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Adult Hippocampal Neurogenesis along the Dorsoventral
Axis Contributes Differentially to Environmental
Enrichment Combined with Voluntary Exercise in
Alleviating Chronic Inflammatory Pain in Mice
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Cognitive behavioral therapy, such as environmental enrichment combined with voluntary exercise (EE-VEx), is under active investiga-
tion as an adjunct to pharmaceutical treatment for chronic pain. However, the effectiveness and underlying mechanisms of EE-VEx
remain unclear. In mice with intraplantar injection of complete Freund’s adjuvant, our results revealed that EE-VEx alleviated percep-
tual, affective, and cognitive dimensions of chronic inflammatory pain. These effects of EE-VEx on chronic pain were contingent on the
occurrence of adult neurogenesis in the dentate gyrus in a functionally dissociated manner along the dorsoventral axis: neurogenesis in
the ventral dentate gyrus participated in alleviating perceptual and affective components of chronic pain by EE-VEx, whereas neurogen-
esis in the dorsal dentate gyrus was involved in EE-VEx’s cognitive-enhancing effects. Chronic inflammatory pain was accompanied by
decreased levels of brain-derived neurotrophic factor (BDNF) in the dentate gyrus, which were reversed by EE-VEx. Overexpression of
BDNF in the dentate gyrus mimicked the effects of EE-VEx. Our results demonstrate distinct contribution of adult hippocampal neuro-
genesis along the dorsoventral axis to EE-VEx’s beneficial effects on different dimensions of chronic pain.
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Introduction
Chronic pain is one of the most prevalent clinical situations and
includes perceptual, affective, and cognitive dimensions (Bush-

nell et al., 2013). Cognitive behavioral therapy, including envi-
ronmental enrichment combined with voluntary exercise (EE-
VEx), is being investigated as an adjuvant to pharmaceutical
treatments for various neurological disorders (Nithiananthara-
jah and Hannan, 2006). Both environmental enrichment and
exercise alleviate sensory hypersensitivity or other nociceptive
responses in animals with neuropathic or inflammatory pain
(Tall, 2009; Vachon et al., 2013), but the underlying mechanisms
remain unclear.

Received Oct. 27, 2016; revised Feb. 27, 2017; accepted March 2, 2017.
Author contributions: J.Z., F.-Y.L., Y.W., and M.Y. designed research; J.Z., Y.-Y.J., L.-C.X., L.-Y.M., S.C., J.C., and

F.-F.L. performed research; J.Z., Y.-Y.J., L.-C.X., L.-Y.M., S.C., J.C., and F.-F.L. analyzed data; J.Z., Y.W., and M.Y. wrote
the paper.

This work was supported by the National Basic Research Program of the Ministry of Science and Technology of
China (2013CB531905, 2014CB548200, and 2015CB554503), the National Natural Science Foundation of China
(81230023, 81571067, 81521063, and 21305005), the Key Project of the Chinese Ministry of Education (109003),
and the ‘‘111’’ Project of the Ministry of Education of China (B07001). Funders have no role in experimental design,
data collection, discussion, and explanation. We thank Alison Hildebrandt of the University of California, Los Angeles
for help in manuscript editing.

The authors declare no competing financial interests.

Correspondence should be addressed to either of the following at the above address: Y. Wan, E-mail:
ywan@hsc.pku.edu.cn; or M. Yi. E-mail: mingyi@bjmu.edu.cn.

DOI:10.1523/JNEUROSCI.3333-16.2017
Copyright © 2017 the authors 0270-6474/17/374145-13$15.00/0

Significance Statement

Environmental enrichment combined with voluntary exercise (EE-VEx) is under active investigation as an adjunct to pharmaceu-
tical treatment for chronic pain, but its effectiveness and underlying mechanisms remain unclear. In a mouse model of inflam-
matory pain, the present study demonstrates that the beneficial effects of EE-VEx on chronic pain depend on adult neurogenesis
with a dorsoventral dissociation along the hippocampal axis. Adult neurogenesis in the ventral dentate gyrus participates in
alleviating perceptual and affective components of chronic pain by EE-VEx, whereas that in the dorsal pole is involved in EE-VEx’s
cognitive-enhancing effects in chronic pain.
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One striking effect of EE-VEx on the nervous system is to pro-
mote adult neurogenesis in the hippocampal dentate gyrus (DG; van
Praag et al., 1999), which is at least partially mediated by upregulated
local brain-derived neurotrophic factor (BDNF) (Fan et al., 2016).
Adult neurogenesis modulates hippocampus-dependent functions
along the dorsoventral axis: newly born neurons in the dorsal pole
contribute to spatial/contextual learning whereas those in the ventral
pole contribute to anxiety/depression-like behaviors (O’Leary and
Cryan, 2014). The hippocampus receives both direct and indirect
nociceptive inputs and in turn modulates spinal nociceptive process-
ing through the descending pathway (Liu and Chen, 2009). Adult
hippocampal neurogenesis is impaired in animals with chronic neu-
ropathic or inflammatory pain (Duric and McCarson, 2006; Terada
et al., 2008; Mutso et al., 2012; Dellarole et al., 2014; Dimitrov et al.,
2014). By contrast, several antidepressants capable to promote adult
hippocampal neurogenesis in depressed subjects (Eisch and Petrik,
2012) are recommended for pain management (Finnerup et al.,
2015). These evidences raise the possibility that adult hippocampal
neurogenesis contributes to EE-VEx’s pain-relieving effects. To test
this hypothesis, we observed the influence of EE-VEx on perceptual,
affective, and cognitive dimensions of chronic inflammatory pain
induced by intraplantar injection of complete Freund’s adjuvant
(CFA) in mice and examined potential roles of hippocampal neuro-
genesis in these processes through region-specific ablation.

Materials and Methods
Animals and housing. Male C57BL/6 mice (RRID:IMSR_JAX:000664)
were provided by the Department of Laboratory Animal Sciences, Peking
University Health Science Center. B6.Cg-Tg(Nes-cre)1Kln/J mice
(RRID:IMSR_JAX:003771) were obtained from Nanjing Biomedical Re-
search Institute of Nanjing University. All animals were housed under
pathogen-free circumstances, with a 12 h alternating light/dark cycle and
food and water available ad libitum. Mice weighing 20–30 g (5–8 weeks of
age) were used at the start of experiments. All animal experiments followed
the guidelines of the Committee for Research and Ethical Issues of the Inter-
national Association for the Study of Pain and were approved by the Animal
Care and Use Committee of Peking University Health Science Center.

The EE-VEx cage was a three-layered Plexiglas room, connected by
plastic tunnels between layers, with the following sterilized toys placed in
each cage: two running wheels, three tunnels of different styles, a screw-
type ladder, a swing, a teeterboard, a nest made of medical cotton, and a
crib. Toy arrangement remained the same in each EE-VEx cage. As the
control, basic housing (BH) cages were normal Plexiglas cages without
additional toys (Fig. 1A). All animals were housed in the same room with
the same bedding materials, water, and food. Mice were housed for 2
weeks before testing and remained housed in these conditions for the
remainder of the study. Experimenters were blind from the groupings of
mice in all experiments.

Thermal and mechanical pain thresholds. Each mouse was handled for 5
min and adapted in a Plexiglas cube for 30 min per day for 3 d before the first
measurement. Thermal or mechanical pain thresholds were measured while
the mouse stayed calm and awake. Paw withdrawal latencies (PWLs) to
thermal stimulus were measured by a focused radiant heat (15 W of power)
applied to either hindpaw of the mice (Hargreaves Method, IITC 390).
PWLs were recorded three times and averaged as the thermal pain threshold.
A cutoff value of 20 s was set to avoid possible tissue injuries.

