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Increased Synthesis of Chondroitin Sulfate Proteoglycan
Promotes Adult Hippocampal Neurogenesis in Response to
Enriched Environment
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Chondroitin sulfate proteoglycan (CSPG) is a candidate regulator of embryonic neurogenesis. The aim of this study was to specify the
functional significance of CSPG in adult hippocampal neurogenesis using male mice. Here, we showed that neural stem cells and neuronal
progenitors in the dentate gyrus were covered in part by CSPG. Pharmacological depletion of CSPG in the dentate gyrus reduced the
densities of neuronal progenitors and newborn granule cells. 3D reconstruction of newborn granule cells showed that their maturation
was inhibited by CSPG digestion. The novel object recognition test revealed that CSPG digestion caused cognitive memory impairment.
Western blot analysis showed that expression of 3-catenin in the dentate gyrus was decreased by CSPG digestion. The amount of CSPG in
the dentate gyrus was increased by enriched environment (EE) and was decreased by forced swim stress. In addition, EE accelerated the
recovery of CSPG expression in the dentate gyrus from the pharmacological depletion and promoted the restoration of granule cell
production. Conversely, the densities of newborn granule cells were also decreased in mice that lacked chondroitin sulfate
N-acetylgalactosaminyltransferase 1 (CSGalNAcT1), a key enzyme for CSPG synthesis (T1KO mice). The capacity of EE to promote
granule cell production and improve cognitive memory was impaired in T1KO mice. These findings indicate that CSPG is involved in the
regulation of adult hippocampal neurogenesis and suggest that increased synthesis of CSPG by CSGalNacT1 may mediate promotion of
granule cell production and improvement of cognitive memory in response to EE.

(s )

Chondroitin sulfate proteoglycan (CSPG) is a candidate regulator of embryonic neurogenesis. Here, we specified the role of CSPG
in adult neurogenesis in the mouse hippocampus. Digestion of CSPG in the dentate gyrus impaired granule cell production and
cognitive memory. Enriched environment (EE) promoted the recovery of CSPG expression and granule cell production from the
CSPG digestion. Additionally, adult neurogenesis was impaired in mice that lacked a key enzyme for CSPG synthesis (T1KO mice).
The capacity of EE to promote granule cell production and cognitive memory was impaired in T1KO mice. Altogether, these
findings indicate that CSPG underlies adult hippocampal neurogenesis and suggest that increased synthesis of CSPG may mediate
promotion of granule cell production in response to EE. j
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granule cells from neural stem cells in the dentate gyrus continues
throughout life and this phenomenon is termed as “adult hip-
pocampal neurogenesis” (Altman and Das, 1967; Kaplan and
Hinds, 1977; Cameron et al., 1993). To date, newborn granule
cells are thought to play some role in regulation of higher-order
brain functions (Opendak and Gould, 2015): cognitive memory
(Contestabile et al., 2013), spatial memory (Shors et al., 2001;

Introduction
Neural stem cells are present in both embryonic and adult brain
of mammals, including humans (Gage, 2000). The production of
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Dupret et al., 2007), mood regulation, and efficacy of anti-
depressants (Petrik et al., 2012).

Extracellular matrix (ECM) is considered to enrich and en-
hance the bioavailability of multiple endogenous factors (Kazanis
and ffrench-Constant, 2011). Interestingly, ECM constitutes spe-
cialized microenvironments known as neurogenic niches, which
support the self-renewal of neural stem cells and their differenti-
ation into neurons and glial cells (Spradling et al., 2001; Bordey,
2006). Chondroitin sulfate proteoglycan (CSPG) is one of the
major components of ECM, consisting of a core protein and
glycosaminoglycan side chains. Several studies have suggested
that CSPG may be involved in regulation of neural stem cells in
the developing brain (Purushothaman et al., 2012). Particularly,
CSPG interacts with a number of growth factors such as pleiotro-
phin and midkine and influences proliferation and self-renewal
of neural stem cells (Deepa et al., 2002; Mizoguchi et al., 2003;
Karumbaiah et al., 2015). Currently, there is fairly general agree-
ment that CSPG is a candidate regulator of embryonic neurogen-
esis (Sirko et al., 2007). However, the potential role of CSPG in
adult hippocampal neurogenesis is still not fully understood.

The expression of perineuronal net (PNN), which is the spe-
cialized reticular structure composed of CSPG and hyaluronan, is
promoted in the developing visual cortex in response to visual
experiences (Pizzorusso et al., 2002). The numbers of PNNs la-
beled by Wisteria floribunda agglutinin (WFA, a marker for
CSPG) in the barrel cortex decrease following deprivation of sen-
sory information from facial vibrissae (Nakamura et al., 2009).
Although neural stem cells are not surrounded by PNNs, CSPG is
highly expressed in neurogenic niches (Akita et al., 2008). Inter-
estingly, adult hippocampal neurogenesis is also affected by var-
ious experiences that modulate neuronal activity. For example,
granule cell production is increased by enriched environment
(EE) (Kempermann and Gage, 1999) and decreased by physio-
logical and psychological stresses (Czéh et al., 2002; Pham et al.,
2003). Therefore, it can be hypothesized that CSPG may play
some role in experience-dependent alterations in adult hip-
pocampal neurogenesis.

The main goal of the present study was to specify the func-
tional significance of CSPG in adult neurogenesis in the mouse
hippocampus. Here, we showed that neural stem cells and neu-
ronal progenitors in the dentate gyrus were partially covered by
CSPG. Pharmacological depletion of CSPG in the dentate gyrus
reduced the densities of neuronal progenitors and newborn gran-
ule cells and caused cognitive memory impairment. In addition,
EE promoted the recovery of CSPG expression and the restora-
tion of granule cell production from CSPG digestion. Moreover,
the capacity of EE to promote granule cell production and im-
prove cognitive memory was impaired in mice that lacked a key
enzyme for CSPG synthesis. Altogether, these findings indicate
that CSPG is involved in regulation of adult hippocampal neuro-
genesis and suggest that increased synthesis of CSPG may medi-
ate promotion of granule cell production and improvement of
cognitive memory in response to EE.

Materials and Methods

Animals. All procedures were approved by the Committee of Ethics on
Animal Experiments of the Graduate School of Medical Sciences, Kyushu
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University. Mice were housed on a 12 h light/12 h dark cycle and fed ad
libitum standard rodent chow (CE-2; CLEA Japan).

A total of 161 male C57BL/6] mice (8—12 weeks old, 20-25 g; CLEA
Japan) were used in this study. We also used 22 male mice lacking
the gene for chondroitin sulfate N-acetylgalactosaminyltransferase 1
(CSGalNACT1), a key enzyme for CSPG synthesis (T1KO mice; 8—12
weeks old, 20-25 g) and 21 male wild-type littermates (WT mice; 8—12
weeks old, 20-25 g). TIKO mice, T1 heterozygotes, and WT littermates
on the C57BL/6N background were bred, genotyped, and maintained as
described previously (Watanabe et al., 2010).

Enriched housing. In an EE, mice were housed in a large plastic cage
(45 X 30 X 25 cm) that contained tunnels, running wheels, and toys. In
standard conditions, mice were housed in a standard plastic cage (12 X
20 X 15 c¢m) that contained no such items. Mice were housed either in
standard conditions or in an EE for 2 weeks.

Forced swimming stress. Mice were forced to swim for 6 min in an
acrylic cylinder (20 X 20 X 25 cm) containing 15 cm water at 25°C once
daily for 2 weeks. After the swimming session, each animal was dried,
warmed, and returned to its home cage.

Administration of enzymatic reagents. Three types of chondroitinases
were used to analyze the potential role of CSPG: chondroitinase ABC
(chABC, 30 U/ml, 0.25 ul/site; Seikagaku), which digests both CSPG and
dermatan sulfate proteoglycan (DSPG); chondroitinase AC (chAC, 30
U/ml, 0.25 ul/site; Seikagaku), which digests CSPG only; and chondroiti-
nase B (chB, 30 U/ml, 0.25 ul/site; Sigma-Aldrich), which digests DSPG
only (Michelacci and Dietrich, 1975). As a control regent, we used pen-
icillinase (P-ase, 30 U/ml, 0.25 ul/site; Sigma-Aldrich).

Mice were anesthetized with intraperitoneal injection of sodium pen-
tobarbital (50 mg/kg) and mounted onto a stereotaxic frame. Each re-
agent was applied using positive pressure with a glass micropipette
(inside diameter, 20-30 wm). For immunohistochemistry (IHC) and
Western blot, each regent was injected into four target sites of the dorsal
dentate gyrus in the left hemisphere. For behavioral experiments, each
reagent was injected into four target sites of the dorsal dentate gyrus in
both hemispheres.

The coordinates of injection sites were as follows: (1) 1.84 mm anterior
to the bregma, 1.0 mm lateral from the midline, and 1.90 mm below the
pial surface; (2) 1.84 mm anterior to the bregma, 1.2 mm lateral from
the midline, and 1.90 mm below the pial surface; (3) 2.18 mm anterior to
the bregma, 1.2 mm lateral from the midline, and 1.90 mm below the pial
surface; and (4) 2.18 mm anterior to the bregma, 1.5 mm lateral from the
midline, and 1.90 mm below the pial surface.

Administration of bromodeoxyuridine (BrdU). To identify proliferating
cells, mice were administered single intraperitoneal injection of BrdU (50
mg/kg; Nacalai Tesque) 2 weeks after the intradentate injection of re-
agents as described above. BrdU is a thymidine analog that incorporates
into DNA during S phase of the cell cycle (Taupin, 2007). Animals were
killed 24 h after the BrdU injection.

To identify mature newborn granule cells, mice were administered
intraperitoneal injection of BrdU (50 mg/kg; Nacalai Tesque) once daily
for 2 consecutive days. One week after the final BrdU injection, animals
received intradentate injection of reagents as described above. Animals
were killed 4 weeks after the final BrdU injection.

Perfusion fixation. For IHC, mice were deeply anesthetized with an
overdose of sodium pentobarbital (120 mg/kg, i.p.) and then perfused
transcardially with PBS, pH 7.4, followed by a mixture of 4% paraformal-
dehyde and 0.05% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4.
Brains were left in situ for 2-3 h at room temperature and then removed
from the skull. Harvested brains were cut coronally into 40-um-thick
sections on a vibrating microtome (VT1000S; Leica Microsystems). To
avoid deformation of the sections, they were processed free-floating with
extreme care.

