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Abstract

Stromal cell-derived factor-1 and its receptor CXCR4 are essential regulators of the neurogenesis that occurs in the adult hippocampal
dentate gyrus. However, the effects of CXCR?7, a new atypical receptor of stromal cell-derived factor-1, on hippocampal neurogenesis after
a stroke remain largely unknown. Our study is the first to investigate the effect of a CXCR7-neutralizing antibody on neurogenesis in the
dentate gyrus and the associated recovery of cognitive function of rats in the chronic stage of cerebral ischemia. The rats were randomly
divided into sham, sham + anti-CXCR7, ischemia and ischemia + anti-CXCR?7 groups. Endothelin-1 was injected in the ipsilateral motor
cortex and striatum to induce focal cerebral ischemia. Sham group rats were injected with saline instead of endothelin-1 via intracranial in-
jection. Both sham and ischemic rats were treated with intraventricular infusions of CXCR7-neutralizing antibodies for 6 days 1 week after
surgery. Immunofluorescence staining with doublecortin, a marker for neuronal precursors, was performed to assess the neurogenesis in
the dentate gyrus. We found that anti-CXCR7 antibody infusion enhanced the proliferation and dendritic development of doublecortin-la-
beled cells in the dentate gyrus in both ischemic and sham-operated rats. Spatial learning and memory functions were assessed by Morris
water maze tests 30-32 days after ischemia. CXCR7-neutralizing antibody treatment significantly reduced the escape latency of the spatial
navigation trial and increased the time spent in the target quadrant of spatial probe trial in animals that received ischemic insult, but not in
sham operated rats. These results suggest that CXCR7-neutralizing antibody enhances the neurogenesis in the dentate gyrus and improves
the cognitive function after cerebral ischemia in rats. All animal experimental protocols and procedures were approved by the Institutional
Animal Care and Use Committee of China Medical University (CMU16089R) on December 8, 2016.
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Introduction

The subgranular zone of the dentate gyrus (DG) and the
subventricular zone of the olfactory bulb are two brain re-
gions that all through life produce new neurons that go on
to form synaptic contacts with the existing neural circuitry
(Kempermann et al., 2015). Adult neurogenesis of the gran-
ule neurons in DG correlates with learning and memory and
includes proliferation of neural progenitor cells, migration,
differentiation and network integration of the new neurons.
Many types of physiological and pathological stimulation
influence the adult neurogenesis, including exercise (Liu and
Nusslock, 2018), exogenous insult induced brain injury and
stroke (Jin et al., 2001; Cheng et al., 2017).

Stromal cell-derived factor-1 (SDF-1) is a chemoattractant
chemokine that has six variants (Peyvandi et al., 2018). SDF-
la is the main isoform that exists in many cell types and
tissues in the central nervous system (Guyon, 2014). SDF-1
plays important roles in cell proliferation, migration, differ-
entiation and maturation, as well as angiogenesis after isch-
emic stroke (Li et al., 2014). Many reports indicate that SDF-
1 and its receptor, CXCR4, can regulate neurogenesis in the
DG, in both normal and ischemic animals (Cui et al., 2013;
Schultheiss et al., 2013; Zhao et al., 2015). Recently, it has
been reported that SDF-1 also binds to CXCR7 (also known
as RCD1 or ACKR3), a new atypical chemokine receptor of
SDF-1, with a 10-fold greater affinity than CXCR4. CXCR?7 is
widely expressed in neural stem progenitor cells, immature
neurons and mature granule neurons in the DG, pyrami-
dal cells in CA3 as well as blood vessels in the adult brain
(Balabanian et al., 2005; Schonemeier et al., 2008; Luker et
al., 2010; Banisadr et al., 2015). A study revealed that the ex-
pression levels of both SDF-1 and CXCR7, but not CXCR4,
are increased in the peri-infarction area of ischemic cerebral
cortex (Zhang et al., 2018), suggesting that SDF-1 binds to
CXCRY7, rather than CXCR4, to modulate repair of the brain
after a stroke.

This study explored the effect of anti-CXCR?7 antibody
infusion on the proliferation and dendritic development of
immature neurons in the DG as well as on the recovery of
cognitive functional in rats during the chronic stage follow-
ing focal ischemia.