Fifty percent paw withdrawal thresholds (50% PWT) in response to 0.02–
1.4 g von Frey hairs (Stoelting) were measured using the up-and-down
method (Chaplan et al., 1994). Each test began with a hair of 0.16 g force
delivered perpendicularly to the central plantar surface of either hindpaw for
3 s. Positive responses included sudden paw withdrawal, flinching, or paw
licking. The 50% PWT of either hindpaw was calculated using the following
formula: 50% PWT (g) � 10Xf�k�/10,000, where Xf is the handle-marking
value of the final von Frey hair used, k is the tabular value for the pattern of
positive/negative responses, and � is the average interval (in log units) be-
tween von Frey hairs used.

CFA-induced inflammatory pain. Mice were anesthetized with isoflu-
rane. The plantar surface of the left hindpaws was cleaned by 75% etha-
nol, before a total of 50 �l of CFA was injected intraplantarly. For
controls, equal volumes of normal saline were injected. Paw volumes
below the elbow joint were measured with water displacement plethys-
mography (ZH-YLS-7B, ZS Dichuang Company).

Formalin test. Each mouse was handled for 5 min and adapted in a
Plexiglas chamber for 30 min per day for 3 d before the test. Each mouse
received an injection of 20 �l of 2% formaldehyde solution into the
plantar surface of left hindpaws, with its behavior videotaped in the
following 60 min. Time spent on licking and lifting the injected paw was
counted, and the formalin pain score was calculated as described previ-
ously: (time lifting � 2 � time licking)/(time lifting � time licking)
(Zhang et al., 2014). The chamber was cleaned by 75% ethanol between
tests.

Immunostaining. Mice were anesthetized with 1% pentobarbital sodium
and intracardially perfused with 4% paraformaldehyde (PFA; in 0.1 M phos-
phate buffer, pH 7.4). Brains were postfixed with 4% PFA for 6 h and cryo-
protected in 20 and 30% sucrose solutions in turn. Fifty-micrometer sections
were sliced coronally using a cryostat microtome (model 1950, Leica),
throughout the entire hippocampus. Free-floating sections were washed in
PBS, blocked with a buffer containing 5% bull serum albumin and 0.3%
Triton X-100 for 1 h, and incubated with primary antibodies at 4°C for 24 h:
mouse anti-5-bromo-2�-deoxyuridine (BrdU; 1:200, AbD, catalog
#MCA2483, Serotec; RRID:AB_808349), goat anti-doublecortin (DCX;
1:100, catalog #sc-8066, Santa Cruz Biotechnology; RRID:AB_2088494),
rabbit anti-neuronal nuclei (NeuN; 1:500, catalog #MABN140, Millipore;
RRID:AB_2571567), rabbit anti-nestin (1:200, catalog #ab27952, Abcam;
RRID:AB_776698), and rabbit anti-GFAP (1:500, catalog #ab7260,
Abcam; RRID:AB_305808). Sections were then washed in PBS and incu-
bated with secondary antibodies at room temperature for 90 min: Alexa
Fluor 488-conjugated goat anti-mouse IgG (1:400, catalog #ab150113,
Abcam; RRID:AB_2576208), Alexa Fluor 568-conjugated goat anti-mouse
IgG (1:400, catalog #A-11004, Thermo Fisher Scientific; RRID:
AB_2534072), cy3-conjugated donkey anti-goat IgG (1:500, catalog #305-
165-003, Jackson ImmunoResearch Laboratories; RRID:AB_2339464),
FITC-conjugated donkey anti-goat IgG (1:500, catalog #705-095-003, Jack-
son ImmunoResearch Laboratories; RRID:AB_2340400), Alexa Fluor 405-
conjugated goat anti-rabbit IgG (1:500, catalog #111-475-003, Jackson
ImmunoResearch Laboratories; RRID:AB_2338035), and Alexa Fluor 488-
conjugated goat anti-rabbit IgG [1:400, catalog #A-11034 (also A11034),
Thermo Fisher Scientific; RRID:AB_2576217]. For BrdU staining, sections
were incubated in 2N HCl at 37°C for 30 min to expose epitopes in DNA and
rinsed in 0.1 M sodium borate, pH 8.5, before being blocked with serum.
Images were taken by a laser-scanning confocal microscope (model FV1000,
Olympus).

Adult neurogenesis analysis. BrdU (B9285, Sigma-Aldrich) was dis-
solved in 0.01 M PBS (10 mg/ml). A total of 0.2 ml of BrdU solution was
injected intraperitoneally per day for 5 consecutive days before brain
perfusion, unless otherwise specified. Immunofluorescence images were
obtained by scanning a z-series stack at a 3 �m interval throughout
50-�m-thick sections (model FV1000, Olympus).

For quantification of adult neurogenesis (Duric and McCarson, 2006), the
number of BrdU/DCX colabeled cells in the subgranular zone (SGZ) of every
third section was counted by an experimenter blinded from animal group-
ing. Four sections were counted for dorsal DG (dDG) or ventral DG (vDG),
respectively. The cell counts were multiplied by three and added to indicate
the total number of BrdU/DCX colabeled cells. Numbers of neurons in left
and right DG were counted separately but averaged, since no significant
differences were observed (data not shown).

For the analysis of dendrite complexity, images were zoomed in
(Olympus Fluoview FV10-ASW; RRID:SCR_014215). Lines along the
outer edge of the granular cell layer and 80 �m away from it in the
molecular layer were drawn. Intersections of DCX-labeled dendrites
along the two lines were counted, respectively. The ratio of the intersec-
tion along the molecular layer and the outer edge of the granular cell layer
was used to indicate the dendrite complexity of DCX-labeled immature
neurons (Rosenzweig and Wojtowicz, 2011).
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Western blotting. Mouse brains were extracted, embedded in optimum
cutting temperature compound (0201 08926, Leica), and frozen in liquid
nitrogen immediately. Dorsal (�1.0 to �2.5 mm) or ventral [�2.5 to �4.0
mm, anteroposterior (AP) to bregma] DG tissues were extracted using a
puncture needle of 9 gauge in a cryostat microtome according to the stereo-
logical location (Paxinos and Franklin, 2001). After being extracted from
tissues (P1201-50, Applygen Technologies), an equivalent of 80 �g of cyto-
plasmic protein was mixed with loading buffer containing 2% SDS, 100 mM

dithiothreitol, 10% glycerol, and 0.25% bromophenol blue. Proteins were
separated in 15% SDS-PAGE gels and transferred onto polyvinylidene fluo-
ride membranes (ISEQ00010, Merck Millipore). The membranes were
blocked with 10% defatted milk at room temperature for 2 h, incubated with
rabbit anti-BDNF antibody (1:100, catalog #sc-546, Santa Cruz Biotechnol-
ogy; RRID:AB_630940) or mouse anti-�-actin antibody (1:2000, catalog
#TA-09, ZSGB-Bio; RRID:AB_2636897) at 4°C for 24 h, washed in Tris-
buffered saline and Tween 20, and incubated with horseradish peroxidase-
conjugated goat anti-rabbit IgG antibody (1:2000, catalog #111-035-003,
Jackson ImmunoResearch Laboratories; RRID:AB_2313567) or horseradish
peroxidase-conjugated goat anti-mouse IgG antibody (1:2000, catalog #115-
035-003, Jackson ImmunoResearch Laboratories; RRID:AB_10015289) at
room temperature for 1 h. Protein bands were detected using Western blot-
ting luminol reagent (sc-2048, Santa Cruz Biotechnology) and exposed onto
x-ray films. Bands were scanned (CanoScan LiDE 110) and quantified using
Quantity One 1-D Analysis Software (version 4.6.2; RRID:SCR_014280).