Immunostaining procedure. For antigen retrieval of BrdU, caspase-3
(Casp-3), and proliferating cell nuclear antigen (PCNA), sections were
pretreated with 2 N HCI for 30 min at room temperature. After washing
with PBS, all sections were blocked with 1.0% BSA in PBS containing
0.3% Triton X-100 and 0.05% sodium azide for 3 h at 4°C. After block-
ing, sections were incubated for 5 d at 4°C with a mixture of primary
antibodies raised in different species and a plant lectin: rat monoclonal
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anti-BrdU antibody (1:1000; Novus Biologicals; RRID:AB_341913), rab-
bit polyclonal anti-brain lipid-binding protein (BLBP) antibody (1:2000;
Abcam; RRID:AB_10711451), rabbit polyclonal anti-calretinin (CR) an-
tibody (1:10000; Frontier Institute; RRID:AB_2571666), rabbit mono-
clonal anti-Casp-3 (cleaved) antibody (1:2000; Cell Signaling Technology;
RRID:AB_2341188), guinea pig polyclonal anti-doublecortin (DCX)
antibody (1:10000; Millipore; RRID:AB_2230227), mouse monoclo-
nal anti-glial fibrillary acidic protein (GFAP) antibody (1:10000;
Sigma-Aldrich; RRID:AB_477010), rabbit polyclonal anti-ionized cal-
cium binding adaptor molecule 1 (Ibal) antibody (1:10000; Wako;
RRID:AB_2665520), chicken polyclonal anti-neuronal nuclei (NeuN)
antibody (1:2000; Synaptic Systems; RRID:AB_2571734), goat poly-
clonal anti-sex determining region Y-box 2 (Sox2) antibody (1:2000;
Santa Cruz Biotechnology; RRID:AB_661259), rabbit polyclonal anti-
parvalbumin (PV) antibody (1:10000; Swant; RRID:AB_2315235),
mouse monoclonal anti-PCNA antibody (1:2000; Millipore; RRID:
AB_95029), and biotinylated-WFA lectin (1:5000; Vector Laboratories;
RRID:AB_2336873).

After washing with PBS, sections were incubated with a mixture of
appropriate fluorescent or biotin-conjugated secondary antibodies:
aminomethylcoumarin-conjugated donkey anti-rabbit IgG antibody (1:
500; Jackson ImmunoResearch Laboratories), fluorescein isothiocyanate
(FITC)-conjugated donkey anti-rabbit IgG antibody (1:500; Jackson Im-
munoResearch Laboratories), FITC-conjugated donkey anti-guinea pig
IgG antibody (1:500; Jackson ImmunoResearch Laboratories), cyanine 3
(Cy3)-conjugated donkey anti-goat IgG antibody (1:250; Jackson Immu-
noResearch Laboratories), Alexa Fluor 647-conjugated donkey anti-
mouse IgG antibody (1:250; Jackson ImmunoResearch Laboratories),
biotin-conjugated donkey anti-chicken IgG antibody (1:500; Jackson
ImmunoResearch Laboratories) for 12 h at 4°C. Sections were then in-
cubated with CF405-conjugated streptavidin (1:500; Biotium). Some
sections were also counterstained with 4',6-diamidino-2-phenylindole
(DAPL 1 pg/ml; Nacalai Tesque) for 30 min. After washing with PBS,
sections were mounted in Vectashield (Vector Laboratories).

Counting procedure according to the optical disector. One stack of opti-
cal sections containing the dentate gyrus was captured from each immu-
nostained section using an optical sectioning microscope (Apotome.2;
Carl Zeiss) equipped with a dry objective lens [ X20, numerical aperture
(NA) 0.8]. A two-cell-thick zone (40 wm) between the border of the
granule cell layer and hilus was defined as the subgranular zone and adult
neurogenesis-related cells distributed in this narrow band were counted
according to the optical disector procedure (West et al., 1991). The area
of the granule cell layer was estimated according to the point-counting
method (Gundersen et al., 1999) using the image analysis software pack-
age Image] 1.46 (RRID:SCR_003070). The numerical densities (NDs)
were calculated as follows:

ND = 3Q /(h X a(gl)/SV)

where Q" is the number of disector-counted cells in the subgranular
zone, h is the optical disector height, a( gl) is the area of the granule cell
layer, and SV is the volumetric shrinkage factor. Here, we used the aver-
age value of SV for Vectashield-mounted preparations (0.65) (Jinno et
al., 1998). The numbers of cells counted by the optical disector analyses
are summarized in Table 1.

Optical disector analysis of the cells stained for Sox2, DCX, CR, and S100.
In this experiment, four types of adult neurogenesis-related cells were de-
fined as follows: Sox2 */DCX ~/CR ~/S1008 ~ neural stem cells, Sox2 ~/
DCX */CR 7/S1008 ~ neuronal progenitors, Sox2 ~/DCX */CR */S1008 ~
newborn granule cells, and Sox2 */DCX ~/CR ~/S100B " astrocytes.

To examine the effects of CSPG digestion on adult neurogenesis, a
total of 16 mice were divided into four groups that were treated with
different reagents: P-ase, n = 4 mice; chABC, n = 4 mice; chAC, n = 4
mice; chB, n = 4 mice. These animals were also used for the reconstruc-
tion of newborn granule cells.

To examine the effects of EE or stress on adult neurogenesis, a total of
24 mice were divided into four groups that were treated with different
reagents: control, n = 8 mice; EE, n = 8 mice; Stress, n = 8 mice. These
animals were also used for the fluorescent intensity analysis of WFA.
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Table 1. Numbers of counted cells by the optical disector analysis

Figure 2/-L Neural stem Neuronal Newborn Astrocytes
cells progenitors granule cells

P-ase 1026 993 1384 222

chABC 871 391 386 184

chAC 851 487 384 174

chB 902 836 1126 184

Figure 2R-T  Total BrdU * BrdU * neural BrdU ™ neuronal
cells stem cells progenitors

P-ase 264 53 204

chABC 197 59 131

chAC 183 62 112

chB 273 68 198

Figure3L,0  BrdU™* mature  Casp-3 ™ apoptotic
granule cells cells

P-ase 267 46

chABC 184 4

chAC 204 38

chB 268 40

Figure6/—0  Neural stem Neuronal Newborn Astrocytes
cells progenitors granule cells

P-ase 1997 1745 2329 436

EE 2159 2106 3588 399

Stress 1458 1398 850 406

Figure 7/-L Neural stem Neuronal Newborn Astrocytes
cells progenitors granule cells

P-ase (EE) 952 958 1638 180

chABC (EE) 839 716 597 168

chAC (EE) 823 737 623 175

chB (EE) 994 972 1688 174

Figure8/-M  Neural stem Neuronal Newborn Astrocytes
cells progenitors granule cells

WT (STD) 808 787 951 178

T1KO (STD) 798 697 666 164

WT (EE) 914 963 1739 161

T1KO (EE) 742 742 695 151

To examine the effects of EE on the recovery of adult neurogenesis from
CSPG digestion, a total of 16 mice housed under EE were divided into four
groups that were treated with different reagents: P-ase (EE), n = 4 mice;
chABC (EE), n = 4 mice; chAC (EE), n = 4 mice; chB (EE), n = 4 mice.

To analyze the effects of genetic deletion of CSGalNAcT1 and EE on
adult neurogenesis, a total of 16 mice were divided into four groups:
untreated WT mice housed in standard conditions, WT (STD), n = 4
mice; T1KO mice housed in standard conditions, T1IKO (STD), n = 4
mice; WT mice housed in an EE, WT (EE), n = 4 mice; T1IKO mice
housed in an EE, T1KO (EE), n = 4 mice. These animals were also used
for the fluorescent intensity analysis of WFA and volume rendering.

From each animal, three sections were selected and processed for im-
munostaining of Sox2, DCX, CR, and S1008. The image acquisition
conditions, cell-counting procedures, and calculation method of the
NDs were performed as described above.

Optical disector analysis of the cells stained for Sox2, DCX, BrdU, and
S100B. In this experiment, two types of proliferating cells were defined as
follows: Sox2 */DCX ~/BrdU */S1008 ~ neural stem cells and Sox2 =/
DCX */BrdU */S1008 ~ neuronal progenitors. A total of 16 mice were
divided into four groups that were treated with different reagents: P-ase,
n = 4 mice; chABC, n = 4 mice; chAC, n = 4 mice; chB, n = 4 mice.

From each animal, three sections were processed for immunostaining
of Sox2, DCX, BrdU, and S100f3. The image acquisition conditions, cell-
counting procedures, and calculation methods for the NDs were per-
formed as described above.

Optical disector analysis of the cells stained for DCX, CR, BrdU, and
NeuN. In this experiment, DCX ~/CR ~/BrdU T/NeuN * cells were de-
fined as mature newborn granule cells. A total of 16 mice were divided
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into four groups that were treated with different reagents: P-ase, n = 4
mice; chABC, n = 4 mice; chAC, n = 4 mice; chB, n = 4 mice. These
animals were also used for the optical disector analysis of the cells stained
for Casp-3 and DAPIL.

From each animal, three sections were processed for immunostaining
of DCX, BrdU, CR, and NeuN. The image acquisition conditions, cell-
counting procedures, and calculation method for the NDs were per-
formed as described above.

Optical disector analysis of the cells stained for Casp-3 and DAPI. In this
experiment, Casp-3*/DAPI™" cells were defined as apoptotic cells. A
total of 16 mice were divided into four groups that were treated with
different reagents: P-ase, n = 4 mice; chABC, n = 4 mice; chAC, n = 4
mice; chB, n = 4 mice.

From each animal, three sections were processed for immunostaining
of casp-3. The image acquisition conditions, cell-counting procedures,
and calculation method for the NDs were performed as described above.

Line profile analysis. To analyze the contact between the WFA * CSPG
and PV ", BLBP ", or DCX * cells, optical sections were obtained with an
optical sectioning microscope (Apotome.2; Carl Zeiss) using an oil-
immersion objective lens (X63, NA 1.40). The pixel intensities within 15
pum of the lines were measured using Image] 1.46.