Materials and Methods

Animals

Forty adult male Wistar rats aged 8 weeks weighing 200-250
g were provided by Beijing Vital River Laboratory Animal
Technology Co., Ltd., Beijing, China (license No. SCXK
(Liao) 2008-0005). Rats were randomly divided into sham
group (sham operation, n = 8), sham + anti-CXCR7 group
(another sham operated group but treated with anti-CXCR7
antibody, n = 8), ischemia group (n = 12), and ischemia +
anti-CXCR7 group (rats were treated with anti-CXCR7 anti-
body after ischemia, n = 12). The rats were housed in groups
of up to five rats per cage and allowed access to food and
water freely in an environment with controlled humidity and
temperature.
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All animal experimental protocols and procedures were ap-
proved by the Institutional Animal Care and Use Committee
of China Medical University (CMU16089R) on December 8,
2016. The experimental procedure followed the United States
National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 85-23, revised
1996). Precautions were taken to minimize the number and
suffering of animals used in each experiment.

Endothelin-1 stroke models

The sequence of experimental protocol is summarized in
Figure 1. Anesthesia was conducted by isoflurane inhalation
(using compressed air as carrier at 4.5% and then maintained
at 1-2%. Endothelin-1 (ET-1, 100 pg) (Tocris, MN, USA)
was dissolved in 200 L sterile saline. In accordance with the
previous study (Windle et al., 2006), ET-1 was administrated
stereo-tactically with a Hamilton microsyringe into the brain
at coordinates (three sites represent the stereotactic region of
the striatum and the motor cortex): (1) anteroposterior (AP)
+0.7 mm, mediolateral (ML) +2.2 mm, dorsoventral (DV)
—2.0 mm; (2) AP +2.3 mm, ML +2.5 mm, DV -2.5 mm; (3)
AP +0.7 mm, ML +3.8mm, DV —5.8 mm (2 pL per site). Sa-
line, instead of ET-1, was injected at the same coordinates in
the sham-operated rats. The ischemia model was considered
to be successful if the right upper limb of the rat flexed to the
chest when it was overhung by its tail, or rotated to the right
while walking, when observed 24 hours later.

Intraventricular administration of anti-CXCR?7 antibody
Seven days after the ischemia and sham surgery, to neutralize
CXCR?7 signaling was neutralized by the anti-CXCR7 antibody
(anti-GPCR-RDC-1, Abcam, Cambridge, UK) (0.5 pg/pL), di-
luted in sterile saline, and injected stereo-tactically into the lat-
eral ventricle (AP —0.8 mm, ML +1.5 mm) via a microinjection
system (RWD Life Science Co., Ltd., Shenzhen, China) once a
day for 6 consecutive days (3.5 uL per day).

Morris water maze test

On post-ischemia days 30-32, the learning and memory
functions were evaluated in a spatial navigation trial using
the Morris water maze test, as described previously (Ch-
uansheng et al., 2009). Escape latency (time to reach the
platform within 120 seconds) was used to evaluate the ac-
quisition of the water maze task. Eight rats from each group
were tested (Figure 1). On the last day of the test period, the
platform was removed to conduct the spatial probe trail. The
rats were allowed to swim in the pool within 60 seconds,
and the time percentage spent in the target quadrant was
analyzed to allow semi-quantification of the search pattern
of the rats (Zhao et al., 2013a, 2015). All behavioral analysis
was performed blindly.

Tissue preparation and immunofluorescence staining

Thirty-three days after stroke, the animals were euthanized
by inhalation of isoflurane until there was no response to
a tail pinch. They were then perfused transcardially with
physiological saline, then 4% paraformaldehyde before de-