ELISA. Under anesthesia with 1% pentobarbital sodium, �10 mg tissues
from the central plantar surface of left (injected) hindpaws were dissected
and homogenized with RIPA lysis buffer (C1053, Applygen Technologies).
Protein concentrations in the sample were determined using a BCA protein
assay kit (23227, Thermo Fisher Scientific). The following inflammatory
factors (Bessa et al., 2016) were measured using mouse ELISA kits: interleu-
kin-1� (IL-1�; DRE30583I), IL-6 (DRE30044I), tumor necrosis factor-�
(TNF-�; DRE30030I), and C-reactive protein (CRP; DRE30068I) obtained
from Beijing Peak Albert Biotechnology Company. Absorbance was mea-
sured using a microplate reader (Multiskan GO, Thermo Fisher Scientific).

Open-field test. Each mouse was placed in a 60 � 60 � 60 cm box
exposed to 60 lux illumination, with its activities videotaped for 5 min.
Time spent (C.Time) and distance traveled (C.Dis) in the central area
(30 � 30 cm) and total distance traveled (T.Dis) in the field were mea-
sured using the SMART software (version 2.5.21, Panlab, SMART Video-
tracking, Harvard Apparatus; RRID:SCR_002852). The box was cleaned
by 75% ethanol between tests.

Elevated plus-maze test. The elevated plus-maze test was performed on
the next day of the open-field test, unless otherwise noted. The maze was
placed 50 cm above the floor in a 5 lux illuminated room and consisted of
two open arms and two closed arms (5 � 30 cm and 15 cm wall height for
the closed arms). Each mouse was placed onto the center area, heading
toward the same open arm, and videotaped in the following 5 min. Time
spent (O.Time) and numbers of entries (O.Entries) into open arms and
total arm entries (T.Entries) were analyzed using the SMART software.
The maze was cleaned by 75% ethanol between tests.

Object–place recognition. Mice were handled for 5 min and adapted in
a 20 � 20 � 20 cm box marked with visual cues for 30 min per day for 2 d
before test. The task consisted of two phases (Whissell et al., 2013). In the
sample phase, mice were placed in the box with two identical objects (two
cubes, arbitrarily named as OA and OA) at two different corners. Mice
were allowed to explore freely for 2 min before they were removed from
the box for another 2 min, when the box and objects were cleaned by 75%
ethanol. Pseudorandomly, one of the two objects (OA) remained un-
changed and left in the same place, with the other (OB) moved to a new
corner. For the test phase, mice were placed into the box again and
allowed to explore for 2 min. Once the mouse headed to and contacted
the object by its nose, one exploration was counted. The bias score was
calculated as the exploring time (OB � OA)/(OB � OA).

Adeno-associated virus. The Cre-dependent viral vector was packaged
by inserting the diphtheria toxin fragment A (DTA) coding sequence into
a CAG-promoted pAAV-DIO-ires-hrmCherry vector (Virovek; Soumier
and Sibille, 2014). When virus was injected into the DG of nestin-Cre
mice, cytotoxic DTA was expressed to kill nestin-expressing neural pro-

genitor cells to inhibit adult hippocampal neurogenesis. The viral vector
without DTA gene insertion was used as controls.

BDNF overexpression was obtained by a pAAV-CMV-MCS-EGFP-
3Flag (AOV-022) vector, in which the bdnf gene sequence was cloned
into the reading frame between the BamHI and the HindIII sites. Pack-
aged virus expressed BDNF-EGFP fusion protein after CMV promoters
(OBIO Technology). The viral vector without bdnf gene insertion was
used as controls.

For stereotaxical injection, mice were anesthetized with 1% pentobar-
bital sodium. A total of 0.5 �l of virus solution was injected into the dDG
(�1.5 mm AP, �1.0 mm ML, �1.7 mm DV from bregma) or vDG (�3.7
mm AP, �2.5 mm ML, �2.0 mm DV from the bregma). AAV-BDNF/
EGFP infection was confirmed after behavioral tests by EGFP expression.
The effectiveness of adult neurogenesis ablation by AAV-DIO-DTA-
mCherry was verified by immunostaining of newborn neuron markers.
Subjects with off-target expression were excluded from further analysis.

Statistical analysis. Data were presented as means � SEM, unless oth-
erwise specified. All data were analyzed and plotted using IBM SPSS
Statistics (version 20.0.0, IBM; RRID:SCR_002865) and GraphPad Prism
(version 5.01, GraphPad Software; RRID:SCR_002798). Unpaired two-
tailed t test, ANOVA (one-way, two-way, or repeated measures) with
Bonferroni’s post hoc tests, and Mann–Whitney U tests were used, with
p 	 0.05 as statistically significant.

Results
EE-VEx attenuated thermal hyperalgesia, mechanical
allodynia, and anxiety-like behaviors in mice with chronic
inflammatory pain
EE-VEx had limited effects on baseline thermal (group effect:
F(3,28) � 0.14, p 
 0.05; time effect: F(1,28) � 0.06, p 
 0.05;
interaction: F(3,28) � 1.44, p 
 0.05; Fig. 1B) and mechanical
(group effect: F(3,28) � 0.72, p 
 0.05; time effect: F(1,28) � 3.06,
p 
 0.05; interaction: F(3,28) � 0.09, p 
 0.05, two-way ANOVA;
Fig. 1C) pain thresholds, as well as formalin-induced nociceptive
behaviors (pain score: 1.16 � 0.04 vs 1.21 � 0.03, t(14) � 1.36, p 

0.05, t test). By contrast, EE-VEx significantly attenuated CFA-
induced thermal hyperalgesia, mainly in the chronic phase (7–17
d after CFA injection; group effect: F(3,196) � 65.15, p 	 0.001;
time effect: F(7,196) � 16.50, p 	 0.001; interaction: F(21,196) �
5.92, p 	 0.001; p 	 0.01 for BH plus CFA vs EE-VEx plus CFA,
ANOVA with repeated measures and Bonferroni’s post hoc test;
Fig. 1B). CFA-induced mechanical allodynia was also alleviated
by EE-VEx (group effect: F(3,196) � 55.49, p 	 0.001; time effect:
F(7,196) � 6.47, p 	 0.001; interaction: F(21,196) � 1.87, p 	 0.05;
p 	 0.05 for BH plus CFA vs EE-VEx plus CFA, ANOVA with
repeated measures and Bonferroni’s post hoc test; Fig. 1C), al-
though to a lesser extent than that for thermal hyperalgesia. Pain
thresholds of the contralateral paw remained similar at all tested
time points (data not shown).

Anxiety is a common comorbidity of chronic pain (Williams
and Craig, 2016). We observed increased anxiety-like behaviors
in mice with chronic inflammatory pain (14 d after CFA injec-
tion), indicated by less time spent (CFA effect: F(1,28) � 14.29, p 	
0.001; housing effect: F(1,28) � 6.65, p 	 0.05; interaction: F(1,28) �
6.59, p 	 0.05) and distance traveled (CFA effect: F(1,28) � 5.13,
p 	 0.05; housing effect: F(1,28) � 6.58, p 	 0.05; interaction:
F(1,28) � 6.44, p 	 0.05) in the central area of the open field (Fig.
1D), as well as less time spent (CFA effect: F(1,28) � 13.42, p 	
0.01; housing effect: F(1,28) � 6.38, p 	 0.05; interaction: F(1,28) �
6.01, p 	 0.05) and fewer entries into the open arms of the ele-
vated plus-maze (CFA effect: F(1,28) � 5.86, p 	 0.05; housing
effect: F(1,28) � 5.75, p 	 0.05; interaction: F(1,28) � 5.29, p 	
0.05, two-way ANOVA with Bonferroni’s post hoc test; Fig. 1E).