Fluorescence intensity analysis of WFA. To analyze the effects of EE and
stress on CSPG expression in the dentate gyrus, a total of 24 mice were
divided into three groups that were housed under different conditions:
control, n = 8 mice; EE, n = 8 mice; stress, n = 8 mice. To analyze the
recovery of CSPG expression from pharmacological digestion by housing
in an EE, a total of 16 mice were divided into four groups that were
treated with different reagents: P-ase (EE), n = 4 mice; chABC (EE), n =
4 mice; chAC (EE), n = 4 mice; chB (EE), n = 4 mice. For comparison, we
analyzed mice housed in standard conditions after injection of chABC:
chABC (STD), n = 4 mice. To analyze the alterations in WFA © CSPG
expression by genetic deletion of CSGalNAcTI, a total 16 mice were
divided into four groups according to the genetic backgrounds and hous-
ing conditions: WT (STD), n = 4 mice; TIKO (STD), n = 4 mice; WT
(EE), n = 4 mice; T1KO (EE), n = 4 mice.

Three sections per animal were processed for staining of WFA. We
used long-focal-depth images obtained from a wide-field fluorescence
microscope (Axio Scope.Al; Carl Zeiss) equipped with a dry objective
lens (X5, NA 0.15) (Yamada et al., 2015). Before capturing images, we
carefully set the exposure time, gain, and offset to ensure a high signal
while also avoiding saturation. The same capture conditions were used
for all sections. Eight-bit black and white images containing the whole
area of the hippocampus were captured using a digital camera (AxioCam
MRm; Carl Zeiss). The gray levels for WFA ™ CSPG in the dentate gyrus
were measured using Image] 1.46.

Reconstruction of newborn granule cells. A total of 16 mice were divided
into four groups that were treated with different reagents: P-ase, n = 4
mice; chABC, n = 4 mice; chAC, n = 4 mice; chB, n = 4 mice. Three
sections per animal were selected and processed for immunostaining of
DCX and CR. One stack of optical sections containing the dentate gyrus
was captured using an optical sectioning microscope (Apotome.2; Carl
Zeiss) equipped with a dry objective lens (X40,NA 0.75). Cell bodies and
processes of DCX ™ cells were traced using the Neurolucida V9 tracing
and reconstruction software (MBF Bioscience). 3D datasets were ana-
lyzed quantitatively using Neurolucida Explorer (MBF Bioscience). The
following morphometric parameters were obtained: (1) branch number:
the total number of dendritic branches; (2) total dendritic length: the
total length of all branched structures of dendrites; (3) length of second-
order dendrites; (4) length of third-order dendrites; and (5) number of
intersections: the number of intersections made by DCX * dendrites with
concentric circles of increasing distance from the cell body (Sholl analy-
sis) (Sholl, 1953).

Volume rendering. A total of 12 mice were divided into four groups
according to the genetic backgrounds and housing conditions: WT
(STD), n = 3 mice; T1KO (EE), n = 3 mice; WT (EE), n = 3 mice; T1 KO
(EE), n = 3 mice. For comparison, we analyzed mice that received intra-
dentate injection of chABC and then were housed in standard condi-
tions: chABC (STD), n = 3 mice. All animals were also used in the optical
disector analysis of the cells stained for Sox2, DCX, CR, and S1008.
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3D volume-rendering tool integrated in Fiji, a “batteries-included”
version of ImageJ (Schindelin et al., 2012), was used in this analysis.
Three sections per animal were processed for staining of WFA, PV, BLBP,
and DCX. One stack of optical sections containing the dentate gyrus was
captured using an optical sectioning microscope (Apotome.2; Carl Zeiss)
equipped with an oil-immersion objective lens (X63, NA 1.40). Images
for each channel (cyan, WFA; green, PV; yellow, BLBP, magenta, DCX)
were processed separately to optimize the detection of WFA™ CSPG,
PV™*, BLBP ™", or DCX ™ cells. Contrast for the cyan channel was cor-
rected using the “enhance contrast” function (saturated pixels = 0.2%,
normalized, all slices processed). Background was reduced using the
“subtract background” function (rolling ball radius = 2 pixels). Contrast
for the green channel was corrected using the “enhance contrast” func-
tion (saturated pixels = 0.1%, normalized, all slices processed). Back-
ground noise was reduced with the “subtract background” function
(rolling ball radius = 30 pixels). Contrast for the yellow channel was
corrected with the “enhance contrast” function (saturated pixels = 0.1%,
normalized, all slices processed). Background noise was reduced with the
“subtract background” function (rolling ball radius = 40 pixels). Con-
trast for the magenta channel was corrected using the “enhance contrast”
function (saturated pixels = 0.1%, normalized, all slices processed).
Background noise was reduced with the “subtract background” function
(rolling ball radius = 40 pixels). All images were then automatically
thresholded for segmentation by the “make binary” function (“auto
threshold,” “Otsu” method). The images were filtered through the 3D
median filter (radius = 2 pixels in every dimension). Finally, the cyan
channel was merged with each of the green, yellow, and magenta chan-
nels and rendered with the plugin 3D Viewer (displayed as volume).

To estimate contact between WFA ™" CSPG and PV, BLBP*, or
DCX ™ cells, we defined the granule cell layer with the 3D region of interest
(ROI) tool. The colocalized voxels (i.e., voxels double positive for WFA and
each of PV, BLBP, and DCX) were obtained by the image calculator (oper-
ation “multiply”). The voxel numbers were then measured using the voxel
counter. Contact between WEA ™ CSPG and each of the PV *, BLBP *, and
DCX " cells was estimated with the following formula:

Contact ratio (%) = 2 Cov/ZTov X 100

where 2. Cov represents the number of double-positive voxels and 3 Tov
represents the total voxel number for PV ¥ BLBP ", and DCX " cells.

Western blot analysis. A total of 24 mice were divided into four groups
that were treated with different reagents: P-ase, n = 6 mice; chABC, n =
6 mice; chAC, n = 6 mice; chB, n = 6 mice. After administration of an
overdose of sodium pentobarbital (120 mg/kg, i.p.), deeply anesthetized
animals were transcardially perfused with ice-cold PBS. Harvested brains
were cut coronally into 250-um-thick sections in a bath of ice-cold PBS
using a vibrating microtome (VT1000S; Leica Microsystems). The dorsal
dentate gyrus was dissected from the brain section by hand using a razor
blade. Tissues were homogenized in PBS by pipetting. For Western blot-
ting of B-catenin, the nuclear fraction was extracted with NE-PER Nu-
clear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific)
according to the manufacturer’s protocol. Protein concentrations were
determined using a Rapid Protein Quantification Kit (Dojindo) and sub-
jected to SDS-PAGE (ATTO). The Western blot was repeated twice and a
representative result is shown in Figure 4.

Transferred PVDF membranes were blocked with 5.0% skim milk in
PBS-T (PBS containing 0.1% Tween 20) for 30 min at room temperature
and incubated with goat polyclonal anti-Wnt-3 antibody (1:2000; Santa
Cruz Biotechnology; RRID:AB_2215293) or mouse monoclonal anti-f3-
catenin antibody (1:2000; BD Bioscience; RRID:AB_397554) overnight
at 4°C. After washing with PBS-T, membranes were incubated with HRP-
conjugated goat anti-mouse IgG antibody (1:5000; Jackson ImmunoRe-
search Laboratories) for 3 h at 20°C. After washing with PBS-T, the
bound antibodies were detected with Immobilon Western Chemilumi-
nescent HRP Substrate (Millipore) and images were acquired using a
luminoimage analyzer (ImageQuant LAS 4000mini; GE Healthcare).
Membranes were subsequently stripped with Western blot stripping
buffer (Thermo Fisher Scientific) and then reblotted with mouse mono-
clonal antibody against the housekeeping gene B-actin (1:20000; Sigma-
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Aldrich; RRID:AB_476692) or TATA-binding protein (TBP, 1:20000;
Abcam; RRID:AB_447457). To measure band intensities, equal-sized
boxes were drawn around the bands, and the mean pixel values were
measured using ImageJ 1.46.

High-performance liquid chromatography. For high-performance lig-
uid chromatography (HPLC), a total of 13 mice were divided into three
groups that were housed in different conditions: control, n = 5 mice; EE,
n = 4 mice; stress, n = 4 mice. After administration of an overdose of
sodium pentobarbital (120 mg/kg, i.p.), deeply anesthetized animals
were transcardially perfused with PBS. Harvested brains were cut coronally
into 250-um-thick sections in a bath of ice-cold PBS using a vibrating mi-
crotome (VT1000S; Leica Microsystems). Brain slices were cut by hand with
arazor blade and the dorsal dentate gyrus was dissected and homogenized in
cold acetone. The homogenate was dried and exhaustively digested with
actinase E (Kaken Pharma) at 60°C for 24 h. The digest was treated with 5%
trichloroacetic acid (w/v) and the acid-soluble fraction was extracted with
diethyl ether. The aqueous phase was neutralized and subjected to gel filtra-
tion on a PD-10 column (GE Healthcare). The flow-through fractions were
collected, evaporated until dry, and then dissolved in water. An aliquot of the
sample was digested using chondroitinase ABC (Seikagaku) at 37°C for 2 h.
The digests were derivatized with a fluorophore, 2-aminobenzamide and
then analyzed by anion-exchange HPLC (SLC-10A; Shimadzu) on a PA-03
column (YMC). Identification and quantification of the resulting disaccha-
rides were achieved by comparison with chondroitin sulfate-derived authen-
tic unsaturated disaccharides.

Open-field test (OFT). To measure the effects of CSPG digestion on
locomotor activity and anxiety-related behavior, mice were evaluated by
the OFT. A total of 49 mice housed in standard conditions were divided
into four groups that were treated with different reagents: P-ase, n = 12
mice; chABC, n = 12 mice; chAC, n = 12 mice; chB, n = 13 mice. Mice
were placed in a square open field (50 X 50 X 50 cm; Muromachi Kikai)
for a period of 10 min and allowed to move freely in the field. The center
area size was designated as 30 X 30 cm?. The distance traveled and the
time spent in the center area and the outer zone were automatically
measured by a computer-assisted data acquisition system, ANY-maze
(Stoelting; RRID:SCR_014289).