Dong BC, Li MX, Wang XY, Cheng X, Wang Y, Xiao T, Jolkkonen ], Zhao CS, Zhao SS (2020) Effects of CXCR7-neutralizing antibody on neurogenesis in the
hippocampal dentate gyrus and cognitive function in the chronic phase of cerebral ischemia. Neural Regen Res 15(6):1079-1085. doi:10.4103/1673-5374.270416

capitation. The brains were dissected out and post-fixed in 4%
paraformaldehyde at 4°C overnight, then dehydrated in 30%
sucrose solution until the brain sank. Finally the samples
were cut into 35-um-thick coronal sections with a cryostat
(Model CM 1950; Leica, Munich, Germany). Free-floating
sections were stained by immunofluorescent staining in ac-
cordance with a previous study (Sebastian et al., 2007). The
brain slices were blocked in 5% goat serum (diluted with
blocking buffer) for 90 minutes, followed by incubation with
Guinea pig anti-DCX antibody (1:500; Millipore, Billerica,
MA, USA) overnight at 4°C. After washing with 0.01 M
phosphate buffered saline for 10 minutes, all sections were
incubated with Fluor 488 conjugated goat anti-guinea pig
IgG (1:400; Invitrogen, Carlsbad, CA, USA) for 2 hours in
the dark. Afterwards, all sections were mounted with anti-
fade mounting medium (Beyotime Biotechnology, Beijing,
China). All immunohistochemistry analysis was performed
blindly.

Measurement of infarct volume

To measure the infarct volume, 33 days after cerebral isch-
emia, brain sections from 4.5 mm anterior to the bregma to
7.5 mm posterior to the bregma were collected and stained
with Nissl staining (Baldauf and Reymann, 2005). Sections
on both the ipsilateral and contralateral hemispheres were
measured with 1.51w Image] software (NIH, Bethesda, MD
USA). The total infarct volume was calculated by multiply-
ing the infarction areas (contralateral cortex area — spared
ipsilateral cortex area) with the distance between sections
(Swanson et al., 1990). The analysis was performed blindly.

Quantification of the proliferation and dendritic
development of DCX-labeling cells in the DG

At 33 days after focal cerebral ischemia, immunofluorescence
staining with doublecortin (DCX), a marker for neuronal
precursors, was conducted to assess the neurogenesis in DG.
Five sections in every sixth slice through the DG of each rat
were viewed on a confocal microscope (FV 1000; Olympus,
Tokyo, Japan) with a 10x objective. The number of DCX-la-
beling cells on every section was counted by Cell Counter
(NIH Image]) and averaged. Three DCX-labeling cells that
had largely intact dendritic trees were randomly selected
from each section. Z-series stacks of confocal pictures were
obtained under a 40x objective. The total dendritic length of
the DCX-labeling cells was measured by reconstructing and
tracing the images using NIH Image] software (Zhao et al.,
2015).

Statistical analysis

All data are presented as the mean + SEM. Statistical analy-
ses were conducted using SPSS 21.0 software (IBM, Chicago,
NY, USA). The number and the total dendritic length of the
DCX-labeling cells, as well as the data in the probe trail,
were analyzed by one-way analysis of variance followed by
the least significant difference and Dunnett T3 post hoc test.
The data of the spatial navigation trial were analyzed with
analysis of variance for repeated measures followed by the

least significant difference post hoc tests. The differences in
infarct volume were analyzed using paired sample ¢-test. P <
0.05 was considered statistically significant.

Results

Anti-CXCR?7 antibody improves cognitive behavioral
recovery in water maze test after cerebral ischemia

The results of the spatial navigation trials showed an overall
group effect in escape latency (F; ,5 = 8.329; P = 0.001), but
the difference in swimming speed was not significant (F; ,
= 0.566; P > 0.05), indicating that different abilities of ani-
mals in the trial were not the result of motor impairments.
All groups initially demonstrated higher escape latencies,
which gradually reduced over time. The escape latency of
ischemia group was significantly longer than either in the
sham group (P < 0.01) or sham + anti-CXCR7 group (P <
0.05). Administration of CXCR7-neutralizing antibody sig-
nificantly reduced the escape latency in the ischemic rats (P
< 0.05). The results of escape latency showed no difference
between the sham and anti-CXCR?7 antibody-treated sham
rat groups (P > 0.05; Figure 2A). In the spatial probe trial,
the ischemic rats spent significantly more time in the target
quadrant after CXCR7-neutralization (P < 0.01). There was
no significant difference between the sham group and sham
+ anti-CXCR?7 antibody group results of the probe trial (P >
0.05; Figure 2B). These differences in the learning and mem-
ory abilities to find the platform were reflected in the swim
paths (Figure 2C).