No statistically significant effects of EE-VEx on locomotion
were observed, indicated by similar total distance (CFA effect:
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F(1,28) � 4.00, p 
 0.05; housing effect: F(1, 28) � 2.31, p 
 0.05;
interaction: F(1,28) � 0.57, p 
 0.05; Fig. 1D) traveled in the open
field and similar total arm entries (CFA effect: F(1,28) � 1.24, p 

0.05; housing effect: F(1,28) � 0.44, p 
 0.05; interaction: F(1,28) �
0.16, p 
 0.05, two-way ANOVA; Fig. 1E) in the plus-maze.

These data indicate that EE-VEx attenuates thermal hyperal-
gesia, mechanical allodynia, and anxiety-like behaviors in mice

with chronic inflammatory pain, without affecting their baseline
nociceptive responses or exploratory behaviors.

EE-VEx had limited effects on CFA-induced
peripheral inflammation
To examine whether the analgesic and anxiolytic effects of EE-
VEx resulted from weakened local inflammation surrounding the

Figure 1. EE-VEx attenuated thermal hyperalgesia, mechanical allodynia, and anxiety-like behaviors in chronic inflammatory pain. A, Representative photographs of EE-VEx (top) and BH
(bottom) conditions. B, C, EE-VEx attenuated thermal hyperalgesia (B) and mechanical allodynia (C) in CFA-induced chronic inflammatory pain, without affecting baseline pain thresholds. n � 8 in
each group. *p 	 0.05, **p 	 0.001, EE-VEx plus CFA vs BH plus CFA, ANOVA with repeated measures and Bonferroni’s post hoc test. D, EE-VEx attenuated pain-induced anxiety-like behaviors in
the open-field test. Persistent pain (14 d after CFA injection) decreased the time spent (top) and distance traveled (middle) in the central area of the open field, which were reversed by EE-VEx. Total
distance traveled (bottom) in the field remained statistically similar across groups. n � 8 in each group. *p 	 0.05, two-way ANOVA with Bonferroni’s post hoc test. E, EE-VEx attenuated
pain-induced anxiety-like behaviors in the elevated plus-maze test. Chronic pain decreased the time spent (top) and entries (middle) into the open arms, which were reversed by EE-VEx. Total arm
entries (bottom) were not affected. n � 8 in each group. *p 	 0.05, **p 	 0.01, two-way ANOVA with Bonferroni’s post hoc test. F, Representative exploratory tracks (black polylines) in the open
field (left) and the elevated plus-maze (right).

Figure 2. Limited effects of EE-VEx on CFA-induced peripheral inflammation. A, Representative photographs showing CFA-induced paw swelling. B, CFA-induced paw swelling was not affected
by EE-VEx. n � 8 in each group. C, CFA injection upregulated local inflammatory factors, including IL-1�, IL-6, CRP, and TNF-�, in swollen paws, none of which were affected by EE-VEx. n � 8 in
each group. *p 	 0.05, **p 	 0.01, one-way ANOVA.
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injection site, we measured paw swelling (Fig. 2A) and local levels
of inflammatory factors. However, CFA-induced paw swelling
was not significantly affected by EE-VEx (group effect: F(2,168) �
311.90, p 	 0.001; time effect: F(8,168) � 13.92, p 	 0.001; inter-
action: F(16,168) � 3.46, p 	 0.001; p 
 0.05 for CFA vs CFA plus
EE-VEx, ANOVA with repeated measures and Bonferroni’s post
hoc test; Fig. 2B). CFA elevated local levels of several inflamma-
tory factors, including IL-1� (F(2,23) � 7.69, p 	 0.01), IL-6
(F(2,23) � 5.85, p 	 0.01), CRP (F(2,23) � 4.49, p 	 0.05), and
TNF-� (F(2,23) � 7.35, p 	 0.01, one-way ANOVA). Again, EE-
VEx failed to affect these changes (p 
 0.05 for CFA vs CFA plus
EE-VEx, Bonferroni’s post hoc test; Fig. 2C). These results indi-
cate limited effects of EE-VEx on local inflammation.

EE-VEx reversed impaired adult hippocampal neurogenesis
in chronic inflammatory pain
Both environmental enrichment and exercise promote adult neuro-
genesis in the dentate gyrus (van Praag et al., 2000), which regulates
spatial cognition, anxiety, and pain (Nakashiba et al., 2012; Hill et al.,
2015; Apkarian et al., 2016). We asked whether chronic pain im-
paired hippocampal neurogenesis and, if so, whether this deficit
could be reversed by EE-VEx. Considering the dorsoventral dissoci-
ation of hippocampal functions (Wu and Hen, 2014), we separated
adult DG neurogenesis into dDG and vDG poles in all following
experiments. BrdU, DCX, and NeuN were used to label newborn
cells, immature granular cells, and mature neurons, respectively. The
number of BrdU/DCX colabeled neurons in the SGZ of the DG was
counted to quantify adult neurogenesis (Fig. 3A), as described pre-
viously (Mutso et al., 2012). The dendrite growth of DCX-labeled

immature granular cells (Fig. 3B) was also analyzed (Rosenzweig and
Wojtowicz, 2011).

EE-VEx promoted adult neurogenesis in normal mice, indi-
cated by increased numbers of BrdU/DCX colabeled neurons in
both dDG (t(14) � 3.42, p 	 0.05) and vDG (t(14) � 3.76, p 	 0.05;
Fig. 3A,C), as well as increased dendrite complexity of DCX-
labeled immature granular cells (dDG: t(14) � 2.43, p 	 0.05;
vDG: t(14) � 2.18, p 	 0.05, EE-VEx plus saline vs BH plus saline,
t test; Fig. 3D). Chronic (10 –14 d after CFA injection) but not
acute (3–7 d; data not shown) inflammatory pain decreased both
the number of BrdU/DCX colabeled neurons (dDG: t(14) � 4.38,
p 	 0.01; vDG: t(14) � 3.96, p 	 0.01; Fig. 3A,C) and the dendrite
complexity of DCX-labeled immature granular cells (dDG:
t(14) � 2.24, p 	 0.05; vDG: t(14) � 3.81, p 	 0.05, t test, BH plus
CFA vs BH plus saline; Fig. 3D). These deficits were reversed by
EE-VEx (BrdU/DCX colabeled neurons: dDG: t(14) � 3.36, p 	
0.01; vDG: t(14) � 3.73, p 	 0.05; Fig. 3C; dendrite complexity:
dDG: t(14) � 3.18, p 	 0.05; vDG: t(14) � 6.45, p 	 0.01, t test; Fig.
3D). Thus, EE-VEx reverses impaired adult hippocampal neuro-
genesis in chronic inflammatory pain.

Selective ablation of adult DG neurogenesis
To directly test whether adult DG neurogenesis contributed to
EE-VEx’s beneficial effects on chronic pain, we adopted a Cre-
dependent AAV to selectively ablate newborn neurons with DTA,
a neurotoxin, in nestin-Cre mice (Soumier and Sibille, 2014; Fig.
4A). Virus infection was verified by restricted expression of
mCherry within the SGZ of dDG or vDG 21 d after AAV-
mCherry injection (Fig. 4B). A total of 39.6 � 8.2% of mCherry-

Figure 3. EE-VEx reversed impaired adult DG neurogenesis in mice with chronic inflammatory pain. A, Representative immunofluorescence images showing adult neurogenesis in the dDG (top)
and vDG (bottom). Magnified views of areas in the white box were shown in the bottom left corner of each image. Scale bars, 100 �m. Arrowheads point to BrdU/DCX colabeled neurons. B, Cell
population-based dendrite complexity analysis. Areas between two parallel white lines (80 �m) were used to analyze the dendrite complexity. GCL, Granular cell layer; ML, molecular layer.
C, D, Numbers of BrdU/DCX colabeled neurons (C) and dendrite complexity of DCX-labeled immature neurons (D) decreased in dDG and vDG in chronic inflammatory pain. EE-VEx promoted
neurogenesis in both normal and inflammatory mice. n � 8 in each group. *p 	 0.05 vs BH plus saline; #p 	 0.05 vs BH plus CFA, t test.