Novel object recognition test (NORT). The alterations in cognitive
memory were evaluated by the NORT. On the next day of OFT, the same
animals were analyzed by NORT to examine the effects of CSPG diges-
tion. The results of chABC-treated mice were also used to calculate the
effects of EE in the following analysis. To evaluate the effects of genetic
deletion of CSGalNACcT1, a total of 27 mice housed in standard condi-
tions were analyzed: WT (STD), n = 13 mice; TIKO (STD), n = 14 mice.
The animals were then housed in an EE and analyzed by NORT: WT
(EE), n = 13 mice; T1 KO (EE), n = 14 mice. For comparison, chABC-
treated mice housed in an EE were analyzed: chABC (EE), n = 12 mice.

The test was conducted in accordance with the previously reported
protocol (Leger et al., 2013). Briefly, the task was performed in a square
open field (50 X 50 X 50 cm; Muromachi Kikai). During the familiar-
ization session, each mouse was allowed to individually explore two ob-
jects for 10 min and the time spent exploring each object was recorded.
Thereafter, the mouse was returned to the home cage. Six hours later, the
mouse was placed into the same open field in which one of the familiar
objects had been replaced with a novel object. Object exploration behav-
ior was defined as the mouse being within 2 cm of an object, directing its
nose at the object, and being involved in active exploration such as sniff-
ing. The exploration time was automatically measured by a computer-
assisted data acquisition system, ANY-maze (Stoelting).

Statistical analysis and preparation of illustrations. All numerical data
were pooled for each animal. The scientific graphing and data analysis
software Origin 8.5 (OriginLab; RRID:SCR_014212) was used to test the
statistical difference between two groups by Welch’s ¢ test. The statistical
analysis and data mining software SPSS Version 22 (RRID:SCR_002865)
was used to test the statistical difference among multiple groups by one-
way ANOVA with post hoc Tukey’s honestly significant difference (HSD)
test. Data are shown as mean = SD. Differences were considered signif-
icant at p < 0.05.

To prepare illustrations, selected images were processed using Adobe
Photoshop CS5 (RRID:SCR_014199). Only brightness and contrast were
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adjusted for the whole frame and no part of a frame was enhanced or
modified in any way.

Results

Neural stem cells and neuronal progenitors in the adult
hippocampus are partially covered by CSPG

We examined the localizations of CSPG around cells expressing
PV, BLBP (a marker for radial glia-like neural stem cells) (Krieg-
stein and Alvarez-Buylla, 2009), and DCX (a marker for neuronal
progenitors and newborn granule cells) (Brown et al., 2003) in
the dentate gyrus of the adult mouse hippocampus. PV-positive
(PV ™) cells were clearly covered by WFA © CSPG, which exhib-
ited the typical morphology of PNNs, as reported previously
(Briickner et al., 1994) (Fig. 1A-C). In agreement with our recent
work (Yamada et al., 2015), no PV-lacking interneurons were
covered by WFA ™ CSPG in the hippocampus. BLBP * cells with
radial processes, which were presumed to be neural stem cells,
were partially covered by WFA ™ CSPG (Fig. ID-F). DCX ™ cells
with long, dendritic-like processes, which were presumed to be
neuronal progenitors or newborn granule cells, were also par-
tially covered by WFA ™ CSPG (Fig. 1G-I). In general, the cover-
ing of BLBP * cells and DCX * cells by WFA ™ CSPG was diffuse
and did not exhibit the typical morphology of WFA ™ PNNs
around PV ¥ neurons.

We then examined the covering of WFA ™ CSPG around pro-
liferating cells: BLBP */PCNA ™ cells (Fig. 1J,K) and DCX "/
PCNA ™ cells (Fig. 1 L,M). These cells lacked long processes and
their somata were only weakly covered by WFA ™ CSPG.

Reduction in neuronal progenitors and newborn granule cells
following CSPG digestion

The general distributions of CSPG in the hippocampus were
tested after the injection of P-ase or chABC into the dentate gyrus
(Fig. 2A, B). Compared with P-ase-treated mice, the staining for
WFA in the dentate gyrus was evidently weakened in chABC-
treated mice. In addition, digestion of CSPG somewhat spread
into the CA1 and CA3 regions by the intradentate chABC injec-
tion and WFA ¥ CSPG was present only around a few somata in
these regions of chABC-treated mice.

We then examined the glial reactions at the injection site (Fig.
2C,D). The patterns of distributions of Ibal © microglia and
GFAP " astrocytes in mice treated with chABC were similar to
those in mice treated with P-ase. No morphological abnormali-
ties were apparent in these glial cells.

Four molecular markers were used to analyze the effects of
CSPG digestion on adult hippocampal neurogenesis: Sox2 (a
marker for neural stem cells and astrocytes), DCX, CR (a marker
for postmitotic immature granule cells), and S1003 (a marker for
astrocytes). Here, we defined four types of adult neurogenesis-
related cells (Gage, 2000; Brandt et al., 2003; Yamada et al., 2016):
Sox2 */DCX ~/CR 7/S1008 ~ neural stem cells (multipotent, the-
oretically unlimited self-renewing), Sox2 ~/DCX */CR~/S10083~
neuronal progenitors (restricted lineage potential, theoretically lim-
ited self-renewing) (Seaberg and van der Kooy, 2003), Sox2 ~/
DCX "/CR"/S1008 ™~ newborn granule cells (postmitotic, imma-
ture), and Sox2 */DCX ~/CR ~/S1008 ™ astrocytes.

Quadruple-labeled fluorescence images of the dentate gyrus
were obtained for optical disector analysis after treatment with
P-ase (Fig. 2E), chABC (Fig. 2F), chAC (Fig. 2G), or chB (Fig.
2H). The NDs of neural stem cells (Fig. 2I') and astrocytes (Fig.
2L) were comparable among the four groups. By contrast, the
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Figure 1. Localizations of (SPG in the dentate gyrus of the adult mouse hippocampus. A—C, Fluorescence images of WFA ™ (SPG (cyan, A1), PV (green, A2), and merged (43). White
lines represent the path crossing the process and its line profile is shown in B. Red lines represent the path crossing the soma and its line profile is shown in C. Arrowheads represent the
peakintensities of WFA. D—F, Fluorescence images of WFA * (SPG (cyan, D1), BLBP (yellow, D2), and merged (D3). White lines represent the path crossing the process and its line profile
is shown in E. Red lines represent the path crossing the soma and its line profile is shown in F. Arrowheads represent the peak intensities of WFA. G-I, Fluorescence images of WFA * (SPG
(cyan, GT), DCX (magenta, 62), and merged (G3). White lines represent the path crossing the process and its line profile is shown in H. Red lines represent the path crossing the soma and
its line profile is shown in I. Arrowheads represent the peak intensities of WFA. J, K, Fluorescence images of WFA ™ (SPG (cyan, J1), BLBP (yellow, J2), PCNA (gray, J3), and merged (J4).
Red lines represent the path crossing the soma and its line profile is shown in K. An arrowhead represents the peak intensity of WFA. L, M, Fluorescence images of WFA * CSPG (cyan, L1),
DCX (magenta, L2), PCNA (gray, L3), and merged (L4 ). Red lines represent the path crossing the soma and its line profile is shown in M. Scale barin L4 = 10 wm and applies to 4, D, G,
J,and L.

NDs of neuronal progenitors (Fig. 2] ) and newborn granule cells
(Fig. 2K) were lower in mice treated with chABC or chAC than in
mice treated with P-ase.

Reduction in the proliferation of neuronal progenitors
following CSPG digestion

The effects of CSPG digestion on cell proliferation of neural stem
cells and neuronal progenitors were estimated by the immuno-
staining for Sox2, DCX, BrdU, and S1008 (Fig. 2M-P). Two

weeks after the intradentate injection of enzymatic reagents, an-
imals received intraperitoneal injection of BrdU and were killed
24 h later (Fig. 2Q). The NDs of total BrdU ™ proliferating cells
were lower in mice treated with chABC or chAC than in mice
treated with P-ase or chB (Fig. 2R). The NDs of BrdU ™ prolifer-
ating neural stem cells were comparable among the four groups
(Fig. 28). By contrast, the NDs of BrdU " proliferating neuronal
progenitors were lower in mice treated with chABC or chAC than
in mice treated with P-ase or chB (Fig. 2T').



8502 - J. Neurosci., September 26, 2018 - 38(39):8496 — 8513 Yamada et al. @ Chondroitin Sulfate Promotes Adult Neurogenesis

| P-ase | » chABC | P-ase | chABC |

: 02 .

S0x2/DCX/CR/S1008

P-ase | chABC | chAC chB

| Neural stem cell J Neuronal progenitor K Newborn granule cell L Astrocyte

20 201 30 5.0

25

z15 =15 = & 0
€ 1 £ 20 £
E £ *x E £ 30
S10 S 10 - 8 15 S
3 3 X 10 3 @l
a5 o 51 ) o
z z Zz 5 z 1.0

0 0- 0 0

P-ase chABC chAC chB P-ase chABC chAC chB P-ase chABC chAC chB P-ase chABC chAC chB

S0x2/DCX/BrdU/S1008

P-ase chABC | chAC | chB
M » [N o P

Q R Total BrdU* cell S BrdU* neural stem cell T  BrdU* neuronal progenitor
Reagents BraU 1 124 1
l {r§ - ~ 101 ~ 101
£ £ £
E £ 8 E &
S S 6 S 6
2weeks 1 day o= =] =
- X X 4l X
I 2 g
fixation . 04 0!
P-ase chABC chAC chB P-ase chABC chAC chB P-ase chABC chAC chB