Anti-CXCR?7 antibody has no effect on the infarct volume
after cerebral ischemia in rats

Among the 24 rats that were injected with ET-1, 6 rats were
excluded, 3 died before testing and another 3 failed the isch-
emia model criteria. Nissl staining (Figure 3) was used 33
days after the ischemic insult and the infarct volumes were
measured. The results showed the difference between the
ischemia group (127.90 + 12.86 mm®) and the ischemia +
anti-CXCR?7 group (108.70 + 15.55 mm?®) was not significant
(P > 0.05; Figure 3). No damage was observed in either the
sham group or the sham + anti-CXCR?7 group.

Anti-CXCR?7 antibody enhances the proliferation and
dendritic development of DCX-labeling cells in the DG
The number of DCX-labeled cells, which indicates immature
neurons in the DG, was augmented significantly on day 33
after initiation of ischemia compared with the sham group (P
< 0.01). Treatment with anti-CXCR?7 antibody, which neu-
tralizes CXCR?7, increased the proliferation of DCX-positive
cells both after ischemia (P < 0.05) and in the sham operated
rats (P < 0.05) compared with untreated rats (Figure 4).
The total dendritic length of DCX-positive cells from the
ischemia group was significantly greater than that of the
sham group (P < 0.05). The administration of anti-CXCR7
antibody enhanced the total dendritic length of DCX-la-
beled cells in the DG of both ischemic rats (P < 0.01) and
sham-operated rats (P < 0.01) compared with without treat-
ment (Figure 5).
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Figure 2 Behavioral assessments.

(A) Escape latency in the spatial navigation trial: The data are analyzed with repeated measures one-way analysis of variance followed by the least
significant difference post hoc tests. (B) Data from the spatial probe trial showed that the time (%) spent in the target quadrant (QT). The difference
between groups was analyzed by one-way analysis of variance test followed by the least significant difference (Q2 and QT), and Dunnett T3 (Q1
and Q3) post hoc tests (Q1 and Q3). (C) Representative swimming pattern from the probe trail test: Data of (A) and (B) are expressed as the mean
+ SEM (n = 8). *P < 0.05, **P < 0.01, vs. ischemia groups; #P < 0.05, ##P < 0.01, vs. sham group; 1P < 0.01, vs. ischemia + anti-CXCR7 group.

A B

Discussion

In this study, the antibody neutralizing CXCR7 was adminis-
trated to rats 1 week after the onset of ischemia and repeated
daily for 6 consecutive days. The results demonstrated for
the first time that anti-CXCR?7 antibody enhanced the prolif-
eration and dendritic development of immature neurons in
the DG, in both the sham-operated rats and rats conducted
with focal cerebral ischemia, and improved the recovery of
cognitive function in the chronic phase of cerebral ischemia.
Studies in rats with ischemia, epilepsy or those kept in an
enriched environment have shown that SDF-1/CXCR4 is
involved in both the increased proliferation of neural pro-
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Figure 3 Overview of the cerebral infarct in ischemic rats.

(A) Gross assessment of the ischemic lesion 33 days after isch-
emia onset. (B) Nissl staining of typical infarct area. Arrows
point to the infarction. Scale bars: 2 mm.