Zheng et al. • EE-VEx Alleviates Chronic Pain in Mice J. Neurosci., April 12, 2017 • 37(15):4145– 4157 • 4149



positive cells colabeled with nestin (marker of neural progenitor
cells), 79.6 � 17.4% with BrdU, and 15.0 � 8.5% with DCX, but
only 3.8 � 3.2% colabeled with GFAP (marker of astrocytes and
neural stem cells). Few mCherry-positive cells were colabeled
with NeuN (marker of mature neurons). Specific virus infection
in newborn neurons was verified by high levels of mCherry/BrdU
but nearly absent mCherry/NeuN colabeling (Fig. 4C).

In mice under BH, 3 weeks after virus injection, AAV-DTA de-
creased 
60% nestin-positive cells (dDG: t(18) � 6.46, p 	 0.01;
vDG: t(18) � 7.32, p 	 0.01), 
75% BrdU-positive cells (dDG:
t(18) � 7.42, p 	 0.01; vDG: t(18) � 3.14, p 	 0.01), and 
25%
DCX-positive cells (dDG: t(18) � 4.31, p 	 0.01; vDG: t(18) � 3.38,
p 	 0.01) in the DG. No obvious changes were observed in GFAP-
positive cells (dDG: t(18) � 0.35, p 
 0.05; vDG: t(18) � 0.26, p 


0.05) or NeuN-positive mature granular cells (dDG: t(18) � 0.63, p 

0.05; vDG: t(18) � 0.75, p 
 0.05, t test; Fig. 4D,E).

The effectiveness of adult neurogenesis ablation by AAV-DTA
under EE-VEx was verified by significantly decreased presence of
BrdU-positive cells in the SGZ of dDG (t(8) � 4.11, p 	 0.01) or
vDG (t(8) � 4.08, p 	 0.01, t test; Fig. 4F).

Adult neurogenesis in the vDG but not in the dDG
contributed to the analgesic effect of EE-VEx in chronic
inflammatory pain
We next examined how neurogenesis ablation modulated EE-
VEx and pain behaviors (Fig. 5A). Ablating adult neurogenesis
in the dDG did not affect baseline thermal pain thresholds
(group effect: F(3,16) � 0.43, p 
 0.05; time effect: F(1,16) �

Figure 4. Selective ablation of adult DG neurogenesis by Cre-dependent viral vectors. A, Cre-dependent AAV-DTA (left) was applied to inhibit adult neurogenesis in nestin-Cre mice. AAV-mCherry
(right) was used as the control virus. B, Restricted mCherry expression in the SGZ of dDG (left) or vDG (right). Subjects with off-target expression were excluded from additional analysis. Scale bars,
100 �m. C, Representative double-labeling images of mCherry (expressed by AAV-mCherry) with nestin, BrdU, DCX, GFAP, or NeuN. n � 5 in each group. Scale bars, 50 �m. Arrowheads point to
colabeled neurons. D, E, AAV-DTA decreased nestin-, BrdU-, and DCX-positive cells in the dDG or vDG, without affecting GFAP- or NeuN-positive cells. n � 10 in each group. Scale bars, 100 �m.
F, AAV-DTA decreased BrdU-positive newborn cells in the SGZ of dDG or vDG under EE-VEx, with BrdU injected intraperitoneally 16 –20 d after virus injection. n � 5 in each group. **p 	 0.01, t test.
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0.59, p 
 0.05; interaction: F(3,16) � 0.94, p 
 0.05, Fig. 5B;
group effect: F(3,28) � 0.33, p 
 0.05; time effect: F(1,28) � 0.17,
p 
 0.05; interaction: F(3,28) � 1.74, p 
 0.05, two-way
ANOVA; Fig. 5D), PWLs after saline injection (group effect:
F(3,112) � 1.73, p 
 0.05; time effect: F(7,112) � 1.15, p 
 0.05;
interaction: F(21,112) � 0.69, p 
 0.05, ANOVA with repeated
measures; Fig. 5C), or thermal hyperalgesia after CFA injec-
tion under either BH or EE-VEx (group effect: F(3,196) � 88.06,
p 	 0.001; time effect: F(7,196) � 183.50, p 	 0.001; interaction:
F(21,196) � 5.32, p 	 0.001; p 	 0.01 for BH plus AAV-mCherry
vs EE-VEx plus AAV-mCherry and for BH plus AAV-DTA vs
EE-VEx plus AAV-DTA, ANOVA with repeated measures and
Bonferroni’s post hoc test; Fig. 5E). Thus, the analgesic effect of
EE-VEx in chronic pain is not significantly affected by neuro-
genesis ablation in the dDG.

Similar to dDG, ablating vDG neurogenesis did not affect
baseline thermal pain thresholds (group effect: F(3,16) � 2.60, p 

0.05; time effect: F(1,16) � 0.17, p 
 0.05; interaction: F(3,16) �
0.57, p 
 0.05; Fig. 5F; group effect: F(3,28) � 0.47, p 
 0.05; time
effect: F(1,28) � 0.02, p 
 0.05; interaction: F(3,28) � 0.75, p 

0.05, two-way ANOVA; Fig. 5H) or PWLs after saline injection
(group effect: F(3,112) � 0.19, p 
 0.05; time effect: F(7,112) � 0.98,
p 
 0.05; interaction: F(21,112) � 0.56, p 
 0.05, ANOVA with
repeated measures; Fig. 5G). By sharp contrast, neurogenesis ab-
lation in the vDG abolished the beneficial effect of EE-VEx on the
recovery from the CFA-induced thermal hyperalgesia (group ef-
fect: F(3,196) � 39.32, p 	 0.001; time effect: F(7,196) � 34.94, p 	
0.001; interaction: F(21,196) � 1.77, p 	 0.05; p 	 0.01 for BH plus
AAV-mCherry vs EE-VEx plus AAV- mCherry, but p 
 0.05 for
BH plus AAV-DTA vs EE-VEx plus AAV-DTA, ANOVA with
repeated measures and Bonferroni’s post hoc test; Fig. 5I). Note
that neurogenesis ablation in the vDG even aggravated CFA-

induced thermal hyperalgesia under BH (p 	 0.05 for BH plus
AAV-mCherry vs BH plus AAV-DTA; Fig. 5I).

These results indicate that adult neurogenesis in the vDG but
not in the dDG contributes to EE-VEx’s analgesic effects in
chronic inflammatory pain.

Adult neurogenesis in the vDG but not in the dDG
contributed to the anxiolytic effect of EE-VEx in chronic
inflammatory pain
We also evaluated the effect of neurogenesis ablation on pain-
induced anxiety. Two weeks after CFA injection, adult dDG neu-
rogenesis ablation did not affect the anxiolytic effects of EE-VEx
in chronic pain (C.Time: virus effect: F(1,16) � 0.02, p 
 0.05;
housing effect: F(1,16) � 15.65, p 	 0.01; interaction: F(1,16) �
0.43, p 
 0.05; C.Dis: virus effect: F(1,16) � 0.01, p 
 0.05; housing
effect: F(1,16) � 14.77, p 	 0.01; interaction: F(1,16) � 0.02, p 

0.05; O.Time: virus effect: F(1,16) � 0.01, p 
 0.05; housing effect:
F(1,16) � 22.12, p 	 0.001; interaction: F(1,16) � 0.85, p 
 0.05;
O.Entries: virus effect: F(1,16) � 0.68, p 
 0.05; housing effect:
F(1,16) � 34.06, p 	 0.001; interaction: F(1,16) � 2.92, p 
 0.05,
two-way ANOVA with Bonferroni’s post hoc test; Fig. 6A,B).