Figure 2.  Impairment of adult hippocampal neurogenesis following CSPG digestion. A, B, Fluorescence images of WFA ™ CSPG (cyan) in the hippocampus of mice that received intradentate
injection of P-ase (A) or chABC (B). C, D, Fluorescence images of Iba1 (magenta, €7, D7) and GFAP (green, €2, D2) at the injection site. E—H, Fluorescent quadruple staining for Sox2 (gray), DCX
(green), CR (magenta), and S1003 (cyan) in the dentate gyrus. Four types of adult neurogenesis-related cells are defined: Sox2 */DCX ~/CR /51008 ~ neural stem cells (white asterisks),
Sox2 ~/DCX */CR /51008 ~ neuronal progenitors (white arrowheads), Sox2 ~/DCX /CR */51008 ~ newborn granule cells (white arrows), and Sox2 */DCX ~/CR ~/51008 * astrocytes
(openarrowheads). Mice were treated with P-ase (E), chABC (F), chAC (G), or chB (H ). I-L, NDs of neural stem cells (I;F 3.5 = 1.8013,p = 0.2005), neuronal progenitors (J; F 5 ;) = 49.3163,p <
0.0001), newborn granule cells (K; F 5 ;) = 83.5223, p < 0.001), and astrocytes (L; F ;,) = 0.1360, p = 0.9366) in the dentate gyrus. M—P, Fluorescent quadruple staining for Sox2 (gray), DCX
(green), BrdU (magenta), and S1003 (cyan) in the dentate gyrus of mice that received intradentate injection of P-ase (M), chABC (N'), chAC(0), or chB (P), and intraperitoneal injection of BrdU. Two
types of proliferating cells are defined: Sox2 */DCX ~/BrdU "/51008 ~ neural stem cells (white arrowheads) and Sox2 ~/DCX */BrdU * /51008 ~ neuronal progenitors (white arrows).
Q, Schematic diagram showing the protocol for BrdU injection. Two weeks after the intradentate injection of enzymatic reagents, mice were treated with intraperitoneal injection of BrdU and killed
24h later. R-T, NDs of total BrdU ™ proliferating cells (R; F 5 ,,, = 14.3436,p = 0.0003), BrdU * neural stem cells (S; F 5 ;) = 2.1508, p = 0.1470), and BrdU * neuronal progenitors (T; f5 ,,, =
13.3110,p = 0.0004) in the dentate gyrus. Data were analyzed by one-way ANOVA with post hoc Tukey’s HSD test and are shown as mean = SD (n = 4 mice in each group). Statistical significance:
*¥p <0.01 (vs. P-ase). Scale bars: B, 200 wm (applies to A and B); D2, 50 wm; H, 30 em (applies to E-H and M—P).
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Figure3. Impairment of maturation of newborn granule cells following CSPG digestion. A, Representative reconstruction images showing Sox2 ~/DCX ™ /CR */51008 ~ newborn granule cells
in the dentate gyrus of mice treated with P-ase (left) or chABC (right). B—E, Morphometric data obtained from 3D reconstruction of the dendrites and cell bodies of newborn granule cells: branch
numbers (B; F3 1, = 0.6292, p = 0.6100), total dendritic length (C; 5 ,,, = 24.4539, p = 0.0002), second-order dendritic length (D; F 5 ;) = 0.0339, p = 0.9912), and third-order dendritic
length (E; F 3 1, = 5.5738, p = 0.0125). F, Sholl analysis of the dendritic morphologies of newborn granule cells. The numbers of intersections at 70 wm (F 5 ;) = 7.3223, p = 0.0048), 80 m
(Fi312 = 23.9210, p < 0.0001), 90 um (F3 1) = 22.8820, p << 0.0001), 100 um (F 3 1) = 10.8076, p = 0.0010), and 110 pm (F 5 ;) = 6.9502, p = 0.00577) from the cell body are lower in
mice treated with chABC or chAC than in mice treated with P-ase. G—J, Based on the fluorescent quadruple staining for DCX (green), CR (magenta), BrdU (cyan), and NeuN (yellow), DCX ~/CR ~/
BrdU */NeuN ™ mature granule cells (white arrowheads) are defined in the dentate gyrus of mice treated with P-ase (G), chABC (H), chAC (1), or chB (J). K, Schematic diagram of the experiment.
One week afterintraperitoneal injection of BrdU, mice were treated with P-ase, chABC, chAC, or chB and killed 3 weeks later. L, NDs of BrdU * mature granule cells in the dentate gyrus of mice treated
with different enzymatic reagents (F3,12) = 40.6887, p << 0.0001). M, N, Fluorescent staining for Casp-3 (magenta) and DAPI (cyan) in the dentate gyrus of mice treated with P-ase (M) or chABC
(N).0, NDs of Casp-3 * apoptotic cells in the dentate gyrus of mice treated with different enzymatic reagents (F 5 ;,, = 24941, p = 0.1097). Data were analyzed by one-way ANOVA with post hoc
Tukey’s HSD test and are shown as mean == SD (n = 4 mice in each group). Statistical significance: *p << 0.05, **p << 0.01 (vs. P-ase). Scale bars: 4, 30 wm; N, 30 wm (applies to 6-J, M, and N).

Impairment of newborn granule cell maturation following numbers of dendrites at 70—110 wm from the cell body (Sholl
CSPG digestion analysis; Fig. 3F) were lower in mice treated with chABC or
To analyze the effects of CSPG digestion on maturation of  chAC than in mice treated with P-ase or chB. These findings
newborn granule cells, their dendritic morphologies were eva-  indicate that maturation of newborn granule cells is impaired
luated quantitatively by 3D reconstruction. Compared with by digestion of CSPG.

P-ase-treated mice, the dendritic arbors of newborn granule To identify the effects of CSPG digestion on production of
cells were generally shortened and simplified in chABC-  mature newborn granule cells, sections were immunostained for

treated mice (Fig. 3A). The branch numbers (Fig. 3B), total =~ DCX, CR, BrdU, and NeuN (Fig. 3G—J). One week after the in-
dendritic length (Fig. 3C), second-order dendritic length (Fig.  traperitoneal injection of BrdU, animals received intradentate
3D), third-order dendritic length (Fig. 3E), and intersection  injection of P-ase, chABC, chAC, or chB and were killed 3 weeks
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Figure 4.

Reduction in the expression level of 3-catenin in the dentate gyrus following (SPG digestion. 4, B, Western blots (4) and band intensities (B) of Wnt-3 in the dentate gyrus of mice

treated with P-ase, chABC, chAG, or chB (F; o) = 0.8959, p = 0.4605). C, D, Western blots () and the band intensities (D) of 3-catenin in the dentate gyrus of mice received the same treatment
(Fi3.20) = 216999, p < 0.0001). Data were analyzed by one-way ANOVA with post hoc Tukey's HSD test and are shown as mean = SD (n = 6 mice in each group). Statistical significance: **p <

0.01 (vs. P-ase).

later (Fig. 3K ). The NDs of DCX ~/CR ~/BrdU */NeuN * mature
newborn granule cells were lower in mice treated with chABC or
chAC than in mice treated with P-ase or chB (Fig. 3L). Using the
same animals, the potential effects of CSPG digestion on apopto-
sis were also estimated by immunostaining for Casp-3 (Fig.
3M,N). Despite the reduction in mature newborn granule cells,
the NDs of Casp-3 * apoptotic cells in the dentate gyrus were not
affected by treatment with chABC or chAC (Fig. 30).

Reduction in B-catenin expression following CSPG digestion
Previous studies have reported that CSPG is required for efficient
Wnt-3 signaling (Nadanaka et al., 2008), which may also underlie
the regulation of adult hippocampal neurogenesis. To address
whether digestion of CSPG affects the canonical Wnt signaling
pathway, we analyzed the expression levels of Wnt-3 and B-
catenin by Western blotting. The band intensities of Wnt-3 were
comparable among mice treated with P-ase, chABC, chAC, or
chB (Fig. 4A,B). By contrast, the band intensities of 3-catenin
were lower in mice treated with chABC or chAC than in mice
treated with P-ase or chB (Fig. 4C,D).

Impairment of cognitive memory following CSPG digestion
To examine the effects of CSPG digestion on mouse behaviors,
mice were evaluated by OFT and NORT (Fig. 5A1,A2). Admin-
istration of enzymatic reagents did not affect the behavioral pa-
rameters obtained from OFT: the time (in seconds) spent in the
center area (Fig. 5B) and the outer zone (Fig. 5C), the ratios of
time spent in the center area versus the outer zone (Fig. 5D), and
the total distance traveled (meter) (Fig. 5E).

Because adult hippocampus neurogenesis is shown to be in-
volved in cognitive memory, mice were then subjected to NORT
(Jessberger et al., 2009; Sakalem et al., 2017) (Fig. 5F-H ). During
the familiarization session, P-ase-treated control mice showed no
difference in time spent exploring objects 1 and 2 (Fig. 5F). Sim-

ilar results were obtained from mice treated with chABC, chAC,
or chB. Then, during the test session, mice treated with P-ase or
chB explored the novel object longer than the unchanged object
(Fig. 5G). However, there were no differences in the exploration
behavior in mice treated with chABC or chAC. We then calculated
the discrimination index and found that this parameter was im-
proved in mice treated with P-ase or chB, but remained unchanged
(close to 0) in mice treated with chABC or chAC (Fig. 5H).

Increase in CSPG and promotion of adult hippocampal
neurogenesis by EE

We examined the involvement of CSPG digestion in experience-
dependent modulation of adult hippocampal neurogenesis. In
this experiment, mice were housed in an EE or subjected to
forced swim stress for 2 weeks and were then killed for HPLC
or IHC (Fig. 6A). Using HPLC, we examined the amount of
chondroitin-4-sulfate (CS-4) and chondroitin-6-sulfate (CS-
6), which are known to be the two most common sulfation
patterns of CSPG (Miyata et al., 2012). The amount of CS-4
was higher in mice housed in an EE and lower in mice exposed
to forced swim stress (Fig. 6B). The amount of CS-6 was higher
in mice housed in an EE compared with mice exposed to
forced swim stress (Fig. 6C). The amount of total CSPG was
higher in mice housed in an EE than in mice exposed to forced
swim stress (Fig. 6D).

