of CNP was suppressed in MSCs via lentiviral infection as
described.*® The transfection of 293T cells with pLKO-shRNA viral
vectors and helper constructs was performed in 10-cm culture dishes.
After 48 hours, 10 mL of virus-containing medium was harvested and
filtered with a 0.45 um filter. The virus-containing media were sup-
plemented with 50 pg/mL protamine sulfate and used for MSC infec-
tion. The MSCs expressing shRNAs were selected with 2 pg/mL of
puromycin. The shRNAs obtained from the RNAi Consortium (TRC)
include shGFP (TRCNO000072179), shcontrol (ASNOO0O0000004),
shCNP-1(TRCN0000010260), and shCNP-2 (TRCN0000273151).

213 | CNP assay

One microgram of exosomes were suspended in 50 uL of PBS with
HEPES (25 mmol/L) and NaHCO3; (13 mmol/L) in the presence and
absence of 15 uM 2/,3'-cAMP and were incubated at 37°C. After
1-hour incubation at 37°C, the mixture was immediately incubated at
100°C for 3 minutes to denature enzymes. The amount of adenosine
produced in the 1-hour incubation was measured using the fluoromet-

ric adenosine assay, according to the manufacturer's protocol
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(Biovision [Milpitas, California], #K327); 10 uL of the mixture was
diluted with 40 puL of assay buffer and then subjected to the fluoro-
metric adenosine assay. The adenosine produced by the exosomes
was measured as adenosine reading (pmole) in the mixture containing
only exosomes subtracted from adenosine reading (pmole) in the mix-
ture containing exosomes and 2/,3'-cAMP.

214 | Animal behavior examination

All cognition, learning, and memory tests were performed as described
previously.>” The numbers of animals for each behavioral group are
indicated in the figure legends. For each behavioral test, five mice per
group were analyzed. Each mouse received only one behavioral test
per day. In NORT and NLRT, each mouse was allowed to explore the
objects for 5 minutes (exploratory phase) and then was returned to
the cage for another 5 minutes. After the 5-minute interval in the
cage, the mouse was returned to (a) the chamber with the previously
exposed object and a novel object (NORT) or (b) the chamber in which
one of the two objects was displaced from its original position (NLRT),
for a 3-minute test phase. Exploration counted as positive if the
mouse's head was within one inch of the object with neck extended
and vibrissae moving. The exploratory phase and test phase were
videotaped to measure (time for exploring novel object or location)/
(time for total exploring).

In the MWM test, the learning trials were performed at the same
time on day 1 to day 5. The trial began from a different quadrant of
the pool for each day (second and third quadrant for day 2, third and
fourth quadrant for day 3, first and fourth quadrant for day 4, and first
and second quadrant for day 5). Each trial ended when the mouse
arrived at the platform, or after 60 seconds had passed. Mice were
immediately removed from the pool at the end of the trial. All tracks
from all trials were recorded and analyzed using the Videotrack soft-

ware (Viewpoint).

2.15 | Statistical analysis

For Figures 1A,B,C; 2E,G,J; 3D,F; 4D; 5B,E,F,G; 6C; and 7B,C, Stu-
dent's t test was used and the level of significance was set at P < .05.
For Figure 7D, two-way analysis of variance was used to analyze the
difference of the latency between groups and a P value <.05 was con-

sidered statistically significant.

3 | RESULTS
3.1 | EP,4antagonist-induced MSC EVs/exosomes
promote the formation of neurospheres in cell culture

We previously showed that EP, antagonist-induced MSC
EVs/exosomes (GW MSC EVs/exosomes) have suppressive effects

on both reactive astrocytes and active microglia; these suppressive

¥ TRANSLATIONAL MEDICINE

activities contribute to the regenerative effects of the GW MSC
EVs/exosomes on damaged brains.®” Here we further investigate
whether the effects of EP, antagonist-induced MSC EVs/
exosomes on damaged brains also act on neuronal precursors and
neurons. As described previously, bone marrow MSCs were char-
acterized by their surface marker profiles and their abilities to dif-
ferentiate into adipocytes and osteocytes before being subjected
to EV and GW EP, antagonist-induced MSC EVs/exosome (GWEV)
collection.3” Four-day pretreatment with GWEVs significantly
increased the neurosphere-forming ability of mouse NE-4C NSCs,
whereas pretreatment with basal MSC EVs did not increase
neurosphere formation (Figure 1A; Figure S1A). The spheres were
analyzed for Nestin and GFAP expression to confirm their identity
as neurospheres. For spheres in all the three groups, we observed
that most cells in the spheres expressed Nestin and only a few
sphere cells expressed GFAP (Figure S1B). The characteristics of
these spheres correspond with that of neurospheres described in

the literature.*8->3

3.2 | EP,4antagonist-induced MSC EVs/exosomes
promote neuritogenesis in cell culture

B3-tubulin is the main structural protein of neuron cytoskeletal
microtubules in neurites; f3-tubulin polymerization can be used as a
functional marker for assessing neuritogenesis.>* MSC GWEVs were
more effective than MSC EVs in promoting 3 tubulin polymeriza-
tion in vitro (Figure 1B). NE-4C NSCs treated with PBS, MSC EVs, or
MSC GWEVs were induced to differentiate into neurons. Neurites
were identified by p3-tubulin immunostaining. GWEV-pretreated
NSCs were differentiated into neurons with the highest numbers of
neurites (Figure 1C, left panel) and the longest total neurite lengths
(Figure 1C, right panel). These results suggest that EP, antagonist-
induced MSC GWEVs/exosomes can increase polymerization of the
components of the neuron cytoskeleton and promote neuron

neuritogenesis.

3.3 | EP,antagonist-elicited MSC EVs/exosomes
increase CA1 neurons in the damaged hippocampus

Since we observed that EP, antagonist-induced MSC GWEVs/
exosomes can increase the numbers of neurospheres formed by NSCs
in vitro, we further evaluated whether EP, antagonist-induced MSC
EVs/exosomes increased the numbers of neurons in the damaged hip-
pocampus. To examine whether the EP, antagonist-elicited MSC
EVs/exosomes have regenerative effects on neurons in damaged
brains, we used a mouse model carrying transgenes for inducible hip-
pocampal CA1 neuron damage. A 25-day Dox withdrawal, starting
from the age of 6 weeks, caused a decrease of the neuron layer in the
hippocampus CA1 region of Camk2a-tTA/tetO-DTA (Camk2a/DTA)
transgenic mice (Figure 2A,B) (see Section 2). We previously com-

pared administration of EVs/exosomes by intracardiac injection, tail



504 “% STEM CELLS

CHEN ET AL

TRANSLATIONAL MEDICINE

EV

GWEV

FIGURE 1 EP, antagonist-induced MSC
EVs promote the formation of neurospheres
and neurites in neural cell culture. A, Numbers

B 50 - *kk of neurospheres formed by NE-4C
c 451 neuroectodermal stem cells pretreated with
-% 40 - PBS, MSC-derived EVs (EV), and EP4
380- N oag ] antagonist-elicited MSC EVs (GWEV). Data are
3604 GE’ 30 means + SEM (n = 10). ***P < .001. Scale bar,
@ ] 3 500 pm. B, The effect of MSC EVs and
o 340 a 251
g 320- £ 9 GWEVs on in vitro 3 tubulin polymerization
° 2 3001 3 154 in 30 minutes. Data are means + SEM (n = 3).
E g 280 ;? 10 ***Pp < .001. C, Neurite number (left graph) and
? 8 2604 @ 1 length of neurites (right graph) formed by NE-
g 240 51 4C pretreated with PBS, MSC EVs, or MSC
0 p
(7] GWEVs. Data are means + SEM (n = 3).
Zz 220
2004 Blank EV. GWEV *P < .05, ***P < .001. EV, extracellular vesicle;
PBS EV GWEV GWEV, GW EP4 antagonist-induced MSC
EVs/exosome; MSC, mesenchymal stem cell;
c kK PBS, phosphate-buffered saline
1000 - 30 *
NS o
- 2 NS
3 800 - =
5 £
£ 600 £ 20
(o]
> c
c 9
£ 400+ 5
=2 -—
2 ° 10
200 5
[}
z
0- 0
O 3 \ D Y \
QQ7 < O$<</ QQ O&Q/

vein injection, and intraorbital injection and observed optimal delivery
of EVs/exosomes to brain by intracardiac injection.®” Consequently,
in our subsequent experiments, EVs/exosomes and PBS were admin-
istered to the mice via intracardiac injection. PBS, MSC EVs/exosomes
(EV), or EP4; antagonist-induced MSC GWEVs/exosomes (GWEV)
were administered twice, by intracardiac injection at the time points
indicted in Figure 2C, to mice with damaged hippocampi.