By contrast, ablating adult neurogenesis in the vDG signif-
icantly attenuated the anxiolytic effects of EE-VEx in chronic
pain (14 d after CFA injection) compared with those without
ablation (C.Time: virus effect: F(1,14) � 5.72, p 	 0.05; housing
effect: F(1,14) � 11.08, p 	 0.01; interaction: F(1,14) � 4.60, p 	
0.05; C.Dis: virus effect: F(1,14) � 4.06, p 	 0.05; housing
effect: F(1,14) � 19.35, p 	 0.001; interaction: F(1,14) � 6.89,
p 	 0.05; O.Time: virus effect: F(1,14) � 5.06, p 	 0.05; housing
effect: F(1,14) � 21.92, p 	 0.001; interaction: F(1,14) � 6.16,
p 	 0.05; O.Entries: virus effect: F(1,14) � 7.83, p 	 0.05;
housing effect: F(1,14) � 58.93, p 	 0.001; interaction: F(1,14) �

Figure 5. Adult neurogenesis ablation in the vDG but not in the dDG blocked the analgesic effect of EE-VEx in chronic inflammatory pain. A, Diagram showing time line of experiments. Mice were
housed in EE-VEx or BH after virus injection and then injected intraplantarly with saline or CFA 21 d after virus injection into dDG or vDG. Mice PWLs to thermal stimulus were measured on days 1, 3,
7, 10, 14, 17, 21, and 28 after intraplantar CFA or saline injection. B–E, Adult dDG neurogenesis ablation had limited effects on thermal pain thresholds at baseline (n � 8 in each group; B, D), after
normal saline injection (n � 5 in each group; C), or after CFA injection (n � 8 in each group; E) under either BH or EE-VEx. F–I, Ablating vDG neurogenesis did not affect thermal pain thresholds at
baseline (n � 8 in each group; F, H ) or after normal saline injection (n � 5 in each group; G) but aggravated CFA-induced thermal hyperalgesia and blocked the analgesic effect of EE-VEx (n � 8
in each group; I ). **p 	 0.01, ANOVA with repeated measures and Bonferroni’s post hoc test. n.s, Statistically nonsignificant.

Zheng et al. • EE-VEx Alleviates Chronic Pain in Mice J. Neurosci., April 12, 2017 • 37(15):4145– 4157 • 4151



9.43, p 	 0.05, two-way ANOVA with Bonferroni’s post hoc
test; Fig. 6C,D). EE-VEx no longer showed significant anxio-
lytic effects in mice with adult vDG neurogenesis ablation
( p 
 0.05 for C.Time, C.Dis, O.Time, and O.Entries; EE-VEx
plus AAV-DTA vs BH plus AAV-DTA, Bonferroni’s post hoc
test; Fig. 6C,D).

In all tests, T.Dis in the open field (Fig. 6A,C) and T.Entries in
the elevated plus-maze (Fig. 6B,D) remained statistically similar
(two-way ANOVA), indicating similar exploratory behaviors.

We failed to observe anxiogenic effects of neurogenesis abla-
tion on anxiety-like behaviors 14 d after CFA injection under BH
(p 
 0.05 for C.Time, C.Dis, O.Time, and O.Entries; BH plus
AAV-DTA vs BH plus AAV-mCherry, Bonferroni’s post hoc test;
Fig. 6A–D). This could result from floor effects, given the high
level of anxiety-like behaviors at this time point (Fig. 1D,E). We
examined mouse behaviors 28 d after CFA injection, when ther-
mal hyperalgesia was still present in mice with vDG neurogenesis
ablation (Fig. 5F). Again, vDG (C.Time: t(16) � 2.87, p 	 0.05;
C.Dis: t(16) � 2.22, p 	 0.05; O.Time: t(16) � 2.14, p 	 0.05;
O.Entries: t(16) � 2.17, p 	 0.05) but not dDG (C.Time: t(16) �
0.10, p 
 0.05; C.Dis: t(16) � 0.10, p 
 0.05; O.Time: t(16) � 0.86,
p 
 0.05; O.Entries: t(16) � 0.01, p 
 0.05, t test) neurogenesis
ablation aggravated anxiety-like behaviors (Fig. 6E,F).

Interestingly, we noticed significantly increased defecation
of mice with adult vDG but not dDG neurogenesis ablation

during habituation and test sessions of PWL measurements
(dDG: U � 33.00, p 
 0.05; vDG: U � 4.50, p 	 0.01, Mann–
Whitney U test; Fig. 6G,H ), also indicating aggravated
anxiety-like behaviors.

Together, these results parallel the aforementioned findings
on thermal hyperalgesia and indicate that adult neurogenesis in
the vDG but not in the dDG contributes to EE-VEx’s anxiolytic
effects in chronic inflammatory pain.

Overxpressing BDNF in the vDG produced analgesic and
anxiolytic effects in chronic inflammatory pain
EE-VEx upregulates hippocampal BDNF (Vedovelli et al., 2011),
which promotes the survival and maturation of adult newborn
neurons and improves learning and memory (Fan et al., 2016).
We next asked whether impaired neurogenesis in chronic pain
was accompanied by decreased local BDNF levels in the DG.
BDNF levels were downregulated in both dDG (t(12) � 3.20, p 	
0.01) and vDG (t(12) � 3.13, p 	 0.01, t test) in BH groups 14 d
after CFA injection (Fig. 7A). EE-VEx upregulated BDNF in the
DG of both normal (dDG: t(12) � 2.42, p 	 0.05; vDG: t(12) �
2.27, p 	 0.05) and inflammatory (dDG: t(12) � 2.45, p 	 0.05;
vDG: t(12) � 3.95, p 	 0.01, t test; Fig. 7A) mice.

To further confirm the dorsoventral dissociation of DG in
pain and EE-VEx, we overexpressed BDNF with an AAV vector in
the dDG or the vDG. Significantly elevated BDNF levels were

Figure 6. Adult neurogenesis ablation in the vDG blocked the anxiolytic effect of EE-VEx in chronic inflammatory pain. A, B, Neurogenesis ablation in the dDG had limited effects on anxiety-like
behaviors in open-field (A) and elevated plus-maze (B) tests 14 d after CFA injection. C, D, Adult neurogenesis ablation in the vDG abolished the anxiolytic effect of EE-VEx in chronic pain. n � 8 in
each group. *p 	 0.05, **p 	 0.01, two-way ANOVA with Bonferroni’s post hoc test. E, F, Adult neurogenesis ablation in the vDG but not in the dDG aggravated anxiety-like behaviors in mice under
BH (28 d after CFA injection). n � 8 in each group. T.Dis and T.Entries remained similar in all groups. *p 	 0.05, t test. G, H, Adult neurogenesis ablation in the vDG but not in the dDG increased
defecation during habituation and testing phases of PWL measurement. Data were expressed as minimum–median–maximum. n � 9 in each group. **p 	 0.01, Mann–Whitney U test.
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detected 2 weeks after virus injection (dDG: t(8) � 2.82, p 	 0.05;
vDG: t(8) � 3.40, p 	 0.01, t test; Fig. 7B,C). BDNF overexpres-
sion promoted local neurogenesis in chronic inflammatory pain,
indicated by increased numbers of BrdU-positive cells in the SGZ
(dDG: t(12) � 3.15, p 	 0.05; vDG: t(12) � 2.76, p 	 0.05; Fig.
7D,E) as well as increased dendrite complexity of DCX-labeled
immature neurons (dDG: t(12) � 2.43, p 	 0.05; vDG: t(12) �
2.24, p 	 0.05, t test; Fig. 7F,G).