genitor cells and their dendritic development in the DG of
the hippocampus (Song et al., 2015; Zhao et al., 2015; Zhang
et al., 2016). However, little is known about the function of
CXCR?7 on DG neurogenesis after stroke. Our data indicate
there are beneficial effects of delayed, sustained CXCR7
neutralization on neurogenesis in DG and cognitive recov-
ery in the late stage of cerebral ischemia. Our previous stud-
ies also showed that administration of other agents 1 week
after ischemia induction regulated not only neurogenesis
but also axonal regeneration in the chronic phase after focal
ischemia induced by ET-1 (Sun et al,, 2016, 2017; Xu et al.,
2017). Therefore, the anti-CXCR?7 antibody treatment in this
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Figure 4 Proliferation of DCX-positive cells in the DG.
(A) At 33 days after focal cerebral ischemia, immunofluorescence imag-
es of DCX-positive cells in the DG. Scale bar: 200 pm. (B) Numbers of
DCX-positive cells in the DG (10x objective). Data are expressed as the
mean + SEM (n = 5; one-way analysis of variance followed by the least
significant difference post hoc test). *P < 0.05, vs. ischemia group; ##P <
0.01, vs. sham group. DCX: Doublecortin; DG: dentate gyrus.
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Figure 5 Dendrite tracing of
DCX-positive cells in DG.
(A) At 33 days after focal cerebral
ischemia, immunofluorescence
images of DCX-positive cells in
the DG (green for DCX, Fluor 488
conjugated goat anti-guinea pig
) ) . IgG). Scale bar: 50 um. (B) Quanti-
Ischemia Ischemia+anti-CXCRY ﬁgcation of total deﬁdritic length of
DCX-positive cells (40x objective):
Data are expressed as the mean
+ SEM (n = 5; one-way analysis
of variance followed by the least
significant difference post hoc test).
%P < 0.05, vs. ischemia group; #P
< 0.05, ##P < 0.01, vs. sham group.
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study was also initiated 1 week after ischemia and continued
for 6 days so that it could exert its effect in the chronic peri-
od after cerebral ischemia.

Our results showed that the proliferation and the dendritic
growth of the immature neurons in the DGs of ischemic rats
increased significantly after anti-CXCR?7 antibody adminis-
tration. A recent study showed that CXCR7 ablation caused
an increase in proliferation of neural progenitor cells in the
DG (Abe et al., 2018), which is in accordance with the re-
sults of the sham rats in our study. However, many studies
indicated that SDF-1/CXCR?7 provided neural progenitor
cells with proliferation, migration and survival advantage in
vitro (Abe et al., 2014; Chen et al., 2015; Merino et al., 2015;
Wang et al., 2016). The conflicting results could be explained
by the differences between the microenvironment in the cell
culture medium and the brain tissue, where the level of SDF-

1/CXCR4 and their function might also be different.
CXCR?7, a new chemokine receptor that is expressed abun-
dantly in the adult DG, is a scavenger for SDF-1 (Boldajipour
et al., 2008; Abe et al,, 2014). It negatively regulates SDF-
1 functions and reduces the cell sensitivity towards SDF-
1 (Naumann et al., 2010; Uto-Konomi et al., 2013). The
CXCR?7 antibody has been shown to be effective in prevent-
ing binding of the CXCR7 chemokine ligands SDF-1 to their
cognate receptor, the inhibitory effect is even more efficient
than the small molecule CXCR7 inhibitor CCX771 (D’Huys
et al., 2018). However, this blocking does not inhibit the
function of SDF-1 in all circumstances (Zheng et al., 2018,
2019). We hypothesized that the anti-CXCR?7 antibody treat-
ment induced the post-stroke reduction in CXCR?7 expres-
sion thereby facilitating the extracellular SDF-1 to achieve
a higher, more effective, concentration. This would create a
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more advantageous peri-infarcted microenvironment for the
long-term survival of newborn neural cells,

Furthermore, the CXCR?7 neutralizing antibody might ex-
ert its effect on the neurogenesis by interacting with CXCR4.
CXCRY7 negatively regulates CXCR4 through heterodi-
merization with CXCR4, inducing the internalization and
degradation of CXCR4. The reduction in CXCR4 resulted
in the suppression of SDF-1-CXCR4 induced cellular events
(Sanchez-Alcaniz et al., 2011; Uto-Konomi et al., 2013).
CXCR? also affects the downstream signaling of CXCR4,
including a weakening of calcium signaling and the Gai-pro-
tein activation mediated by CXCR4 (Levoye et al., 2009).
Our western blot results (to be published) showed anti-CX-
CR7 antibody treatment increased the CXCR4 expression
in both ischemic and sham rats. These observations suggest
that anti-CXCR7 antibody treatment reduces CXCR4 degra-
dation, resulting in an improvement in the cell’s sensitivity to
SDF-1 and its interaction with CXCR4. This promotes nerve
regeneration and dendritic development in the hippocampal
DG region, after focal cerebral ischemia. Elucidation of the
dependency and exact effect of CXCR?7 in neurogenesis after
a stroke would require future studies that block the SDF-1/
CXCR4 pathway, and use knockout (by genetic ablation) or
knock down (via RNA silencing) of CXCR7 in vivo.