In accordance with the results obtained from the HPLC anal-
ysis, the staining of WFA appeared generally enhanced by EE and
decreased by forced swim stress (Fig. 6E-G). The fluorescence
intensities of WFA were higher in mice housed in an EE and lower
in mice exposed to forced swim stress (Fig. 6H ). Because WFA
mainly recognizes CS-4 (Miyata and Kitagawa, 2016), these find-
ings indicate that the alterations in the fluorescence intensities of
WFA may correlate with the amount of CS-4.
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Figure5. Impairment of cognitive memory following CSPG digestion. 4, Schematic diagram of the behavior experiment. Two weeks after the intradentate injection of P-ase, chABC, chAC, or chB,

mice were evaluated by OFT (A7). The next day, the same animals were subjected to NORT (42). In the test session (6 h after the familiarization session), object 2 was changed to a novel object. B—D,
Time (in seconds) spentin the center area (B; f 5 ,5) = 2.2696, p = 0.0933) and the outer zone (C; F 5 ,5) = 2.2696, p = 0.0933) of the open-field apparatus and the ratio of time spent in center
area/outerzone (D; F 3 45) = 2.2558, p = 0.0948). E, Total distance of traveled (in meters) of mice treated with P-ase, chABC, chAC, or chB (F; 45) = 1.2529, p = 0.3019). F, Time (in seconds) spent
exploring the object 1and 2 during the familiarization session in mice treated with different enzymatic reagents (P-ase, 1 3 = 0.3008, p = 0.767; chABC, t 5, 49) = 0.4100, p = 0.6857; chAC,
t 1849y = 1.0337 p = 0.3416; chB, t 5 73) = 0.3945, p = 0.6967). Data were analyzed by Welch's t test and are shown as mean = SD (P-ase, n = 12 mice; chABC, n = 12 mice; chAC, n = 12 mice;
¢hB, n = 13 mice). G, Time (in seconds) spent exploring the (same and novel) objects during the test session in mice treated with different enzymatic reagents (P-ase, (15 ,5) = 3.3041,p = 0.0038;
ChABG, 1 59 45) = 0.2269, p = 0.8227; chAC, t (195 = 0.3714, p = 0.7144; chB, t (15 5, = 5.1287, p << 0.0001). Data were analyzed by Welch’s  test and are shown as mean = SD (P-ase,n =
12 mice; chABC, n = 12 mice; chAC,n = 12 mice; chB, n = 13 mice). H, Using the same dataset, the discrimination index (time spent with the novel object — time spent with the same object)/(total
time exploring both objects) was calculated for each mouse (F 3 ,5) = 11.1290, p << 0.0001). Discrimination indices of 0 indicate equal exploration of both objects. The central rectangle spans the
first quartile to the third quartile. The segment in the rectangle shows the median. The whiskers above and below the box show the locations of the minimum and maximum. Data were analyzed
by one-way ANOVA with post hoc Tukey’s HSD test. Statistical significance: *p << 0.05, **p << 0.01 (vs. same for G; vs. P-ase for H).

Quadruple-labeled fluorescence images (Sox2, DCX, CR, and
$1008) of the dentate gyrus were obtained from control mice
(Fig. 6I), mice housed in an EE (Fig. 6]), and mice exposed to
forced swim stress (Fig. 6K). The NDs of neural stem cells (Fig.
6L), neuronal progenitors (Fig. 6M ), and newborn granule cells
(Fig. 6N') were higher in mice housed in an EE and lower in mice
exposed to forced swim stress. The NDs of astrocytes were not
affected by the experiences of the animals (Fig. 60).

Restoration of adult hippocampal neurogenesis by EE
subsequent to CSPG digestion

We investigated whether EE could counteract chondroitinase-
induced impairment of adult hippocampal neurogenesis (Fig. 7).
In this experiment, mice received intradentate injection of enzy-

matic reagents were killed after having been housed for 2 weeks in
an EE or in standard conditions (Fig. 7A). WFA staining was
detected in the dentate gyrus of chABC (EE) mice, but was weak
in the dentate gyrus of chABC (STD) mice (Fig. 7B, C). The flu-
orescence intensities of WFA in the dentate gyrus were higher in
P-ase (EE) mice, chABC (EE) mice, and chAC (EE) mice than in
chABC (STD) mice (Fig. 7D). Considered together, these find-
ings indicate that the recovery of expression of CSPG from the
pharmacological depletion may be accelerated by EE.
Quadruple-labeled fluorescence images (Sox2, DCX, CR, and
S100P) of the dentate gyrus were obtained from P-ase (EE) mice
(Fig. 7E), chABC (EE) mice (Fig. 7F ), chAC (EE) mice (Fig. 7G),
and chB (EE) mice (Fig. 7H). The NDs of neuronal progenitors
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Figure 6. Increase in the expression levels of CSPG in the dentate gyrus by EE. A, Schematic diagram of the experiment to see the effect of housing conditions on CSPG in the hippocampus. Mice
were housed in standard conditions (control), subjected to forced swim stress (stress), or housed in an EE for 2 weeks, after which they were killed for HPLC or IHC. B-D, The amount of (S-4 (B;
pmol/mm?; F, 1) = 14.7782, p = 0.0010), (S-6 (€, pmol/mm?; F, 1) = 6.9297, p = 0.0129), and total CSPG (D; pmol/mm?>; f, 1) = 14.5957, p = 0.0011) in the dentate gyrus. Data were
analyzed by one-way ANOVA with post hoc Tukey's HSD test and are shown as mean = SD (control, n = 5 mice; EE, n = 4 mice, stress, n = 4 mice). E~G, Fluorescence images of WFA * (SPG (cyan)
in the dentate gyrus of mice housed in standard conditions (E), housed in an EE (F), or exposed to forced swim stress (G). H, Fluorescence intensities of WFA ™ (SPG in the dentate ayrus (Fp 1) =
126.0423, p << 0.0001). Data were analyzed by one-way ANOVA with post hoc Tukey’s HSD test and are shown as mean == SD (n = 8 mice in each group). I-K;, Fluorescent quadruple staining for
Sox2 (gray), DCX (green), CR (magenta), and S1003 (cyan) in the dentate gyrus of mice housed in standard conditions (), housed inan EE (), or exposed to forced swim stress (K ). Four types of adult
neurogenesis-related cells are defined as follows: Sox2 */DCX ~/CR /51008 ~ neural stem cells (white asterisks), Sox2 ~/DCX */CR ~/51003 ~ neuronal progenitors (white arrowheads),
Sox2 ~/DCX /CR /51008 ~ newborn granule cells (white arrows), and Sox2 */DCX ~/CR ~/51003 * astrocytes (open arrowheads). -0, NDs of neural stem cells (L; £, 5,, = 22.5541,p <
0.0001), neuronal progenitors (M; F, ,,, = 32.7305,p << 0.0001), newborn granule cells (N; £, ,,, = 294.4005, p < 0.0001), and astrocytes (0; 5 ,,) = 0.7413, p = 0.4885) in the dentate gyrus.
Data were analyzed by one-way ANOVA with post hoc Tukey's HSD test and are shown as mean == SD (n = 8 mice in each group). Statistical significance: *p << 0.05, **p << 0.01 (between groups).
Scale bars: G, 200 wm (applies to E-G); inset of G, 20 m (applies to insets of E-G); K, 30 wum (applies to I-J).

and newborn granule cells were lower in chABC (EE) mice and
chAC (EE) mice than in P-ase (EE) mice (Fig. 7], KK). The NDs
of neural stem cells and astrocytes were not affected by the diges-
tion of CSPG (Fig. 7L, L).

The effect of EE on restoration of neurogenesis was calcu-
lated by dividing the NDs of mice housed in an EE by the NDs
of mice kept in standard conditions. The promotion ratios of
EE (fold difference between EE and STD) in neural stem cells
and astrocytes were comparable among the four groups (Fig.
7 M, P). The promotion ratios of EE in neuronal progenitors and

newborn granule cells were higher in mice treated with chABC or
chAC than in mice treated with P-ase (Fig. 7N, O). In summary,
these findings suggest that the restoration of granule cell production
after the pharmacological depletion of CSPG may also be promoted
by EE.

Lack of effects of EE on adult hippocampal neurogenesis in
T1KO mice

We analyzed T1KO mice that lacked the gene encoding the key
enzyme for CSPG synthesis, CSGalNAcT1 (Fig. 8). Bone devel-
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Figure7. Restoration of adult hippocampal neurogenesis by EE subsequent to (SPG digestion. A, Schematic diagram of the experiment to see the recovery effects of EE on declined neurogenesis.
Mice treated with P-ase, chABC, chAC, or chB were housed in different conditions for 2 weeks and then perfusion fixed for IHC. B, €, Fluorescence images showing WFA * (SPG (cyan) in the dentate
gyrus of chABC (STD) mice (B) and chABC (EE) mice (C). D, Fluorescence intensities of WFA " (SPG in the dentate gyrus of chABC (STD) mice, P-ase (EE) mice, chABC (EE) mice, chAC (EE) mice, and
chB (EE) mice (F ;5) = 63.7864, p < 0.0001). E-H, Fluorescent quadruple staining for Sox2 (gray), DCX (green), (R (magenta), and $1003 (cyan) in the dentate gyrus of P-ase (EE) mice (E), chABC
(EE) mice (F), chAC (EE) mice (G), or chB (EE) mice (H). Four types of adult neurogenesis-related cells are defined as follows: Sox2 */DCX ~/CR ~/51008 ~ neural stem cells (white asterisks),
Sox2 ~/DCX */CR /51008 ~ neuronal progenitors (white arrowheads), Sox2 ~/DCX /R /S1008 ~ newborn granule cells (white arrows), and Sox2 */DCX ~/CR ~/S1008 ™ astrocytes
(open arrowheads). I-L, NDs of neural stem cells (/; 5 ;) = 3.4379, p = 0.0520), neuronal progenitors (J; F5 1,y = 11.6978, p = 0.0007), newborn granule cells (K; 5 ;,) = 164.9622, p <
0.0001), and astrocytes (L; F 3 ;,) = 0.5168, p = 0.6785) in the dentate gyrus of mice treated with different enzymatic reagents and housed in an EE. M—P, Promotion ratios (fold difference between
EE and STD) calculated for neural stem cells (M; £ 5 ;) = 2.1149, p = 0.1517), neuronal progenitors (N; F ; ,,, = 43.0701, p < 0.0001), newborn granule cells (0; F 5 ;,, = 8.2306, p = 0.0030),
and astrocytes (P; 5 1, = 0.7371,p = 0.5497). To calculate the ratios, the NDs of mice house in standard conditions were obtained from Figure 2/-L. Data were analyzed by one-way ANOVA with
post hoc Tukey's HSD test and are shown as mean == SD (n = 4 mice in each group). Statistical significance: **p << 0.01 [vs. chABC (STD) for DJ; *p << 0.05, **p << 0.01 [vs. P-ase (EE) for I-L; vs.
P-ase for M—P). Scale bars: €, 200 pm (applies to B and €); H, 30 wm (applies to E-H).