Consistent with the findings above, BDNF overexpression in
the dDG affected neither baseline thermal pain thresholds
(t(16) � 0.92, p 
 0.05; Fig. 8A) nor thermal hyperalgesia devel-
oped after CFA injection (virus effect: F(1,112) � 0.37, p 
 0.05;
time effect: F(7,112) � 93.77, p 	 0.001; interaction: F(7,112) � 0.34,
p 
 0.05, ANOVA with repeated measures; Fig. 8B). By contrast,
BDNF overexpression in the vDG attenuated thermal hyperalge-
sia in chronic pain (virus effect: F(1,126) � 44.89, p 	 0.001; time
effect: F(7,126) � 50.61, p 	 0.001; interaction: F(7,126) � 3.11, p 	
0.01, ANOVA with repeated measures and Bonferroni’s post hoc
test; Fig. 8D), without affecting baseline thermal pain thresholds
(t(18) � 0.63, p 
 0.05, t test; Fig. 8C). PWLs contralateral to the
CFA-injected paw remained similar across groups (data not
shown).

Furthermore, 14 d after CFA injection, BDNF overexpression
in the vDG (C.Time: t(18) � 3.56, p 	 0.01; C.Dis: t(18) � 2.65, p 	
0.05; O.Time: t(18) � 2.52, p 	 0.05; O.Entries: t(18) � 2.69, p 	
0.05) but not in the dDG (all p values 
0.05, t test) alleviated
anxiety-like behaviors in chronic pain (Fig. 8E,F).

These data indicate BDNF as a possible molecular sub-
strate underlying EE-Vex and further confirm the differential

effect of dDG and vDG in EE-VEx’s analgesic and anxiolytic
effects.

Adult neurogenesis in the dDG contributed to cognitive-
enhancing effects of EE-VEx in chronic inflammatory pain
We finally examined the possible role of dDG neurogenesis in
inflammatory pain and/or EE-VEx. Previous studies have
shown that the dDG participates in spatial and contextual
cognition (Sahay and Hen, 2007). Cognitive impairments
frequently accompany chronic pain (Apkarian et al., 2011;
Mutso et al., 2012), prompting us to hypothesize that EE-VEx
enhances cognitive abilities in chronic pain through dDG
neurogenesis.

The object–place recognition task (Fig. 9A) requires adult
neurogenesis in the dorsal hippocampus (Whissell et al., 2013).
We observed impaired task performance in mice with chronic
inflammatory pain, indicated by decreased bias scores toward
objects removed to novel places in the test phase (F(2,23) � 5.51,
p 	 0.01; p 	 0.05 for saline vs CFA, one-way ANOVA with
Bonferroni’s post hoc test; Fig. 9B). EE-VEx reversed this impair-
ment (p 	 0.05 for CFA vs CFA plus EE-VEx; Fig. 9B), which was
blocked by adult neurogenesis ablation in the dDG (t(14) � 2.75,
p 	 0.05) but not in the vDG (t(14) � 0.91, p 
 0.05, t test; Fig.
9C). Consistently, BDNF overexpression in the dDG (t(14) �
2.21, p 	 0.05) but not in the vDG (t(14) � 1.31, p 
 0.05, t test)
attenuated the object–place cognitive impairment in chronic in-
flammatory pain (Fig. 9D). These results indicate that adult neu-
rogenesis in the dDG but not in the vDG contributes to EE-VEx’s
cognitive-improving effects in chronic inflammatory pain.

Figure 7. BDNF overexpression promoted adult DG neurogenesis. A, Decreases of BDNF levels in dDG or vDG of mice with chronic inflammatory pain were reversed by EE-VEx. Representative
Western blots of BDNF were shown above the corresponding histogram. n�7 in each group. *p	0.05, **p	0.01 vs BH plus saline; #p	0.05, ##p	0.01 vs BH plus CFA, t test. B, Overexpressing
BDNF with viral vectors. n � 5 in each group. *p 	 0.05, **p 	 0.01, t test. C, Representative images showing virus expression (indicated by EGFP) in the dDG (top) or the vDG (bottom). Scale bars,
500 �m. D, E, BDNF overexpression increased the number of BrdU-positive cells in mice with chronic inflammatory pain. F, G, BDNF overexpression increased the dendrite complexity of DCX-labeled
immature granular cells in mice with chronic inflammatory pain. Scale bars, 100 �m. n � 7 in each group. *p 	 0.05, t test.
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Discussion
Mechanisms of EE-VEx’s pain-relieving effects
Pain encompasses perceptual, affective, and cognitive dimen-
sions (Williams and Craig, 2016). Previous work has shown alle-
viated long-term pain hypersensitivity or allodynia in chronic
neuropathic or inflammatory pain with EE-VEx (Gabriel et al.,
2010; Vachon et al., 2013), which is confirmed in the present
study (Fig. 1B,C). One intriguing finding is the limited effects of
EE-VEx on baseline or acute nociceptive responses (Fig. 1B,C).
This is consistent with one previous study on a similar inflamma-
tory model in rats (Rossi and Neubert, 2008; Tall, 2009; Gabriel et
al., 2010). However, using measurements other than reflex-based
nociceptive responses yields some controversies (Rossi and Neu-
bert, 2008; Tall, 2009; Gabriel et al., 2010), prompting us to eval-
uate other dimensions of pain as well.

We show anxiolytic (Fig. 1D–F) and cognitive-improving
(Fig. 9B) effects of EE-VEx on chronic inflammatory mice. These
findings indicate stronger effects of EE-VEx on central compo-
nents of pain than peripheral responses. Consistently, we fail to
observe significant local anti-inflammatory effects in CFA-

injected paws by EE-VEx (Fig. 2). However, we do not exclude the
possibility that EE-VEx alleviates widespread inflammatory re-
sponses triggered by CFA injection (Singhal et al., 2014), through
which its analgesic, anxiolytic, and cognitive-enhancing effects
are achieved.

Despite consistent beneficial effects of EE-VEx on pain by
various reports (Vachon et al., 2013; Blázquez et al., 2014; Leger et
al., 2015), the underlying mechanisms remain poorly under-
stood. One well known neural consequence of EE-VEx is in-
creased hippocampal neurogenesis (van Praag et al., 2000). We
show that ablating adult neurogenesis in the vDG and dDG abol-
ishes EE-VEx’s beneficial effects on perceptual/affective (Figs. 5,
6) and cognitive (Fig. 9C) dimensions of pain, respectively. Thus,
adult hippocampal neurogenesis at least partially contributes to
EE-VEx’s pain-relieving effects in chronic pain. The differential
effects of neurogenesis ablation (with AAV-DTA) or promotion
(with BDNF) on pain and/or EE-VEx along the dorsoventral axis
of the hippocampus parallel distinct gene expression, circuitry
organization, electrophysiological properties, and behavioral
functions of dorsal and ventral hippocampus (Bannerman et al.,

Figure 8. BDNF overexpression in the vDG but not in the dDG alleviated thermal hyperalgesia and reversed anxiety-like behaviors in chronic pain. A, B, BDNF overexpression in the dDG did not
affect baseline thermal pain thresholds (A) or CFA-induced thermal hyperalgesia (B). n � 9 in each group. C, D, BDNF overexpression in the vDG did not affect baseline thermal pain thresholds (C) but
attenuated CFA-induced chronic thermal hyperalgesia (D). n � 10 in each group. **p 	 0.01, ANOVA with repeated measures and Bonferroni’s post hoc test. E, F, AAV-BDNF expression in the vDG
but not in the dDG reversed anxiety-like behaviors of mice with chronic pain, indicated by increased C.Time and C.Dis in the open field (E) and increased O.Time and O.Entries in the elevated plus-maze
(F ). n � 9 in dDG groups, n � 10 in vDG groups. *p 	 0.05, **p 	 0.01, t test.