In the hippocampus, the CA1 region contains a unique, compact
layer of pyramidal neurons consisting of approximately eight rows of
neuron bodies (Figure 2B, UC).>> The number of hippocampal CA1
pyramidal neurons is positively correlated with the thickness of the
CA1 pyramidal cell body layer.>® We demonstrated above that hippo-
campal damage decreased this neuron layer in hippocampal CA1 of
Camk2a/DTA mice (Figure 2B, DC). Here we evaluated whether EP4
antagonist-elicited MSC GWEVs/exosomes elicit recovery of this
unique compact layer of CA1 pyramidal neurons in the damaged hip-
pocampus. The thickness of the compact hippocampal CA1 neuron
body layers was measured in hippocampal sections at the 5th
(Figure 2D,E) and 30th day (Figure 2F,G) after PBS, MSC EV, or MSC
GWEV administration. Since DAPI staining in the nucleus of CA1 neu-
rons accumulates in a few large chromocenter foci,®” the specific
DAPI staining pattern allowed identification of the layers of CA1 hip-
pocampal pyramidal neurons (Figure 2A,B). Compared with the
undamaged DTA mice (UC), the thickness of CA1 neuron cell body

layers in the PBS-injected Camk2a/DTA mice decreased ~60%
(Figure 2D,E) at 5 days after EV/exosome administration. Neither
MSC EVs nor MSC GWEVs affected the thickness the CA1 neuron
cell body layers 5 days after their administration (Figure 2D,E). How-
ever, at 30 days after administration, MSC GWEVs significantly
increased the thickness of CA1 neuron cell body layers in the hippo-
campi of Camk2a/DTA mice, to 70% of the CA1 neuron body layers
of undamaged DTA mice (Figure 2F,G). In contrast, MSC EV adminis-
tration had no significant influence on the thickness of CA1 neuron
body layers (Figure 2F,G) at 30 days after administration. These data
indicate that EP4 antagonist-elicited MSC GWEVs/exosome adminis-

tration increases the numbers of CA1 neurons in damaged
hippocampi.
3.4 | EP,antagonist-induced MSC EVs/exosomes

do not affect the number of SOX2-positive neural
stem cells in the damaged hippocampus

Since we observed that EP, antagonist-induced MSC EVs/exosomes
increased neurosphere formation in vitro and increased the numbers
of CA1 neurons in damaged hippocampi, we evaluated whether EP,
antagonist-induced MSC EVs/exosomes affected the number of neu-

ral stem cells in the damaged hippocampus by analyzing expression of
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FIGURE 2 EP, antagonist-induced MSC EVs increase CA1 neurons in damaged hippocampi. A, The blue box in the schematic depiction of
the brain section represents the anatomic region analyzed by DAPI staining in (B). B, Hippocampal DAPI staining of Dox-withdrawn DTA mice
(UC) and Dox-withdrawn Camk2a/DTA mice (DC). The boarders of the compact layers of pyramidal neurons in CA1 are indicated by dashed
white lines. The panels on the bottom are higher magnifications of portions shown in the red squares in the top panels in each group. Scale bar,
50 pm. C, The scheme of the animal experiments, indicating the time points of damage induction, EV administration, and sample collection. D
and F, Hippocampal DAPI staining of Dox-withdrawn DTA mice (UC) and Dox-withdrawn Camk2a/DTA (DC) mice at 5 days (D) and 30 days

(F) after treatment of mice with damaged hippocampi with PBS (DC), MSC-derived EVs (EV), and EP4 antagonist-elicited MSC EVs (GWEV). The
boarders of the compact layers of pyramidal neurons in CA1 are indicated by dashed white lines. E and G, Quantification of thickness of CA1
neuron body layers in hippocampi of the mice described in (D) (data in [E]) and (F) (data in [G]). Data are mean + SEM (n = 4 in [E]; n = 6 in [G]).
*P < .05, **P < .005. ***P < .001. H-J, SOX2 expression in hippocampi of UC mice and Dox-withdrawn Camk2a/DTA DC mice at 5 days after
treatment with PBS (DC), MSC-derived EVs (EV), or EP4 antagonist-elicited MSC EVs (GWEV). Cell nuclei were stained with DAPI. Scale bar,

50 pm. The blue box in the schematic depiction, (H), of the brain section represents the anatomic region analyzed. J, Quantifies of SOX2-positive
cells in hippocampi. Data are means + SEM (n = 3). **P < .005. EV, extracellular vesicle; GWEV, GW EP4 antagonist-induced MSC EVs/exosome;
MSC, mesenchymal stem cell; PBS, phosphate-buffered saline
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FIGURE 3 EP, antagonist-induced MSC GWEVs promote neuritogenesis in damaged hippocampi. A, The scheme of the animal experiments,

indicating the time points of damage induction, EV administration, and sample collection. B, The blue box in the schematic depiction of the brain
section represents the anatomic region analyzed by immunostaining in (C) and (E). C, E, The expression of $3-tubulin (33TUB) and MAP2 in the
hippocampi of Dox-withdrawn DTA mice (UC) and Dox-withdrawn Camk2a/DTA (DC) mice at 5 days (C) and 30 days (E) after treatment of mice
with damaged hippocampi with PBS (DC), MSC-derived EVs (EV), and EP,4 antagonist-elicited MSC EVs (GWEV). Cell nuclei were stained with
DAPI. The images with only DAPI signals are shown in Figure 2D,F. Scale bar, 50 pm. D,F, Quantification of 3 tubulin and MAP2 in hippocampi
of the mice described in (C) (data in [D]) and (E) (data in [F]). Data are mean + SEM (n =4 in [D]; n = 6 in [F]). *P < .05, **P < .005. ***P < .001. G,
Levels of 3-tubulin in the hippocampi of Dox-withdrawn DTA (UC) and Dox-withdrawn Camk2a/DTA mice treated with PBS (DC), MSC-derived
EVs (EV), and EP, antagonist-elicited MSC EVs (GWEV). DTA, diphtheria toxin A; EV, extracellular vesicle; GWEV, GW EP4 antagonist-induced
MSC EVs/exosome; MAP2, microtubule-associated protein 2; MSC, mesenchymal stem cell; PBS, phosphate-buffered saline

the neural stem cell marker SOX2 in the hippocampi of undamaged
DTA mice (UC), damaged Camk2a/DTA mice injected with PBS (DC),
and DC mice receiving injections of EVs/exosomes from control and
EP, antagonist-treated MSCs. Compared with DTA mice (UC), all
Camk2a/DTA mice, including PBS-injected (DC), EV-injected (EV), and
GWEV-injected (GWEV) mice, expressed increased levels of the neu-
ral stem cell marker SOX2 in their hippocampi (Figure 2H-J). The
induced hippocampal damage increased SOX2-positive neural stem
cells in the hippocampi; however, neither systemic administration of
MSC EVs nor GWEVs modulated the level of SOX2-positive neural

stem cells in damaged hippocampi (Figure 2H-J). These data suggest
that the increase in neurons in the hippocampal pyramidal layer
observed in response to GW EV administration does not arise from
the increase of SOX2 positive neural stem cells.

Since the number of SOX2-positive cells induced in DC mice did
not further increase in MSC EV-treated and GWEV-treated mice
2H-J), the

SOX2-positive cells in the DC mice resulted from increased cell prolifer-

(Figure we examined whether damaged-induced

ation. Cell proliferation in the brains of the mice was measured with

BrdU incorporation. The positive BrdU staining in the SVZs, as described
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FIGURE 4 EP, antagonist-induced MSC EVs increase DCX-positive neuronal precursor cells in damaged hippocampi. A, Schematic depiction
of the brain sections representing the anatomic region analyzed by immunostaining. The blue box in (A-i) represents the anatomic regions
analyzed in (B). The blue box in (A-ii) represents the anatomic regions analyzed in (C). The purple arrow indicates the direction of the x-axis of the
histogram in (C). B,C, Expression of 3-tubulin (green) and DCX (red) in the hippocampi of UC and DC mice treated with PBS, and DC mice
treated with MSC EVs and with MSC GWEVs at 5 days after EV/GWEV treatment. Cell nuclei were stained with DAPI. Quantification of DCX,
DAPI, and B3-tubulin signals along the purple arrow in (A-ii) is shown in the histograms of (C). pVZ, periventricular zone. Scale bar, 50 pm. D, DCX
quantification in stratum pyramidale (soma of CA1 neurons) and stratum radiatum (apical neurites of CA1 neurons), data from (C). Data are
means + SEM (n = 3). ***P < .001. DCX, doublecortin; EV, extracellular vesicle; GWEV, GW EP4 antagonist-induced MSC EVs/exosome; MSC,
mesenchymal stem cell; PBS, phosphate-buffered saline

in the literature,®® of both undamaged mice (UC) and damaged mice in the DG of undamaged DTA (UC) mice and the DG of damaged
(DC) demonstrated successful proliferating cell staining in the BrdU Camk2a/DTA (DC) mice (Figure S2A-E). In addition to DG of the hippo-
assays (Figure S2A). Similar amounts of BrdU-positive cells are observed campi, a few BrdU-positive cells were observed in the CA1 regions of
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FIGURE 5 Elevated CNP in EP4 antagonist-induced MSC EVs contributes to their ability to convert 2/,3’-cAMP to adenosine and to promote