opment of T1KO mice is slightly impaired and their body sizeis ~ and T1KO (EE) mice (Fig. 8 B, D). The fluorescent intensity analysis
10% smaller than that of WT mice (Watanabe et al., 2010; Sato et~ of WFA confirmed these observations (Fig. 81).

al., 2011). A recent HPLC analysis has reported that the amount Quadruple-labeled fluorescence images (Sox2, DCX, CR, and
of CSPG is reduced by ~50% in various brain regions of TIKO  S1008) of the dentate gyrus were obtained from WT (STD) mice
mice (Yoshioka et al., 2017). (Fig. 8E), T1IKO (STD) mice (Fig. 8F), WT (EE) mice (Fig. 8G),

To analyze the involvement of CSGalNACT1 in the effects of  and TIKO (EE) mice (Fig. 8H). There were no differences in the
EE, WT mice and T1KO mice were housed under an EE or instan- ~ NDs of neural stem cells and neuronal progenitors between
dard conditions for 2 weeks. As mentioned above, the staining of ~ WT (STD) mice and T1KO (STD) mice (Fig. 8 ],K). However,
WFA in the dentate gyrus appeared stronger in WT (EE) mice com-  the NDs of newborn granule cells were lower in TIKO (STD)
pared with WT (STD) mice (Fig. 8 A, C). By contrast, the staining of ~ mice than in WT (STD) mice (Fig. 8L). The NDs of neural
WEFA in the dentate gyrus was very weak in both TIKO (STD) mice ~ stem cells, neuronal progenitors, and newborn granule cells
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Figure8. Lackof effects of EE on adult hippocampal neurogenesis in T1KO mice. A-D, Fluorescence images of WFA * (SPG (cyan) in the dentate gyrus of WT (STD) mice (A), T1KO (STD) mice (B),

WT (EE) mice (€), and T1KO (EE) mice (D). E-H, Fluorescent quadruple staining for Sox2 (gray), DCX (green), CR (magenta), and $1003 (cyan) in the dentate gyrus of WT (STD) mice (E), T1KO (STD)
mice (F), WT (EE) mice (G), and T1KO (EE) mice (H). Four types of adult neurogenesis-related cells are defined: Sox2 */DCX ~/CR ~/S1003 ~ neural stem cells (white asterisks), Sox2 ~/DCX */
(R ~/51008 ~ neuronal progenitors (white arrowheads), Sox2 ~/DCX */CR /51008 ~ newborn granule cells (white arrows), and Sox2 */DCX ~/CR ~/51008 * astrocytes (open arrowheads).
I, Fluorescence intensities of WFA ™ CSPGin the dentate gyrus of the four groups of mice (/; £ 5 ;) = 469.7401, p < 0.0001).J—M,NDs of neural stem cells (J; f 5 ;,, = 6.2300,p = 0.0085), neuronal
progenitors (K; F 5 ;,) = 15.8166, p = 0.0002), newborn granule cells (L; F 5 ,,) = 82.7433, p < 0.0001), and astrocytes (M; F ;,, = 0.8207, p = 0.50713) in the dentate gyrus of mice treated
with different enzymatic reagents. Data were analyzed by one-way ANOVA with post hoc Tukey’s HSD test and are shown as mean = SD (n = 4 mice in each group). N-Q, Promotion ratios (fold
difference between EE and. STD) calculated for neural stem cells (N; t (, 4,) = 4.1958, p = 0.1110), neuronal progenitors (0; t 4 ¢,y = 1.3199, p = 0.2481), newborn granule cells (P; 3 ,5) =
6.9957, p = 0.0046), and astrocytes (Q; t (5 o) = 1.5236, p = 0.1785). Data were analyzed by Welch’s t test and are shown as mean = SD (n = 4 mice in each group). Statistical significance: *p <

0.05, **p << 0.01 (between groups for I-M; vs. WT for N—Q). Scale bars: D, 200 pum (applies to A-D); H, 30 .m (applies to E-H).

were lower in T1KO (EE) mice than in WT (EE) mice. There
were no differences in the NDs of astrocytes among the four
groups (Fig. 8M).

The involvement of CSGalNACT1 in the effects of EE on neu-
rogenesis was estimated by dividing the NDs of mice housed in an
EE by those kept in standard conditions. The promotion ratios of
EE (fold difference between EE and STD) in neural stem cells
(Fig. 8N), neuronal progenitors (Fig. 80), and astrocytes (Fig.
8Q) were comparable between WT mice and T1KO mice. How-
ever, the promotion ratios of EE in newborn granule cells were
lower in T1KO mice than in WT mice (Fig. 8P).

Differential localization of CSPG around PV *, BLBP *, or
DCX™ cells in T1IKO mice

We examined the effect of genetic deletion of CSGalNAcT1 and
EE on the coverage of PV ™ cells, BLBP * cells, and DCX ™ cells by
WFA™ CSPG (Fig. 9). For comparison purposes, we also ana-
lyzed chABC-treated WT mice housed in standard conditions:
chABC (STD) mice. The coverage of PV ™ cells by WFA ™ CSPG
appeared similar among WT (STD) mice, T1KO (STD) mice,
WT (EE) mice, and T1KO (EE) mice, although it was almost
undetectable in chABC (STD) mice (Fig. 9A-E). By contrast, the
coverage of BLBP * cells by WFA™ CSPG appeared reduced in



Yamada et al. @ Chondroitin Sulfate Promotes Adult Neurogenesis

J. Neurosci., September 26, 2018 - 38(39):8496—8513 « 8509

WEFA/PV, BLBP, DCX

WT (STD) I T1KO (STD) I WT (EE) I T1KO (EE) [___chABC (STD)

P 15 WFA*/PV* Q 1o WFA*/BLBP* R .. WFA*/DCX*
o] PV* ] BLBP* 12 DCX*

s ¥ = = ] =

S 4o s £ g

) S )

§ 10 & B

T 84 k9] B

© © ©

g 8 g 5 4 T o~

O 4] [$) [8)
2_ 2' *%
0 WT T1KO WT T1KO chABC WT T1KO WT T1KO chABC o WT T1KO WT T1KO chABC

(STD) (STD) (EE) (EE) (STD) (STD) (STD) (EE) (EE) (STD) (STD) (STD) (EE) (EE) (STD)
Figure9. Localizations of (SPGin the dentate gyrus of TTKO mice. A—E, WFA * CSPG (cyan) around PV ™ cells (green) in the dentate gyrus of WT (STD) mice (4), T1KO (STD) mice (B), WT (EE) mice

(©), T1KO (EE) mice (D), and chABC (STD) mice (E). F—J, WFA * CSPG (cyan) around BLBP " cells (yellow) in the dentate gyrus of WT (STD) mice (F), T1KO (STD) mice (G), WT (EE) mice (H), TTKO (EE)
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and chABC (STD) mice (0). P, The proportions (percentage) of WFA */PV * voxels in total PV ™ voxels in the granule cell layer (F, ;) = 33.0314, p << 0.0001). Q, The proportions (percentage) of
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*p < 0.05, **p << 0.01 [vs. WT (STD)]. Scale bar in 0, 10 m (applies to A-0).

T1KO (STD) mice, T1IKO (EE) mice, and chABC (STD) mice
(Fig. 9F—J). Similar changes were seen in the coverage of DCX *
cells by WFA * CSPG (Fig. 9K-O).

To compare quantitatively the contact between PV, BLBP *
or DCX ™ cells and WFA ™ CSPG, the ratios (percentage) were
calculated by dividing the numbers of WFA “/PV* (or WFA ™/
BLBP © or WFA "/DCX ") voxels by the total numbers of PV *
(or BLBP* or DCX™) voxels (Fig. 9P—R). The contact ratios
between PV ™ cells and WFA © CSPG were similar among groups
except for chABC (STD) mice (Fig. 9P). The contact ratios be-
tween BLBP " cells and WFA * CSPG were lower in T1KO (STD)
mice, TIKO (EE) mice, and chABC (STD) mice than in WT
(STD) mice (Fig. 9Q). Similar results were seen in the contact
between WFA © CSPG and DCX ™ cells (Fig. 9R).

Lack of effects of EE on cognitive memory in TIKO mice

The involvement of CSGalNAcT1 in improvement of cognitive
memory by EE was measured by NORT. During the familiariza-
tion session, all experimental groups showed no difference in
time spent exploring the object 1 and 2 (Fig. 10A). Then, during
the test session, WT (STD) mice, WT(EE) mice, TIKO (STD)
mice, and T1IKO(EE) mice explored the novel object longer than
the unchanged object, although such preference was not ob-
served in chABC (STD) mice (Fig. 10B).

We then calculated the discrimination index (Fig. 10C). The
indices were higher in WT (EE) mice than in WT (STD) mice and
lower in chABC (EE) mice than in WT (STD) mice. On the other
hand, there were no significant differences in the indices between
WT (STD) mice and T1KO (EE or STD) mice. These results
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Figure 10.