Figure 9. Adult neurogenesis in the dDG but not in the vDG contributed to the cognitive-improving effect of EE-VEx in chronic inflammatory pain. A, The object–place recognition task. One object
(OB) was moved to a novel place in the test phase, and the bias score was calculated as exploring times (OB � OA)/(OB � OA) in sample and test phases. B, Impaired object–place recognition in mice
with chronic inflammatory pain was reversed by EE-VEx. n � 8 in each group. *p 	 0.05 vs saline group, #p 	 0.05 vs CFA group, one-way ANOVA with Bonferroni’s post hoc test. C, Ablating adult
neurogenesis in the dDG but not in the vDG reversed EE-VEx’s cognitive-enhancing effect. n � 8 in each group. *p 	 0.05, t test. D, BDNF overexpression in the dDG improved object–place
recognition of mice with chronic inflammatory pain. n � 8 in each group. *p 	 0.05, t test.
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2014). Similar functional dissociation of adult neurogenesis be-
tween dDG and vDG also has been reported (Sahay and Hen,
2007; O’Leary and Cryan, 2014). Increasing adult vDG neurogen-
esis alleviates depression and anxiety-like behaviors in rodents
(Fox et al., 2006), both of which aggravate chronic pain symp-
toms (Bushnell et al., 2013; Craven et al., 2013). By contrast,
neurogenesis in the dorsal pole is critical for declarative cognition
(O’Leary and Cryan, 2014).

We should note that mechanisms other than adult hippocam-
pal neurogenesis cannot be excluded from EE-VEx’s effects on
chronic pain. EE-VEx also increases cortical gliogenesis (Eh-
ninger and Kempermann, 2003), histone-tail acetylation (Fischer
et al., 2007), and activities of several neurotransmitter systems
including acetylcholine, dopamine, norepinephrine, and opioids
(Sforzo et al., 1986; Fordyce and Farrar, 1991; Escorihuela et al.,
1995; Soares et al., 1999; Lee et al., 2013). All of these factors could
have influences on animal behaviors in chronic pain. In addition,
combined environmental enrichment and exercise exert greater
effects on both adult neurogenesis and animal behaviors than
single paradigms alone (Fabel et al., 2009; Pham et al., 2010),
indicating synergic effects of these components.

Role of adult hippocampal neurogenesis in chronic pain
Neurogenesis impairment has been observed under various
chronic pain conditions (Duric and McCarson, 2006; Terada et
al., 2008; Mutso et al., 2012; Dellarole et al., 2014; Dimitrov et al.,
2014). In the present study, we show that chronic inflammatory
pain decreases both the number of BrdU/DCX colabeled neurons
and the dendrite complexity of DCX-labeled immature granular
cells (Fig. 3). DCX is mainly expressed by migrating immature
neurons in the adult brain (Gleeson et al., 1998; Gleeson et al.,
1999) and is a reliable biomarker of newborn neurons in the
subgranular cell zone of the DG (Brown et al., 2003).

Despite these consistent findings of impaired neurogenesis in
chronic pain, controversies exist regarding their causal relation-
ship (Apkarian et al., 2016; Kang et al., 2016; Zheng et al., 2016).
In the present study, ablation of adult vDG neurogenesis aggra-
vates thermal hyperalgesia in chronic inflammatory pain without
affecting baseline or acute nociceptive responses (Fig. 5). In a
recent study, however, ablating neurogenesis delayed the onset of
tactile allodynia in mice with chronic neuropathic pain (Apkar-
ian et al., 2016). Two important differences potentially underlie
the discrepancy. First, inflammatory and neuropathic pain has a
distinct central impact. Inflammatory pain is characterized by
constant nociceptor activation, and anti-inflammatory responses
initiate pain recovery (Kidd and Urban, 2001). By contrast, nerve
injuries essentially cause a reorganization of the nervous sys-
tem after loss of peripheral afferents and induce hypersensitive
(central sensitization) pain memories (Costigan et al., 2009).
Although accumulating evidence indicates distinct molecular
mechanisms between inflammatory and neuropathic pain in the
peripheral nervous system (Abrahamsen et al., 2008; Abdel et al.,
2010), their central mechanistic differences are not fully under-
stood. In general, neuropathic pain has a much stronger influ-
ence on the brain, such as more severe gray matter loss (Gustin et
al., 2011), than non-neuropathic pain. Differential expression
of hippocampal miRNAs has been reported in rat models of in-
flammatory and neuropathic pain (Hori et al., 2013). Potentially
different contribution of hippocampal neurogenesis to these pro-
cesses is open for investigation. Another significant difference
between the present study and the study by Apkarian et al. (2016)
is the method of pain measurement. Inflammatory and neuro-
pathic pain involves both thermal hyperalgesia and mechanical

allodynia. However, these signals are processed in distinct path-
ways. Whereas mechanical stimuli are preferentially transmitted
by thick A� fibers to the classical spinothalamic tract, thermal
stimuli have a heavier impact on the thermo-regulatory system
closely interconnected with the hippocampus (Craig, 2003).
Consistently, we (Fig. 1 B, C) and others (Tall, 2009) observed
stronger effects of EE-VEx on thermal hyperalgesia than me-
chanical allodynia in inflammatory pain. Overall, our current
evidence suggests that the exact role of neurogenesis in pain
modulation is multifaceted, depending on hippocampal sub-
regions, pain models, and pain modalities.

Clinical translation
Although EE-VEx gains popularity in animal studies, this therapy
is not easy to be standardized or controlled under clinical situa-
tions. Administration of exercise therapies on aged or severely
painful patients is unrealistic and therefore poses limitations.
However, many clinically applied analgesics and nondrug pain
treatment such as environmental– behavioral therapies, acu-
puncture, noninvasive electrical stimulation, and dietary inter-
ventions impact hippocampal neurogenesis (Lledo et al., 2006;
Kobelt et al., 2014; Nam et al., 2015; Heberden, 2016). Some
antidepressants are recommended as first-line drugs for chronic
pain management (Finnerup et al., 2015) and promote hip-
pocampal neurogenesis (Malberg et al., 2000; Eisch and Petrik,
2012). Moreover, alleviation of chronic pain by antidepressants
correlates with increased norepinephrine release in the hip-
pocampus (Ignatowski and Spengler, 1994; Ignatowski et al.,
2005), which benefits neurogenesis and prevents volume loss of
hippocampus (Bremner et al., 2000). By contrast, long-term ap-
plication of opiates inhibits hippocampal neurogenesis (Eisch et
al., 2000) and frequently shows side effects, including tolerance
and cognitive deficits (Christo, 2003). Interestingly, combinative
application of reboxetine, a norepinephrine reuptake inhibitor,
counteracts the antineurogenic and apoptotic effects of mor-
phine (Meneghini et al., 2014). Thus, for preserving hippocampal
neurogenesis in chronic pain treatments, combined pharmaco-
logical therapeutics with nonpharmacological paradigms such as
EE-VEx could be of clinical significance. Indeed, there is already
evidence that environmental enrichment and exercises increase
norepinephrine and opioid signaling (Boecker et al., 2008; Lee et
al., 2013) and enhance the analgesic effect of opioids (Smith et al.,
2003, 2005).

In conclusion, the present study demonstrates distinct contri-
bution of adult hippocampal neurogenesis along the dorsoven-
tral axis to EE-VEx’s beneficial effects on different dimensions
of chronic pain and indicates combined pharmacological
treatments with nonpharmacological paradigms, including
EE-VEx as a promising option for further investigation on
pain management.
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