B3-tubulin polymerization. A, Protein lysates from control (vehicle DMSO-treated) and GW-treated MSCs, and from EVs prepared from these
cells, were subjected to Western blot analyses. The proteins elevated in EP4 antagonist-induced MSC EVs are labeled in red. B, CNP protein
levels, normalized with exosomal GAPDH in the different batches of EVs prepared from MSCs (EV) or GW-treated MSCs (GWEV), are compared
on a per-vesicle basis. Bars are means + SEM (n = 6). ***P < .001. C, CNP protein levels in the MSCs constitutively expressing shRNAs against no
target (shcontrol), GFP (shGFP), and CNP (shCNP-1, sh-CNP-2). GAPDH was used as a loading control. D, Levels of CNP and GAPDH proteins in
the same number of control MSC GWEVs (shGFP and shcontrol) and shCNP knockdown MSC GWEVs (shCNP-1 and shCNP-2). E, The abilities of
intact control MSC GWEVs (shGFP and shcontrol) and CNP-knockdown MSC GWEVs (shCNP-1, shCNP-2) to convert 2/,3'-cAMP into
adenosine. Data are means of adenosine production + SEM (n = 3). **P < .005, ***P < .001. F,G, The effect of MSC EV, MSC GWEYV, control MSC
GWEYV (shGFP and shcontrol), and CNP-knockdown MSC GWEVs (shCNP-1, shCNP-2) lysates on in vitro f3 tubulin polymerization. Data are
means + SEM (n = 3). *P < .05, **P < .01, ***P < .001. CNP, cyclic nucleotide 3'-phosphodiesterase; EV, extracellular vesicle; GWEV, GW EP4

antagonist-induced MSC EVs/exosome; MSC, mesenchymal stem cell

the hippocampi of both UC and DC mice (Figure S2C,E). However, the
similar numbers of BrdU-positive cells in hippocampi of UC and DC mice
suggest no increased cell proliferation occurs in the hippocampi of the
DC mice. Like the data for SOX2 staining, these BrdU results suggest
that the increases of SOX2-positive cells in hippocampi of the damaged

mice did not result from increased neural stem cell proliferation.

3.5 | EP4antagonist-elicited MSC GWEVs/
exosomes promote neuritogenesis of CA1 neurons in
the damaged hippocampus

Since we observed that EP4; antagonist-induced MSC GWEVs/
exosomes can increase p3-tubulin polymerization and promote neu-
ron neuritogenesis in vitro (Figure 1), we further evaluated whether
EP, antagonist-induced MSC EVs/exosomes increased neuritogenesis
in the damaged hippocampus. We analyzed the expression of
B3-tubulin and MAP2 in the hippocampi of undamaged DTA mice
(undamaged control; UC) and the damaged hippocampi of Camk2a/

DTA mice injected with PBS (damaged control; DC), MSC
EVs/exosomes (EVs), or EP, antagonist-induced MSC GWEVs/
exosomes (GWEVs). EVs/exosomes were injected twice, intracardially,
at the time points indicted in Figure 3A.

MAP?2 is located mainly in neurites and binds to p3-tubulin to sta-
bilize microtubule growth.’ Recovery of the functional state of neu-
rons after damage is associated with increased MAP2 production.®®
Hippocampal MAP2 expression was analyzed using immunostaining.
Although intact MAP2-positive neurites were observed in hippocam-
pal CA1 of both DTA (UC) mice and MSC GWEV-injected Camk2a/
DTA (GWEV) mice, MAP2-positive neurites were rarely observed in
hippocampal CA1 (Figure 3B) of PBS-injected (DC) and MSC EV-
injected Camk2a/DTA (EV) mice 5 days after EV/exosome treatment
(Figure 3C,D-i). Intracardiac administration of MSC EVs did not
increase the MAP2 positive area in hippocampal CA1 (5%) of the dam-
aged Camk2a/DTA mice. In contrast, MSC GWEVs greatly increased
the MAP2 positive area (13%) of the damaged Camk2a/DTA mice,
approaching the level of undamaged DTA mice (16%) at 5 days after
MSC GWEV administration (Figure 3C,D-i). The effect of MSC



EXOSOMAL CNP PROMOTES RECOVERY OF DAMAGED BRAIN 509

A PBS
DTA (UC) GWEV  Inj Analyzing RS,
. Hippofampus f = \]
Camk2a/DTA mice (DC) { 4,
[ p——
Bith 6wk

EBSRBEA 104 104 30d | R

B MAP2 DAPI B3TUB DAPI C
i
i
251
O = Tk
=} X
8 201 *okk
©
g 15 1
.‘§
a 101
5 a
<)
— <
o= 5.
LS =
o8
% =t o
wwn O.
& L
\)O %::S,g\\ é\O
)
i ii
=z _ *k%
& 18
s —~ 164 *kk
9
S 14
= 12
ii 2 104
.‘5
o
& a
5 S
'_
o
@
‘<Q\o\ Q
o X
Baras
ESP
°
os iii
%é *%k%
R e et 60- *k*k
nwn
T . 501
SE 4o;
S8 30-
32
% c§ 204
O Tic ]
< S|_ 10
0-
< Q
O &L &
$ G0
2)

FIGURE 6 Elevated CNP in GW EVs/exosomes contributes to neuritogenesis and increase of CA1 neurons in the damaged
hippocampus. A, The scheme of the animal experiments, indicating the time points of damage induction, EV administration, and sample
collection. B, In (B-i) the expression of $3-tubulin (3TUB) and MAP2 in the hippocampi of Dox-withdrawn DTA mice (UC) and Dox-withdrawn
Camk2a/DTA (DC) mice at 30 days after treatment with control MSC GWEVs (shGFP/shcontrol) and CNP-knockdown MSC GWEVs are
shown. In (B-ii) cell nuclei of similarly treated UC- and DC-treated mice are shown. Cell nuclei were stained with DAPI. The boarders of the
compact layers of pyramidal neurons in CA1 are indicated by dashed white lines. The blue box in the schematic depiction of the brain
section represents the anatomic region analyzed by immunostaining. The duplicate images are from two mice of each group. Scale bars,

50 um. C, Quantification of MAP2-positive areas (C-i), p3-tubuin-positive areas (C-ii), and thickness of CA1 neuron body layers (C-iii), in
hippocampi of the mice analyzed in (B). Data are mean = SEM (n = 5 mice for each group). ***P < .001. CNP, cyclic nucleotide 3’-
phosphodiesterase; DTA, diphtheria toxin A; EV, extracellular vesicle; GWEV, GW EP4 antagonist-induced MSC EVs/exosome; MAP2,
microtubule-associated protein 2; MSC, mesenchymal stem cell
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microtubule-associated protein 2; MSC, mesenchymal stem cell

GWEVs on increasing MAP2 in hippocampus CA1 was still observed
30 days after administration (Figure 3E,F-i). These observations dem-
onstrate that EP, antagonist-elicited MSC GWEVs/exosomes pro-
mote MAP2 expression in neurites in the damaged hippocampus CA1
early after administration, and that the effect is sustained.

Since increased expression of microtubule stabilizer MAP2 was
observed in neurites in the hippocampi of MSC GWEV-injected
Camk2a/DTA mice, we suspected that the EP, antagonist-elicited
MSC EVs/exosomes might increase neuron cytoskeletal microtubule
formation. Compared with PBS-(DC) and EV-injected (EV) Camk2a/
DTA-damaged mice, MSC GWEV-injected (GWEV) Camk2a/DTA-
damaged mice expressed greater levels, at 5 days after EV/exosome
injection, of p3-tubulin protein in their hippocampi (Figure 3G). Intact
B3-tubulin-positive neurites were observed in hippocampal CA1 of
DTA mice, 14% CA1 area (Figure 3C,D-ii).
Corresponding with the B3-tubulin protein measured by Western

accounting for

blotting (Figure 3G), the levels of B3-tubulin-positive neurites were
greatly decreased in hippocampus CA1 of the PBS-treated Camk2a/
DTA mice, accounting for only 2.5% CA1 area (Figure 3C,D-ii). MSC
GWEVs significantly increase the levels of $3-tubulin-positive neurites
in hippocampus CA1 of Camk2a/DTA mice, accounting for 5% CA1

area. In contrast, MSC EVs did not increase p3-tubulin-positive neu-
rites in the damaged hippocampus CA1 of Camk2a/DTA mice
(Figure 3C,D-ii). The effect of MSC GWEVs on (3-tubulin-positive
neurites in hippocampal CA1 was maintained at 30 days after admin-
istration (Figure 3E,F-ii). These data suggest that EP, antagonist-
elicited MSC GWEVs/exosomes promote both cytoskeletal microtu-
bule formation and neuritogenesis in CA1l neurons of damaged

hippocampi.

3.6 | EP4antagonist-elicited MSC GWEVs/
exosomes increase DCX-positive neurons/neuronal
precursor cells in the damaged hippocampus early
after EV administration

We further investigated the effects of MSC GWEVs on early
development of neurons in the damaged hippocampus. Assessing
DCX levels is used as a classical marker to detect newborn neurons
in brain.®* DCX has been utilized to determine neurogenesis as a
in the human

function of aging and neurological diseases

hippocampus.®2-¢%
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DCX-positive cells were detected both in the DG of undamaged
DTA mice (Figure 4A-i,B; UC, upper left panel) and PBS-injected
(Figure 4A-i,B; DC, upper right panel) mice, and in damaged mice that
received EVs/exosomes from either control MSCs (middle panels,
Figure 4B) or from EP, antagonist-treated MSCs (lower panels,
Figure 4B). Although DCX levels were very sparse in the CA1 region of
both UC and DC hippocampi (upper panels, Figure 4B), elevated DCX
levels were present in the hippocampal CA1 regions of both MSC EV-
injected mice (middle panels, Figure 4B) and MSC GWEV-injected mice
(lower panels, Figure 4B) 5 days after EV/exosome treatment.