The focal cerebral ischemia induced by ET-1 in this study
resulted in impairment in the performance of water maze
test, which was reduced significantly by anti-CXCR7 anti-
body treatment. The improved cognitive functional recovery
might be due to the enhanced hippocampal neurogenesis in-
duced by anti-CXCR?7 antibody, clearly shown by the results
of immunofluorescent staining. Our results are in line with
many previous studies that have favored the idea that pro-
motion or suppression of hippocampal neurogenesis corre-
sponds with improvement or deficits of learning and memory
function, respectively (Winocur et al., 2006; Zhao et al., 2015;
Li et al., 2018). It is interesting to note that the behavioral
performance of ischemic rats improved after CXCR7 neutral-
ization but that of the sham rats did not, indicating that there
might be an upper threshold for performance improvement
in non-damaged animals. It is known that the cognitive func-
tion recovery, after cerebral ischemia, depends on the activa-
tion of oxidative stress (Raz et al., 2010), signaling pathways,
including notch signaling, nuclear factor-«kB signaling and
extracellular signal-regulated kinase pathway (Zhang et al.,
2012; Feng et al., 2013; Li et al., 2013) and the release of some
trophic factors and cytokines (Kiprianova et al., 1999; Gibson
et al., 2005). After cortical infarcts, inflammatory processes
and microglial activation occur in many brain areas, includ-
ing the hippocampus, and can disturb the microenvironment
of the neural progenitor cells in the DG (Stoll et al., 1998;
Schroeter et al., 1999). Therefore, the discrepancy in the re-
sults of the Morris water maze test induced by neutralizing
antibody might result from the change of microenvironment
and the involved signaling pathway after stroke.

The Nissl staining results showed that the infarct volume
of ischemic rats was not significantly altered after anti-CX-
CR7 antibody treatment post cerebral ischemia induction.
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Many studies have demonstrated that changes in infarct size
do not correlate with changes in functional outcome (Hattori
et al., 2000; Zhao et al., 2015), which is consistent with our
results. In this study, the administration of ET-1 resulted in
the infarction of both the motor cortex and the striatum, but
led to an impairment of the cognitive function in the isch-
emic rats. Our previous study and many other studies have
also shown that the spatial learning function was impaired
in a stroke model without any hippocampal damage (Hattori
et al., 2000; Gibson et al., 2005; Zhao et al., 2013a, b, 2015).
Spatial learning ability detected by the Morris water maze
has been shown to depend on different brain regions, in-
cluding the entorhinal and perirhinal cortices, as well as the
cortex in the prefrontal lobe and cingulate gyrus, the neostri-
atum and even the cerebellum, acting together to integrate
into the neural network (D’Hooge and De Deyn, 2001). The
improvement of cognitive function here highlights the pos-
sibility of using anti-CXCR?7 antibody as a late time point
treatment strategy for the functional recovery in the chronic
phase after focal cerebral ischemia.

In summary, neutralization of CXCR7 with a specific
function-blocking antibody, commencing 1 week after isch-
emic operation, resulted in significantly enhanced neuro-
genesis in the hippocampal DG, in parallel with increased
cognitive functional recovery. These effects, at a late stage of
ischemia, could arise from the elevated levels of SDF-1 and
CXCR4 resulting from CXCR?7 neutralization. However, it
should be noted that CXCR7 function may not be inhibited
completely by the administration of the CXCR7 neutralizing
antibody. Further study is needed to investigate the direct
effect of CXCR7 on neurogenesis in DGs by knocking out
or RNA silencing of the CXCR?7 receptor, and in an environ-
ment without the interaction of the SDF-1/CXCR4 signaling
pathway. Our results highlight the feasibility and importance
of using an anti-CXCR7 antibody as a potential strategy to
improve functional recovery in the chronic phase of cerebral
ischemia and indicate the need to elucidate the underlying
mechanisms.
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