Lack of effects of EE on cognitive memory in TTKO mice. A, Time (in seconds) spent exploring the object 1 and 2 during the familiarization session in WT (STD) mice (f 5 19 = 0.1348,

p = 0.8939), TIKO (STD) mice (t (53 55) = 0.1907, p = 0.8504), WT (EE) mice (¢ 5, 53, = 0.4133,p = 0.6833), T1KO (EE) mice (t 5 95) = 0.0677,p = 0.9466), and chABC (EE) mice (¢ (,; o) = 0.631,
p = 0.5345). Data were analyzed by Welch’s t test and are shown as mean == SD (WT (STD), n = 13 mice; T1KO (STD), n = 14 mice; WT (EE), n = 13 mice; T1KO (EE), n = 14 mice; chABC (EE),n =
12 mice). B, Time (in seconds) spent exploring the (same and novel) objects during the NORT in WT (STD) mice (f ;5 47 = 2.2840, p = 0.0036), TTKO (STD) mice (t (1 ;7) = 2.9229, p = 0.0095),
WT (EE) mice (t (15 6g) = 4.6170, p = 0.0003), T1KO (EE) mice (t (5, 1) = 2.0779, p = 0.0451), and chABC (EE) mice (¢ (; 5 = 1.008, p = 0.3265). Data were analyzed by Welch's ¢ test and are
shown as mean == SD (WT (STD), n = 13 mice; T1KO (STD), n = 14 mice; WT (EE), n = 13 mice; T1KO (EE), n = 14 mice; chABC (EE), n = 12 mice). C, Using the same dataset, the discrimination
indices (time spent with the novel object — time spent with the same object)/(total time exploring both objects) are calculated (F, 5;) = 9.7108, p << 0.0001). Discrimination indices of 0 indicate
equal exploration of both objects. The central rectangle spans the first quartile to the third quartile. The segment in the rectangle shows the median. The whiskers above and below the box show the
locations of the minimum and maximum. Data were analyzed by one-way ANOVA with post hoc Tukey's HSD test. Statistical significance: *p << 0.05, **p << 0.01 [vs. same for B; vs. WT (STD) for C].

indicate a lack of effect of EE on cognitive memory by genetic
deletion of CSGalNACcT1.

Discussion
CSPG is involved in production and maturation of granule
cells in the adult hippocampus
In the present study, we showed that neural stem cells, neuronal
progenitors, and newborn granule cells in the dentate gyrus were
partially covered by WFA™ CSPG. It has been indicated that
CSPG may be involved in proliferation of neural stem cells and
neuronal progenitors as a neurogenic niche in the embryonic
brain (Purushothaman et al., 2012). For example, generation of
embryonic neurospheres was inhibited by the removal of CSPG
by chABC (von Holst et al., 2006). The digestion of CSPG by
chABC resulted in reduced proliferation of neural stem cells in
the mouse embryo at embryonic days 13—14 (Sirko et al., 2007).
However, few studies have addressed the involvement of CSPG in
adult hippocampal neurogenesis.

Unexpectedly, here, we found that pharmacological depletion
of CSPG in the dentate gyrus decreased the densities of neuronal

progenitors and newborn granule cells, whereas the densities of
neural stem cells were not affected. Although future studies will
be required, our results suggest that self-renewal of neural stem
cells may be independent of CSPG, whereas differentiation into
neuronal progenitors from neural stem cells and production of
newborn granule cells may be mediated by CSPG.

The present 3D reconstruction analysis showed that pharma-
cological depletion of CSPG in the dentate gyrus impaired the
maturation of newborn granule cells. It has been reported that
CSPG binds to various neurotrophic factors, such as fibroblast
growth factor-2 (FGF-2) and brain-derived neurotrophic factor
(BDNF) (Karumbaiah et al., 2015). Together, these findings sug-
gest that CSPG around newborn granule cells may promote their
maturation by binding to various neurotrophic factors.

Our Western blot analysis demonstrated that digestion of
CSPG in the dentate gyrus resulted in reduction of expression of
B-catenin, whereas the expression of Wnt-3 was unchanged. Pre-
vious studies have shown that Wnt signaling inhibits the self-
renewal capacity of cortical neural stem cells and supports their
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neuronal differentiation (Hirabayashi et al., 2004). In addition,
B-catenin controls the downstream of canonical Wnt signaling to
regulate the production of appropriate numbers of neuronal pro-
genitors, neuronal subpopulations, and astrocytes (Draganova et
al., 2015). Interestingly, CSPG is involved in Wnt/@-catenin sig-
naling (Prinz et al., 2014). For instance, a specific structure of
CSPG binds to Wnt-3 with high affinity, and serves as “glue” for
Wnt-3. Particularly, CSPG containing E-disaccharide units con-
centrates Wnt-3 molecules on the surface of Wnt-producing cells
and enhance Wnt-3 signaling (Nadanaka et al., 2008). We thus
hypothesize that loss of CSPG may cause the reduction in con-
centration of Wnt-3 on the cell surface, but such subtle change in
Wnt-3 distribution may be undetectable by Western blot. To-
gether, these findings suggest that loss of CSPG serving as “glue”
for Wnt-3 on the surface of neural stem cells and neuronal pro-
genitors may cause the downregulation of B-catenin and reduc-
tion in granule cell production.

Although chABC injection into the embryonic brain led to an
increase in astrocytes during development (Sirko et al., 2007),
our experiment showed that injection of chABC into the adult
dentate gyrus caused no changes in the densities of astrocytes. In
this regard, several studies indicated that neural stem cell divi-
sions may differ between the developing and adult brain (Urban
and Guillemot, 2014). For example, embryonic daughter cells
retain stem cell properties upon asymmetric division, as well as
molecules that promote proliferation during development. How-
ever, in the adult brain, daughter cells lose proproliferative signals
because their long-term maintenance depends on their ability to
return to a quiescent state (Bonaguidietal., 2011). Itis possible to
hypothesize that the differentiation of daughter cells into astro-
cytes is inhibited by CSPG in the developing brain, but not in the
adult brain.

Promotion of adult hippocampal neurogenesis by EE is
mediated by CSPG

Since the discovery of promotion of adult hippocampal neuro-
genesis by EE (Kempermann et al., 1997), a number of studies
have tried to identify the molecular mediators of environmentally
enhanced neurogenesis (Eisinger and Zhao, 2018). The present
HPLC analysis demonstrated that the amount of CSPG in the
dentate gyrus was increased by EE and was decreased by forced
swim stress. In addition, EE accelerated the recovery of expres-
sion of CSPG in the dentate gyrus from the pharmacological
depletion and promoted restoration of the production of granule
cells. Although several studies have reported that expression of
CSPG in several brain areas may also be modulated by the expe-
riences of animals (Hilbig et al., 2002), the present study is the
first to show that increased synthesis of CSPG may be involved in
promotion of adult hippocampal neurogenesis by EE.

To understand the mechanisms underlying the alterations in
CSPG expression by EE, we analyzed T1KO mice that lacked
CSGalNACT-1, a key enzyme for CSPG synthesis. It has been
shown that CSGalNAcT-1 plays a key role in initiation and elon-
gation of side chain of CSPG substrate (Gotoh et al., 2002). Here,
we found that expression of CSPG in the dentate gyrus was very
low in T1KO mice. In addition, the expression of CSPG in the
dentate gyrus was not elevated by EE in these animals and the
densities of newborn granule cells were also not increased by EE.
These findings indicate that increased synthesis of CSPG by
CSGalNACT1 in the dentate gyrus may be critical for granule cell
production in response to EE.
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Involvement of CSGalNAcT1 in enhancement of cognitive
memory by EE

It has been reported that the hippocampus is involved in regula-
tion of open-field behaviors (Rossi-Arnaud and Ammassari-
Teule, 1992; Puschban et al., 2016). Here, we examined the effects
of digestion of CSPG in the dentate gyrus on mouse behaviors by
OFT. The total distance traveled was recorded as a measure for
locomotor activity and the time spent in the center area of the
open field was recorded as a measure for anxiety-related behavior
(Crawley, 1999). Although we found here that the locomotor
activity was not affected by CSPG digestion, the effects of sup-
pression of adult hippocampal neurogenesis on locomotor activ-
ity remain rather controversial. For instance, cranial irradiation
accompanying inhibition of adult hippocampal neurogenesis in-
creased the locomotor activity (Roughton et al., 2012). Genetic
ablation of neural progenitors caused reduction in locomotor
activity in transgenic Gfap-tk mice (Sakalem et al., 2017). We also
found that the anxiety-related behavior was also not affected by
CSPG digestion. The present results may be consistent with pre-
vious reports showing no effect of neurogenesis ablation on
anxiety-related behaviors (Shors et al., 2002; Saxe et al., 2006),
although there is another view (Hill et al., 2015). Together, these
results indicate that modulation of adult hippocampal neurogen-
esis by CSPG may not be involved in anxiety-related behavior and
locomotor activity, although further studies are needed to fully
understand our findings.

It has been shown that T1KO mice exhibit several abnormal
behaviors that involve higher-order brain functions (Yoshioka et
al., 2017). In this study, we focused on the alterations in cognitive
memory in TIKO mice using NORT (Broadbent et al., 2010),
because recent studies have reported that EE and exercise increase
adult hippocampal neurogenesis and improve hippocampal-
dependent cognitive memory (Bruel-Jungerman et al., 2005;
Bechara and Kelly, 2013; Bolz et al., 2015). The discrimination
index was not improved by EE in T1KO mice. Consistent with
this result, the expression of WFA in the dentate gyrus was also
not increased by EE in T1KO mice. Because WFA mainly recog-
nizes CS-4, these findings suggest that increased synthesis of
CSPG (CS-4) by CSGaINACcT1 in the dentate gyrus may be re-
quired for improvement of cognitive memory in response to EE.

Finally, cognitive memory was normal in T1KO mice housed
in standard conditions, whereas it was impaired in chABC-
treated mice. Although it is difficult to fully explain this discrep-
ancy, there are several points to be discussed. First, in standard
conditions, the densities of neuronal progenitors remained un-
changed in TIKO mice (decreased by 6% compared with WT
mice), whereas they were severely declined in chABC-treated
mice (decreased by 52% compared with P-ase-treated mice). The
reduction rates of newborn granule cells were larger in chABC-
treated mice (decreased by 66% compared with P-ase-treated
mice) than in T1KO mice (decreased by 28% compared with WT
mice). A previous study has reported a level-dependent inhibi-
tory effect of adult hippocampal neurogenesis on cognitive mem-
ory (Jessberger et al., 2009). Relatively weak suppression of adult
neurogenesis may underlie the preservation of cognitive memory
in T1KO mice. Second, WFA © PNNs around PV " neurons are
depleted in chABC-treated mice, whereas they are spared in
T1KO mice. Because it has been shown that PV ¥ neurons pro-
mote newborn granule cell survival and development (Songetal.,
2013), preservation of WFA* PNNs around PV ™ neurons may
also underlie PV " neuron-dependent adult hippocampal neuro-
genesis in TIKO mice. Regardless, the lack of effects of EE in
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T1KO mice indicates that WFA © PNNs may not mediate promo-
tion of adult hippocampal neurogenesis in response to EE.
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