Hippocampal pyramidal neurons are generated during develop-

165 in which earlier-born mother neu-

ment in an “inside-out” manner,
rons are positioned in the deep layers and later-born daughter
neurons are located in the more superficial layers along the neurites
of the “mother neurons.” DCX is expressed in newborn neurons®? and
overlaps with microtubules in developing neurons; subsequently,
microtubule-associated DCX promotes growth of neuronal pro-
cesses.®4%” Of particular note, DCX was mainly restricted to the soma
of CA1 neurons in the stratum pyramidale in the MSC EV-injected
Camk2a/DTA mice (Figure 4A-ii,C, left panels). In contrast, DCX was
expressed in the apical neurites of CA1 neurons in the stratum
radiatum of MSC GWEV-injected Camk2a/DTA mice (Figure 4C, right
panels) at the 5-day time point. The preferential distribution of DCX
in the neurites in the hippocampi of MSC GWEV-injected Camk2a/
DTA mice (Figure 4D) early after GWEV administration suggests a role
for MSC GWEV in promoting neuron generation and neuritogenesis

of CA1 neurons.

3.7 | EP4antagonist elicits MSC release, via EVs, of
2/,.3’-CNP

To identify GW EV/exosomal components that might contribute to the
stimulated neuritogenesis and neurogenesis in damaged brain, we first
compared the contents of MSC EVs/exosomes and EP, antagonist-
induced EVs/exosomes (Figure 5A). Compared with EVs/exosomes from
DMSO vehicle-treated MSCs (EVs/exosomes) on a per-EV basis, the
EP, antagonist-elicited MSC EVs/exosomes (GWEVs) contained ele-
vated levels of proteins involved in maintaining MSC morphology (eg,
N-cadherin), MSC markers (eg, CD90, CD44), and neuritogenesis (eg,
2/,3-CNP; Figure 5A). All these proteins (N-cad, CD90, CD44, and
CNP) enriched in the EP, antagonist-elicited MSC EVs/exosomes have
been reported as lipid raft-associated proteins.®”~”? Blocking EP, signal-
ing in MSCs promotes sorting of these lipid raft-associated proteins,
including CNP, into the released GW MSC EVs/exosomes. A number of
lipid raft-associated proteins (eg, CNP, N-cad, CD44, CD90, CD81, and
CD109) are depleted in antagonist GW-treated MSCs and elevated in
MSC GWEVs/exosomes vs MSC EVs/exosomes (Figure 5A).
Elimination of individual cargo proteins from MSCs into MSC
EVs/exosomes provides an opportunity to determine the roles of
these components in facilitating recovery, both for hippocampal func-
tional properties (eg, cognition, learning, and memory) and for correla-

tive studies in cellular and physical properties (eg, astrogliosis,

# TRANSLATIONAL MEDICINE

inflammation, blood brain barrier properties, neuritogenesis, neuronal
recovery).

CNP levels in the EP4 antagonist-elicited MSC GWEVs/exosomes
were elevated about 20-fold compared with that of basal MSC
EV/exosomes (Figure 5B). Forty percent of CNP associates with lipid
rafts.? Lipid raft-associated CNP decreases with age and the age-
related change likely alters the function of CNP for axonal maintenance
in monkeys.*>”® CNP knockout mice have structurally normal myelin
but demonstrate neurite degradation and neurodegeneration,*°
suggesting CNP contributes to maintenance of neurite integrity.

To investigate the contribution of elevated CNP in EP4
antagonist-elicited MSC EVs/exosomes to stimulated activities for
deficits in the damaged hippocampus, we used shRNA reduction of
CNP protein in MSCs to prepare GWEVs/exosomes deficient in CNP.
We then compared the regenerative efficacy of MSC GWEVs/
exosomes elicited from control and from CNP knockdown MSC cells.
CNP was knocked down with appropriate shRNAs in MSCs
(Figure 5C) and EP,4 antagonist-elicited EVs/exosomes were collected
from control MSCs which carry shRNAs against GFP (shGFP), a con-
trol sequence (shcontrol), and CNP shRNAs (shCNP-1 and shCNP-2),
respectively (Figure 5D). Compared with EP, antagonist-elicited
EVs/exosomes from the MSCs (shGFPGWEVs and
shcontrolGWEVs), the GW-induced EVs/exosomes from CNP-
knockdown MSCs (shCNP-1GWEVs and shCNP-2GWEVs) contained
reduced levels of CNP protein (Figure 5D).

control

3.8 | CNPin EP,4 antagonist-induced MSC GWEV/
exosomes enhances conversion of 2/, 3'-cAMP to
adenosine and promotion of p3-tubulin polymerization
in vitro

CNP is a protein with a double function; it is both a phosphodiester-
ase and an MAP. As a phosphodiesterase, CNP catalyzes the conver-
sion of 2/,3’-cAMP, which increases in damaged brains and is toxic to
neurons, to 2’-cAMP or 3'-cAMP, which can be further metabolized
into adenosines.”® Adenosines can exert multiple repairing effects on
damaged brains, including neuroprotection, anti-inflammation, and
anti-astrogliosis.”*”® We investigated whether exosomal CNP con-
tributes to the ability of EP,; antagonist-induced MSC GWEVs/
exosomes to catalyze 2/,3’-cAMP conversion to adenosine. One
microgram of EP4; antagonist-induced MSC EVs/exosomes (ie,
exosomes derived from MSCs expressing shGFP or shcontrol) cata-
lyzed the conversion of 2/,3’-cAMP to 100-120 pmol of adenosines in
1 hour; in contrast, 1 pg shCNPGWEVs produced ~70 pmol adeno-
sines in 1 hour (Figure 5E). Knockdown of CNP in EP4 antagonist-
induced MSC EVs/exosomes reduced by 30% to 40% the ability of
EVs/exosomes to convert 2',3'-cAMP into adenosines.

As an MAP, CNP binds tubulin multimers and induces microtu-
bule polymerization.”” In this manner, CNP directs the formation of
branched process outgrowth in glia and neuritogenesis in neurons.
We investigated whether exosomal CNP contributes to the ability of

EP, antagonist-induced MSC GWEVs/exosomes to increase
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B3-tubulin polymerization. Although EP, antagonist-induced MSC
GWEVs/exosomes increased p3-tubulin polymerization, knocking
down CNP in the EP, antagonist-induced MSC EVs/exosomes
decreased the ability of these exosomes to promote 3-tubulin poly-
merization to the level of basal MSC EVs/exosomes (Figure 5F,G),
suggesting that the enriched CNP in EP, antagonist-induced MSC
EVs/exosomes contributes to the GWEV/exosome elicited p3-tubulin

polymerization required in neuritogenesis.

3.9 | Exosomal CNP contributes to EP, antagonist-
induced MSC GWEV/exosome promoted
neuritogenesis of CA1 neurons in the damaged
hippocampus

In the CA1 region of the EP, antagonist-elicited MSC EV/exosome-
treated DC mice, the induced DCX-positive neuronal precursor cells con-
tained CNP protein at 5days after the administration of the
EVs/exosomes (Figure S3). These data suggest that the elevated CNP
levels present in the EP4 antagonist-elicited MSC EVs/exosomes may
contribute to their therapeutic efficacy. To determine if CNP levels might
play a role in MSC GWEV/exosome-induced neuritogenesis, we exam-
ined the ability of EVs/exosomes derived from GW treated MSCs in
which CNP had been knocked down to modulate neuritogenesis in the
damaged hippocampi of Camk2a/DTA mice (Figure 6A). Compared with
undamaged DTA mice (UC), extensive decrease of CA1 neurons and of
MAP2/B3 tubulin-positive neurites occurred in damaged Camk2a/DTA
mice (DC) (Figures 2 and 3 and Figures $4 and $5).%” Although intact
MAP2-positive and p3 tubulin-positive neurites were observed in hippo-
campal CA1 of both DTA mice (UC) and MSC shGFP/shcontrolGWEV-
injected Camk2a/DTA mice (Figure 6B-i), MAP2/83 tubulin-positive neu-
rites were rarely observed in the hippocampal CA1 of PBS-injected DC
mice (Figures S4 and S5) and shCNPGWEV-injected Camk2a/DTA mice
(Figure 6B-i). ShGFPGWEVs and shcontrolGWEVs increased the MAP2-
and B3 tubulin-positive areas of the damaged Camk2a/DTA mice (DC) to
the levels of the undamaged DTA (UC) mice at 30 days after administra-
tion (Figure 6C-ii). In contrast, the systemic administration of EP4
antagonist-elicited MSC EVs/exosomes depleted for CNP did not
increase MAP2 and B3 tubulin in hippocampal CA1 (Figure 6C-i,ii) of the
damaged Camk2a/DTA mice (DC) (Figures S4C and S5C). We conclude
that elevated CNP is required for EP4 antagonist-elicited MSC GWEVs/
exosomes to promote formation of MAP2/B3 tubulin-positive neurites
in the damaged hippocampus.

The contribution of CNP in the MSC GWEVs/exosomes to an
increase in hippocampal CA1 neurons was also evaluated. Although
shcontrol MSC GWEVs significantly increased the thickness of CA1l
neuron cell body layers of the damaged Camk2a/DTA DC mice
MSC shCNPGWEVs did not elicit recovery of the thickness of the CA1
neuron cell body layer of the damaged Camk2a/DTA DC mice to the level
CNP present in EP, antagonist-elicited MSC GWEVs/exosomes contrib-
utes to the increase of CA1 neurons in the damaged hippocampus in

response to these EVs/exosomes. In conclusion, these experiments dem-
onstrate that exosomal CNP contributed to EP,4 antagonist-elicited MSC
EVs in promoting neuritogenesis and in increasing CA1 neurons of the

damaged hippocampi.

3.10 | EP4antagonist-elicited MSC GWEVs/
exosomes require the presence of elevated CNP as
cargo to exert therapeutic activity for memory and
cognition deficiencies

The reappearance of CA1l neurons is associated with recovery of
learning and memory in mice with damaged brain,”® suggesting
that the GWEV-induced neurogenesis in CA1 may contribute to res-
toration of function in damaged hippocampi. Since knocking down
exosomal CNP abolishes neurogenesis in damaged CA1 of MSC
GWEV-injected mice (Figure 6), we also used CNP-knockdown MSC
GWEVs/exosomes to explore the role of exosomal CNP on restora-
tion of learning, memory, and cognition. To explore the requirement
for elevated exosomal CNP for behavioral therapeutic potential of
EP,4 antagonist-elicited MSC GWEVs/exosomes, Camk2a/DTA mice
with hippocampal damage were injected intracardially with MSC
GWEVs/exosomes prepared from cells expressing shGFP, shcontrol,
shCNP-1, or shCNP-2 (Figure 7A). The mice were then subjected to
NORT, NLRT, and MWM analyses.

Control undamaged DTA mice, mice with previously damaged
hippocampi injected with MSC GW EVs/exosomes, and mice with
previously damaged hippocampi injected with GW EVs/exosomes
prepared from MSCs expressing shGFP all demonstrated preference
for novelty in the NLRT (Figure 7B) and NORT (Figure 7C) tests. In
contrast, mice with previously damaged hippocampi that received
either PBS (DC) or GW EVs/exosomes from EP,4 antagonist-treated
MSCs expressing either shCNP-1 or shCNP-2 did not demonstrate
any preference for novelty in the NLRT or NORT tests (Figure 7B,C
and Figures S6A,B). Reduction of CNP in EP,4 antagonist-elicited MSC
EVs/exosomes decreased the therapeutic potential of the MSC
GWEVs/exosomes for hippocampal damaged mice with these mem-
ory and cognition deficiencies.

Mice with undamaged hippocampi (UC) and Camk2a/DTA mice
with damaged hippocampi (DC) that were injected with MSC GWEVs/
exosomes prepared from cells expressing either shGFP or shcontrol rap-
idly and progressively found the platform in successive trials in MWM
tests at the 3rd, 4th, and 5th day of training (Figure 7D and Figure S6C).
In contrast, the Camk2a/DTA mice injected with PBS (DC) or GWEVs/
exosomes prepared from MSCs expressing either shCNP-1 or shCNP-2
failed to find the platform over the course of the experiments
(Figure 7D and Figure S6C), demonstrating that the elevated CNP pre-
sent in EP4 antagonist-elicited MSC EVs/exosomes is required for the
therapeutic capability exhibited by MSC GWEVs/exosomes for this spa-
tial navigation and memory deficiency analysis. In summary, the data
suggest that MSC GWEV/exosomal CNP is necessary for the therapeu-
tic potential of EP,4 antagonist-elicited MSC EVs/exosomes on memory

and learning deficiencies in mice with damaged hippocampi.
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It should be emphasized that it is likely that many other compo-
nents of the MSC GWEVs/exosomes are also required for the thera-
peutic efficacies demonstrated here. Elimination of other proteins—
and perhaps RNA molecules and small molecule metabolites or signal-
ing molecules—in the MSC GWEVs/exosomes will allow identification
of components that are essential both for normal memory and learn-
ing processes and for therapeutic efficacy of MSC GWEVs/exosomes.
Systematic evaluation of these components may identify a hierarchy
of such molecules for therapeutic efficacy as well as cell-type specific
restoration/regeneration responses for distinct GWEV/exosome

cargo constituents.

4 | DISCUSSION

Many studies suggest paracrine signaling as the primary mechanism of
MSC action, since administration of MSC-secreted molecules can
often convey the biologic effects of MSCs.”?%% Using MSC-secreted
molecules, including -derived EVs/exosomes, for therapy does not
cause many of the difficulties observed with MSC-based therapies,
including complications of cell implantation, ectopic tissue formation,
or unwanted engraftment; consequently, the use of MSC-derived
EVs/exosomes for therapy may attenuate many of the safety con-
cerns related to the use of living stem cells. The therapeutic potential
of basal MSC-derived EV/exosomes, released in normal MSC culture
conditions, for damaged brains has recently been explored by several
groups.8183 However, we found that the basal MSC EVs/exosomes
did not substantially suppress astrogliosis or inflammation,3” did not
promote neuritogenesis (Figures 1-4), and did not restore cognition,
memory, or learning in the damaged hippocampi. In contrast, EP,
antagonist-induced MSC EVs/exosomes suppressed astrogliosis and
inflammation,®”  promoted

neurogenesis and  neuritogenesis

(Figures 1-4), and restored cognition, memory, and learning in the

damaged hippocampi.®”

We demonstrated that EP, antagonist-
induced MSC EVs/exosomes can rescue the deficiencies of cognition,
memory, and learning caused by the damage in hippocampus CA1,
whereas the basal MSC EVs/exosomes could not rescue this brain
dysfunction caused by the damage in the hippocampus. We con-
cluded that EP, antagonist-induced MSC EVs/exosomes have supe-
rior regenerative effects on various aspects of damaged brain,
compared with basal MSC EVs/exosomes.?”

During development, pyramidal neurons in the CA1 region are
generated from progenitors migrating from the ventricular zone
and the SVZ.84 Although hippocampal pyramidal neurons are gen-
erated primarily during embryonic development, several studies
demonstrate that brain injury and disease reactivate this process in
the adult.*?2%85 Adult hippocampal neurogenesis is implicated in
various cognitive and emotional processing abilities.”®8¢ The gen-
eration of new CA1 neurons is associated with a restoration of
learning and memory functions.”® These observations suggest the
promotion of pyramidal cell generation from endogenous progeni-
tors in damaged hippocampi should be a major objective of regen-

erative therapy.
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Systemic administration of EVs/exosomes from both basal MSCs
and EP,4 antagonist-treated MSCs increased DCX-positive neuronal
progenitors in the damaged hippocampal CA1 regions (Figure 4B,C).
These data suggest that EVs/exosomes from both basal MSCs and
EP, antagonist-treated MSCs can promote the recruitment of endoge-
nous progenitors to damaged hippocampal CA1 regions. However, in
contrast to the DCX accumulation in deeper layers of neuronal cell
bodies in damaged hippocampi in response to basal MSC
EV/exosomes, following EP, antagonist-elicited EV/exosome-
administration DCX distributes in superficial newborn neuronal cell
bodies along neurites of deeper newborn neurons (Figure 4C). Pyrami-
dal neurons in hippocampus are generated in an inside-out man-
ner.2%> A mother newborn neuronal progenitor resides in the deeper
layers of hippocampal plate and gives rise to the daughter newborn
cells that migrate along neurites of the mother progenitor to form
superficial layers of the stratum pyramidale.®® DCX is expressed in
newborn neurons and locates at the leading edges of neurites to sta-
bilize microtubules.é*¢78” The preferential distribution of DCX in the
apical neurites of CA1 neurons in the stratum radiatum of the hippo-
campi of mice early after EP4 antagonist-induced MSC EV/exosome
administration suggests roles of EP4; antagonist-induced MSC
EVs/exosomes in promoting further differentiation, that is, neuronal
generation and neuritogenesis from neuronal progenitors in the dam-
aged hippocampal CA1 regions. Consistent with this suggestion, we
observed that thickness of CA1 pyramidal neuron layers and forma-
tion of B3-tubulin/MAP2-positive neurites of CA1 pyramidal neurons
increased at later times in the mice injected with EP4 antagonist-
induced EVs/exosomes (Figures 2F and 3E).

To identify EV/exosome components which may contribute to
the superior regenerative activities of EP, antagonist-elicited MSC
EVs/exosomes in repairing hippocampal damage, we compared the
cargo contents of the basal MSC EVs/exosomes and EP, antagonist-
elicited MSC EVs/exosomes. EP, antagonist-elicited MSC EVs/
exosomes are enriched in proteins associated with lipid rafts, for
example, MSC markers (CD44, CD90, and CD109), the mesenchymal
marker N-cad, and CNP (Figure 5A). Because we previously demon-
strated, in mammary stem cells, that blocking PGE,/EP, signaling pro-
motes protein association with lipid rafts and preferentially increases
sorting of these proteins into released EVs/exosomes,*> we suspected
that EP, antagonism might also increase sorting of lipid raft-
associated proteins into MSC EVs/exosomes and that preferentially
sorted proteins in EP4 antagonist-induced MSC EVs/exosomes might
include components necessary for the superior regenerative potential
of the EVs/exosomes on brain damage.

To initiate an investigation of functional roles of proteins in EP4
antagonist-elicited EVs/exosomes, we decided to eliminate candidate
proteins in the MSCs by shRNA knockdown, produce EP4-induced
GW EVs/exosomes from these cells, and test the resultant GW
EVs/exosomes in their restorative ability for cell-specific functions
and for recovery of learning, cognition, and memory in mice with dam-
aged hippocampi. We begin this study by selecting CNP, an
EV/exosome component that is enriched in GW antagonist-elicited

EVs/exosomes compared with basal EV/exosomes (Figure 5B). CNP
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supports neurite integrity by promoting neurite cytoskeletal
B3-tubulin polymerization at low molar ratios and by converting toxic
2/.3'-cAMP and producing neuroprotective adenosine.*%¢888 2/ 3.
cAMP, derived from mRNA degradation in damaged tissue,®? can
increase mitochondrial permeability; the increased permeability leads
to apoptosis and necrosis of neural cells.”®?* CNP can decrease toxic
2'.3'-cAMP and produce neuroprotective adenosine,” which can sup-
press reactive astrogliosis by limiting excessive astrocyte prolifera-
tion”® and act as an axonal protectant®® in damaged brains. CNP~/~
knockout mice develop axonal degradation with age while their mye-
lin is normal in structure and exhibit both motor and memory
defects.*?3

CNP is highly enriched in EP4; antagonist-elicited MSC
EVs/exosomes (Figure 5B). Reduction of CNP in EP, antagonist-
elicited MSC EVs/exosomes derived from MSCs in which CNP has
been knocked down by the appropriate shRNAs (shCNP-1 and
shCNP-2) decreases the ability of these exosomes to convert toxic
2',3'-cAMP to neuroprotective adenosine in vitro (Figure 5E), to pro-
mote neurite cytoskeletal B3-tubulin  polymerization in vitro
(Figure 5F,G), to promote neuritogenesis/neurogenesis (Figure 6), and
to recover CNS memory, learning, and cognition functions (Figure 7).
These results suggest that the presence of elevated CNP as cargo is
required for the regenerative/therapeutic efficacy of EP, antagonist-
elicited MSC EVs/exosomes. Decreases in CNP expression have been
linked to AD and Down's syndrome.** BDNF increases CNP in the
brains and improves functional recovery and connectivity of animals
with ischemic stroke.”* We observed that, in the EP, antagonist-
elicited MSC EV/exosome-treated damaged brains, the induced DCX-
positive neuronal precursor cells contained CNP protein (Figure S3).
These observations support the suggestion that the increased CNP
present in EP4 antagonist-elicited MSC EVs/exosomes may contribute
to their increased therapeutic efficacy in restoration of function in the
damaged brains.

Here we provide evidence that targeted deletion of MSC compo-
nents prior to eliciting EP, antagonist-induced MSC EVs/exosomes
can identify individual components that restore distinct behavioral,
biochemical, and cellular hippocampal properties. In this way, we
show that the elevated CNP in EP,; antagonist-induced MSC
EVs/exosomes is necessary for their ability to promote neuritogenesis
and neurogenesis in damaged brain and for functional recovery of
memory, cognition, and learning in an experimental paradigm. Ele-
vated levels of IL-2, IL-10, N-cad, CD44, CD90, and CD109 are also
present in EP4 antagonist-induced MSC EV/exosomes (Figure 5A).%
The presence of MSC EV/exosome cargo for cell targeting (eg, for
wounded tissues®), suppressing inflammation, or blood-brain barrier
restoration can also be examined by reduction of candidate cargo
components in MSCs followed by EV/exosome production and test-
ing in appropriate animal models.

ACKNOWLEDGMENTS

The work was supported by grants from National Health Research
Institutes (CS-106-PP-13, CS-107-PP-13, CS-108-PP-13 H.-J.L.)
and from Ministry of Science and Technology (MOST 106-2321-B-

400-008, 107-2321-B-400-005, 108-2321-B-400-002 I.-M.C./H.-
J.L).

CONFLICT OF INTEREST
The authors indicated no potential conflicts of interest.

AUTHOR CONTRIBUTIONS

S.-Y.C.: conception and design, collection and/or assembly of data,
data analysis and interpretation, manuscript writing; M.-c.L., J.-S.T.:
collection and/or assembly of data, data analysis and interpretation;
P.-L.H., W.-T.L.: collection and/or assembly of data; |.-M.C.: data anal-
ysis and interpretation, financial support; H.R.H.: conception and
design, data analysis and interpretation, manuscript writing; H.-J.L.:
conception and design, collection and/or assembly of data, data analy-
sis and interpretation, manuscript writing, financial support, adminis-

trative support, final approval of manuscript.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID
Hua-Jung Li "= https://orcid.org/0000-0002-6041-3873
REFERENCES

1. Hayashi K, Kubo K, Kitazawa A, et al. Cellular dynamics of neuronal
migration in the hippocampus. Front Neurosci. 2015;9:135.

2. Morris RG, Garrud P, Rawlins JN, et al. Place navigation impaired in
rats with hippocampal lesions. Nature. 1982;297:681-683.

3. Kirino T. Delayed neuronal death in the gerbil hippocampus following
ischemia. Brain Res. 1982;239:57-69.

4. Pulsinelli WA, Brierley JB, Plum F. Temporal profile of neuronal dam-
age in a model of transient forebrain ischemia. Ann Neurol. 1982;11:
491-498.

5. Woon FL, Sood S, Hedges DW. Hippocampal volume deficits associ-
ated with exposure to psychological trauma and posttraumatic stress
disorder in adults: a meta-analysis. Prog Neuropsychopharmacol Biol
Psychiatry. 2010;34:1181-1188.

6. Haughey NJ, Nath A, Chan SL, Borchard AC, Rao MS, Mattson MP.
Disruption of neurogenesis by amyloid beta-peptide, and perturbed
neural progenitor cell homeostasis, in models of Alzheimer's disease.
J Neurochem. 2002;83:1509-1524.

7. West MJ, Kawas CH, Martin LJ, Troncoso JC. The CA1 region of the
human hippocampus is a hot spot in Alzheimer's disease. Ann N Y
Acad Sci. 2000;908:255-259.

8. Camicioli R, Moore MM, Kinney A, Corbridge E, Glassberg K, Kaye JA.
Parkinson's disease is associated with hippocampal atrophy. Mov Dis-
ord. 2003;18:784-790.

9. Calabresi P, Castrioto A, Di Filippo M, et al. New experimental and
clinical links between the hippocampus and the dopaminergic system
in Parkinson's disease. Lancet Neurol. 2013;12:811-821.

10. Bartsch T, Dohring J, Rohr A, Jansen O, Deuschl G. CA1 neurons in
the human hippocampus are critical for autobiographical memory,
mental time travel, and autonoetic consciousness. Proc Natl Acad Sci
USA.2011;108:17562-17567.

11. Kerchner GA, Deutsch GK, Zeineh M, Dougherty RF, Saranathan
M, Rutt BK. Hippocampal CA1 apical neuropil atrophy and memory
performance in Alzheimer's disease. Neuroimage. 2012;63:
194-202.


https://orcid.org/0000-0002-6041-3873
https://orcid.org/0000-0002-6041-3873

EXOSOMAL CNP PROMOTES RECOVERY OF DAMAGED BRAIN

STEM CELLS 515

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Fouquet M, Desgranges B, La Joie R, et al. Role of hippocampal CA1
atrophy in memory encoding deficits in amnestic mild cognitive
impairment. Neuroimage. 2012;59:3309-3315.

Ming GL, Song H. Adult neurogenesis in the mammalian brain:
significant answers and significant questions. Neuron. 2011;70:
687-702.

Kuhn HG, Dickinson-Anson H, Gage FH. Neurogenesis in the dentate
gyrus of the adult rat: age-related decrease of neuronal progenitor
proliferation. J Neurosci. 1996;16:2027-2033.

Gould E, Gross CG. Neurogenesis in adult mammals: some progress
and problems. J Neurosci. 2002;22:619-623.

Dayer AG, Cleaver KM, Abouantoun T, Cameron HA. New
GABAergic interneurons in the adult neocortex and striatum are
generated from different precursors. J Cell Biol. 2005;168:415-427.
Zhao M, Momma S, Delfani K, et al. Evidence for neurogenesis in the
adult mammalian substantia nigra. Proc Natl Acad Sci U S A. 2003;
100:7925-7930.

Schultze B, Korr H. Cell kinetic studies of different cell types in the
developing and adult brain of the rat and the mouse: a review. Cell
Tissue Kinet. 1981;14:309-325.

Sharp FR, Liu J, Bernabeu R. Neurogenesis following brain ischemia.
Brain Res Dev Brain Res. 2002;134:23-30.

Schmidt W, Reymann KG. Proliferating cells differentiate into neu-
rons in the hippocampal CA1 region of gerbils after global cerebral
ischemia. Neurosci Lett. 2002;334:153-156.

Yamamoto S, Yamamoto N, Kitamura T, Nakamura K, Nakafuku M.
Proliferation of parenchymal neural progenitors in response to injury
in the adult rat spinal cord. Exp Neurol. 2001;172:115-127.
Yoshimura S, Takagi Y, Harada J, et al. FGF-2 regulation of neuro-
genesis in adult hippocampus after brain injury. Proc Natl Acad Sci U S
A. 2001;98:5874-5879.

Jin K, Peel AL, Mao XO, et al. Increased hippocampal neurogenesis
in Alzheimer's disease. Proc Natl Acad Sci U S A. 2004;101:
343-347.

Fallon J, Reid S, Kinyamu R, et al. In vivo induction of massive prolif-
eration, directed migration, and differentiation of neural cells in the
adult mammalian brain. Proc Natl Acad Sci U S A. 2000;97:14686-
14691.

Magavi SS, Leavitt BR, Macklis JD. Induction of neurogenesis in the
neocortex of adult mice. Nature. 2000;405:951-955.

Lichtenwalner RJ, Parent JM. Adult neurogenesis and the ischemic
forebrain. J Cereb Blood Flow Metab. 2006;26:1-20.

Craig CG, Tropepe V, Morshead CM, Reynolds BA, Weiss S, van der
Kooy D. In vivo growth factor expansion of endogenous sub-
ependymal neural precursor cell populations in the adult mouse brain.
J Neurosci. 1996;16:2649-2658.

Kuhn HG, Winkler J, Kempermann G, Thal LJ, Gage FH. Epidermal
growth factor and fibroblast growth factor-2 have different effects
on neural progenitors in the adult rat brain. J Neurosci. 1997;17:
5820-5829.

Pencea V, Bingaman KD, Wiegand SJ, Luskin MB. Infusion of brain-
derived neurotrophic factor into the lateral ventricle of the
adult rat leads to new neurons in the parenchyma of the striatum,
septum, thalamus, and hypothalamus. J Neurosci. 2001;21:6706-
6717.

Jin K, Mao XO, Sun Y, et al. Heparin-binding epidermal growth factor-
like growth factor: hypoxia-inducible expression in vitro and stimula-
tion of neurogenesis in vitro and in vivo. J Neurosci. 2002;22:5365-
5373.

Jin K, Zhu Y, Sun Y, Mao XO, Xie L, Greenberg DA. Vascular endothe-
lial growth factor (VEGF) stimulates neurogenesis in vitro and in vivo.
Proc Natl Acad Sci U S A. 2002;99:11946-11950.

Nakatomi H, Kuriu T, Okabe S, et al. Regeneration of hippocampal
pyramidal neurons after ischemic brain injury by recruitment of
endogenous neural progenitors. Cell. 2002;110:429-441.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

# TRANSLATIONAL MEDICINE

van Velthoven CT, Sheldon RA, Kavelaars A, et al. Mesenchymal stem
cell transplantation attenuates brain injury after neonatal stroke.
Stroke. 2013;44:1426-1432.

Lunn JS, Sakowski SA, Hur J, Feldman EL. Stem cell technology for
neurodegenerative diseases. Ann Neurol. 2011;70:353-361.

Lee RH, Pulin AA, Seo MJ, et al. Intravenous hMSCs improve myocar-
dial infarction in mice because cells embolized in lung are activated to
secrete the anti-inflammatory protein TSG-6. Cell Stem Cell. 2009;5:
54-63.

Caplan Al, Dennis JE. Mesenchymal stem cells as trophic mediators.
J Cell Biochem. 2006;98:1076-1084.

Chen SY, Lin MC, Tsai JS, et al. EP4 antagonist-elicited extracellular
vesicles from mesenchymal stem cells rescue cognition/learning defi-
ciencies by restoring brain cellular functions. Stem Cells Translational
Medicine. 2019;8:707-723.

Nishizawa Y, Kurihara T, Takahashi Y. Immunohistochemical localiza-
tion of 2/, 3'-cyclic nucleotide 3’-phosphodiesterase in the central
nervous system. Brain Res. 1981;212:219-222.

Sprinkle TJ. 2/,3-cyclic nucleotide 3'-phosphodiesterase, an
oligodendrocyte-Schwann cell and myelin-associated enzyme of the
nervous system. Crit Rev Neurobiol. 1989;4:235-301.

Lappe-Siefke C, Goebbels S, Gravel M, et al. Disruption of Cnpl
uncouples oligodendroglial functions in axonal support and mye-
lination. Nat Genet. 2003;33:366-374.

Rasband MN, Tayler J, Kaga Y, et al. CNP is required for maintenance
of axon-glia interactions at nodes of Ranvier in the CNS. Glia. 2005;
50:86-90.

Sandell JH, Peters A. Disrupted myelin and axon loss in the anterior
commissure of the aged rhesus monkey. J Comp Neurol. 2003;466:
14-30.

Hinman JD, Peters A, Cabral H, et al. Age-related molecular reorgani-
zation at the node of Ranvier. J Comp Neurol. 2006;495:351-362.
Vlkolinsky R, Cairns N, Fountoulakis M, et al. Decreased brain levels
of 2/,3'-cyclic nucleotide-3’-phosphodiesterase in Down syndrome
and Alzheimer's disease. Neurobiol Aging. 2001;22:547-553.

Lin MC, Chen SY, Tsai HM, et al. PGE2 /EP4 signaling controls the
transfer of the mammary stem cell state by lipid rafts in extracellular
vesicles. Stem Cells. 2017;35:425-444.

Ho SY, Chao CY, Huang HL, Chiu TW, Charoenkwan P, Hwang E.
Neurphology J: an automatic neuronal morphology quantification
method and its application in pharmacological discovery. BMC Bioin-
formatics. 2011;12:230.

Sultan FA. Dissection of different areas from mouse Hippocampus.
Bio Protoc. 2013;3:€955.

Cortes-Campos C, Letelier J, Ceriani R, Whitlock KE. Zebrafish adult-
derived hypothalamic neurospheres generate gonadotropin-releasing
hormone (GnRH) neurons. Biol Open. 2015;4:1077-1086.

Nasser M, Ballout N, Mantash S, et al. Transplantation of embryonic
neural stem cells and differentiated cells in a controlled cortical
impact (CCl) model of adult mouse somatosensory cortex. Front Neu-
rol. 2018;9:895.

Ariff IM, Thounaojam MC, Das S, Basu A. Japanese encephalitis virus
infection alters both neuronal and astrocytic differentiation of
neural stem/progenitor cells. J Neuroimmune Pharmacol. 2013;8:
664-676.

Kirkham M, Hameed LS, Berg DA, Wang H, Simon A. Progenitor cell
dynamics in the newt telencephalon during homeostasis and neuronal
regeneration. Stem Cell Rep. 2014;2:507-519.

Olson HE, Rooney GE, Gross L, et al. Neural stem cell- and
Schwann cell-loaded biodegradable polymer scaffolds support axo-
nal regeneration in the transected spinal cord. Tissue Eng Part A.
2009;15:1797-1805.

Singec |, Knoth R, Meyer RP, et al. Defining the actual sensitivity and
specificity of the neurosphere assay in stem cell biology. Nat Methods.
2006;3:801-806.



516

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

STEM CELLS

CHEN ET AL

¥ TRANSLATIONAL MEDICINE

Roskams AJ, Cai X, Ronnett GV. Expression of neuron-specific beta-
Il tubulin during olfactory neurogenesis in the embryonic and adult
rat. Neuroscience. 1998;83:191-200.

Mizuseki K, Diba K, Pastalkova E, Buzsaki G. Hippocampal CA1 pyra-
midal cells form functionally distinct sublayers. Nat Neurosci. 2011;
14:1174-1181.

Cerbai F, Lana D, Nosi D, et al. The neuron-astrocyte-microglia triad
in normal brain ageing and in a model of neuroinflammation in the rat
hippocampus. PLoS One. 2012;7:e45250.

Ito S, Magalska A, Alcaraz-lborra M, et al. Loss of neuronal 3D chro-
matin organization causes transcriptional and behavioural deficits
related to serotonergic dysfunction. Nat Commun. 2014;5:4450.

Sui Y, Horne MK, Stanic D. Reduced proliferation in the adult mouse
subventricular zone increases survival of olfactory bulb interneurons.
PLoS One. 2012;7:€31549.

Korzhevskii DE, Karpenko MN, Kirik OV. Microtubule associated pro-
teins as indicators of differentiation and the functional state of nerve
cells. Neurosci Behav Physiol. 2012;42:215-222.

Yamanouchi H, Jay V, Otsubo H, Kaga M, Becker LE, Takashima S.
Early forms of microtubule-associated protein are strongly expressed
in cortical dysplasia. Acta Neuropathol. 1998;95:466-470.
Couillard-Despres S, Winner B, Schaubeck S, et al. Doublecortin
expression levels in adult brain reflect neurogenesis. Eur J Neurosci.
2005;21:1-14.

D'Alessio L, Konopka H, Lopez EM, et al. Doublecortin (DCX) immu-
noreactivity in hippocampus of chronic refractory temporal lobe
epilepsy patients with hippocampal sclerosis. Seizure. 2010;19:
567-572.

Plumpe T, Ehninger D, Steiner B, et al. Variability of doublecortin-
associated dendrite maturation in adult hippocampal neurogenesis is
independent of the regulation of precursor cell proliferation. BMC
Neurosci. 2006;7:77.

Rao MS, Shetty AK. Efficacy of doublecortin as a marker to
analyse the absolute number and dendritic growth of newly gener-
ated neurons in the adult dentate gyrus. Eur J Neurosci. 2004;19:
234-246.

Xu HT, Han Z, Gao P, et al. Distinct lineage-dependent structural and
functional organization of the hippocampus. Cell. 2014;157:1552-
1564.

Gleeson JG, Lin PT, Flanagan LA, Walsh CA. Doublecortin is a
microtubule-associated protein and is expressed widely by migrating
neurons. Neuron. 1999;23:257-271.

Friocourt G, Koulakoff A, Chafey P, et al. Doublecortin functions at
the extremities of growing neuronal processes. Cereb Cortex. 2003;
13:620-626.

Bifulco M, Laezza C, Stingo S, Wolff J. 2/,3'-cyclic nucleotide 3'-phos-
phodiesterase: a membrane-bound, microtubule-associated protein
and membrane anchor for tubulin. Proc Natl Acad Sci U S A. 2002;99:
1807-1812.

Kim T, Pfeiffer SE. Myelin glycosphingolipid/cholesterol-enriched
microdomains selectively sequester the non-compact myelin proteins
CNP and MOG. J Neurocytol. 1999;28:281-293.

Causeret M, Taulet N, Comunale F, Favard C, Gauthier-Rouviére C.
N-cadherin association with lipid rafts regulates its dynamic assembly
at cell-cell junctions in C2C12 myoblasts. Mol Biol Cell. 2005;16:
2168-2180.

de Mello Coelho V, Nguyen D, Giri B, Bunbury A, Schaffer E,
Taub DD. Quantitative differences in lipid raft components between
murine CD4+ and CD8+ T cells. BMC Immunol. 2004;5:2.

Oliferenko S, Paiha K, Harder T, et al. Analysis of CD44-containing
lipid rafts: recruitment of annexin Il and stabilization by the Actin
cytoskeleton. J Cell Biol. 1999;146:843-854.

Raasakka A, Kursula P. The myelin membrane-associated enzyme
2',3'-cyclic nucleotide 3’'-phosphodiesterase: on a highway to struc-
ture and function. Neurosci Bull. 2014;30:956-966.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Gomes CV, Kaster MP, Tome AR, et al. Adenosine receptors and brain
diseases: neuroprotection and neurodegeneration. Biochim Biophys
Acta. 2011;1808:1380-1399.

de Mendonca A, Sebastiao AM, Ribeiro JA. Adenosine: does it have a
neuroprotective role after all? Brain Res Brain Res Rev. 2000;33:258-274.
Ciccarelli R, Ballerini P, Sabatino G, et al. Involvement of astrocytes in
purine-mediated reparative processes in the brain. Int J Dev Neurosci.
2001;19:395-414.

Lee J, Gravel M, Zhang R, Thibault P, Braun PE. Process outgrowth in
oligodendrocytes is mediated by CNP, a novel microtubule assembly
myelin protein. J Cell Biol. 2005;170:661-673.

Bendel O, Bueters T, von Euler M, Ogren SO, Sandin J, von Euler G.
Reappearance of hippocampal CA1 neurons after ischemia is associ-
ated with recovery of learning and memory. J Cereb Blood Flow Metab.
2005;25:1586-1595.

Phinney DG, Prockop DJ. Concise review: mesenchymal stem/
multipotent stromal cells: the state of transdifferentiation and modes
of tissue repair—current views. Stem Cells. 2007;25:2896-2902.

van Poll D, Parekkadan B, Cho CH, et al. Mesenchymal stem cell-
derived molecules directly modulate hepatocellular death and regen-
eration in vitro and in vivo. Hepatology. 2008;47:1634-1643.

Nakano M, Nagaishi K, Konari N, et al. Bone marrow-derived mesen-
chymal stem cells improve diabetes-induced cognitive impairment by
exosome transfer into damaged neurons and astrocytes. Sci Rep.
2016;6:24805.

Xin H, Li Y, Cui Y, Yang JJ, Zhang ZG, Chopp M. Systemic administra-
tion of exosomes released from mesenchymal stromal cells promote
functional recovery and neurovascular plasticity after stroke in rats.
J Cereb Blood Flow Metab. 2013;33:1711-1715.

Zhang Y, Chopp M, Meng Y, et al. Effect of exosomes derived from
multipluripotent mesenchymal stromal cells on functional recovery
and neurovascular plasticity in rats after traumatic brain injury.
J Neurosurg. 2015;122:856-867.

Kitazawa A, Kubo K, Hayashi K, Matsunaga Y, Ishii K, Nakajima K.
Hippocampal pyramidal neurons switch from a multipolar migration
mode to a novel "climbing" migration mode during development.
J Neurosci. 2014;34:1115-1126.

Daval JL, Pourie G, Grojean S, et al. Neonatal hypoxia triggers tran-
sient apoptosis followed by neurogenesis in the rat CA1 hippocam-
pus. Pediatr Res. 2004;55:561-567.

Deng W, Aimone JB, Gage FH. New neurons and new memories:
how does adult hippocampal neurogenesis affect learning and mem-
ory? Nat Rev Neurosci. 2010;11:339-350.

Horesh D, Sapir T, Francis F, et al. Doublecortin, a stabilizer of micro-
tubules. Hum Mol Genet. 1999;8:1599-1610.

Kramer-Albers EM, Bretz N, Tenzer S, et al. Oligodendrocytes secrete
exosomes containing major myelin and stress-protective proteins: tro-
phic support for axons? Proteomics Clin Appl. 2007;1:1446-1461.

Ren J, Mi Z, Stewart NA, Jackson EK. Identification and quantification of
2',3'-cAMP release by the kidney. J Pharmacol Exp Ther. 2009;328:
855-865.

Kroemer G, Galluzzi L, Brenner C. Mitochondrial membrane
permeabilization in cell death. Physiol Rev. 2007;87:99-163.
Azarashvili T, Krestinina O, Galvita A, et al. Ca2+—dependent perme-
ability transition regulation in rat brain mitochondria by 2',3'-cyclic
nucleotides and 2/,3'-cyclic nucleotide 3’-phosphodiesterase.
Am J Physiol Cell Physiol. 2009;296:C1428-C1439.

Fern R, Waxman SG, Ransom BR. Modulation of anoxic injury in CNS
white matter by adenosine and interaction between adenosine and
GABA. J Neurophysiol. 1994;72:2609-2616.

Wieser GL, Gerwig UC, Adamcio B, et al. Neuroinflammation in white
matter tracts of Cnpl mutant mice amplified by a minor brain injury.
Glia. 2013;61:869-880.

Ramos-Cejudo J, Gutierrez-Fernandez M, Otero-Ortega L, et al.
Brain-derived  neurotrophic  factor administration  mediated



EXOSOMAL CNP PROMOTES RECOVERY OF DAMAGED BRAIN

4 STEM CELLS

oligodendrocyte differentiation and myelin formation in subcortical
ischemic stroke. Stroke. 2015;46:221-228.

95. Zhu H, Mitsuhashi N, Klein A, et al. The role of the hyaluronan recep-
tor CD44 in mesenchymal stem cell migration in the extracellular
matrix. Stem Cells. 2006;24:928-935.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section at the end of this article.

TRANSLATIONAL MEDICINE

How to cite this article: Chen S-Y, Lin M-c, Tsai J-S, et al.
Exosomal 2/,3’-CNP from mesenchymal stem cells promotes
hippocampus CA1 neurogenesis/neuritogenesis and
contributes to rescue of cognition/learning deficiencies of
damaged brain. STEM CELLS Transl Med. 2020;9:499-517.
https://doi.org/10.1002/sctm.19-0174

517


https://doi.org/10.1002/sctm.19-0174

	Exosomal 2,3-CNP from mesenchymal stem cells promotes hippocampus CA1 neurogenesis/neuritogenesis and contributes to rescue...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Cell culture
	2.2  EV/exosome isolation
	2.3  Neuron differentiation
	2.4  Sphere formation assay
	2.5  Sphere staining
	2.6  β3-tubulin polymerization
	2.7  Immunofluorescence studies on cells
	2.8  Animal experiments
	2.9  Tissue preparation and immunofluorescence for tissue sections
	2.10  BrdU incorporation
	2.11  Western blotting
	2.12  Creation of CNP knockdown EVs/exosomes
	2.13  CNP assay
	2.14  Animal behavior examination
	2.15  Statistical analysis

	3  RESULTS
	3.1  EP4 antagonist-induced MSC EVs/exosomes promote the formation of neurospheres in cell culture
	3.2  EP4 antagonist-induced MSC EVs/exosomes promote neuritogenesis in cell culture
	3.3  EP4 antagonist-elicited MSC EVs/exosomes increase CA1 neurons in the damaged hippocampus
	3.4  EP4 antagonist-induced MSC EVs/exosomes do not affect the number of SOX2-positive neural stem cells in the damaged hip...
	3.5  EP4 antagonist-elicited MSC GWEVs/exosomes promote neuritogenesis of CA1 neurons in the damaged hippocampus
	3.6  EP4 antagonist-elicited MSC GWEVs/exosomes increase DCX-positive neurons/neuronal precursor cells in the damaged hippo...
	3.7  EP4 antagonist elicits MSC release, via EVs, of 2,3-CNP
	3.8  CNP in EP4 antagonist-induced MSC GWEV/exosomes enhances conversion of 2, 3-cAMP to adenosine and promotion of β3-tubu...
	3.9  Exosomal CNP contributes to EP4 antagonist-induced MSC GWEV/exosome promoted neuritogenesis of CA1 neurons in the dama...
	3.10  EP4 antagonist-elicited MSC GWEVs/exosomes require the presence of elevated CNP as cargo to exert therapeutic activit...

	4  DISCUSSION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


