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Abstract

Perineuronal nets (PN) restrict neuronal plasticity in the adult brain. We hypothesize that activity-dependent consolidation
of PN is required for functional maturation of behavioral circuits. Using the postnatal maturation of brainstem vestibular
nucleus (VN) circuits as a model system, we report a neonatal period in which consolidation of central vestibular circuitry
for graviception is accompanied by activity-dependent consolidation of chondroitin sulfate (CS)-rich PN around GABAer-
gic neurons in the VN. Postnatal onset of negative geotaxis was used as an indicator for functional maturation of vestibular
circuits. Rats display negative geotaxis from postnatal day (P) 9, coinciding with the condensation of CS-rich PN around
GABAergic interneurons in the VN. Delaying PN formation, by removal of primordial CS moieties on VN with chon-
droitinase ABC (ChABC) treatment at P6, postponed emergence of negative geotaxis to P13. Similar postponement was
observed following inhibition of GABAergic transmission with bicuculline, in line with the reported role of PN in increasing
excitability of parvalbumin neurons. We further reasoned that PN-CS restricts bioavailability of plasticity-inducing factors
such as semaphorin 3A (Sema3A) to bring about circuit maturation. Treatment of VN explants with ChABC to liberate PN-
bound Sema3A resulted in dendritic growth and arborization, implicating structural plasticity that delays synapse formation.
Evidence is thus provided for the role of PN-CS—Sema3A in regulating structural and circuit plasticity at VN interneurons
with impacts on the development of graviceptive postural control.
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Introduction circuits are modulated by sensory input is known as the criti-

cal period. In the visual system, consolidation of chondroitin

Sensory functions often require experience-dependent fine
tuning in a defined period during development to achieve
maturation. This period in which development of neural

Chun-Wai Ma, Pui-Yi Kwan and Kenneth Lap-Kei Wu contributed
equally to this study.

M Daisy Kwok-Yan Shum
shumdkhk @hku.hk

P4 Ying-Shing Chan
yschan@hku.hk

School of Biomedical Sciences, Li Ka Shing Faculty
of Medicine, The University of Hong Kong, 21 Sassoon
Road, Hong Kong SAR, People’s Republic of China

State Key Laboratory of Brain and Cognitive Sciences, Li Ka
Shing Faculty of Medicine, The University of Hong Kong, 21
Sassoon Road, Hong Kong SAR, People’s Republic of China

sulfate proteoglycan (CSPG)-rich matrix, known as perineu-
ronal nets (PN), around subsets of GABAergic interneurons
in the visual cortex marks the closure of the critical period
for ocular dominance plasticity (Hensch 2005; Miyata et al.
2012). PN is a stable structure comprising chondroitin sul-
fate (CS)-bearing lecticans that are crosslinked by proteins
such as tenascin-R or cartilage link protein. Knockout of
these protein components prevented PN consolidation
resulting in persistent plasticity (Carulli et al. 2010), while
disruption of PN-CS with chondroitinase ABC (ChABC)
in consolidated PN in the visual cortex reactivated ocular
dominance plasticity after the critical period (Pizzorusso
et al. 2002, 2006). This implicates key roles of PN-CS
proteoglycans in restricting plasticity. Work by others has
highlighted the possibility of PN-CS acting as a sponge for
the sequestration of soluble extracellular neuronal plastic-
ity-inducing factors such as semaphorin 3A (Sema3A) and
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orthodenticle homeobox 2 (Otx2) (Beurdeley et al. 2012;
Dick et al. 2013). In particular, Sema3A was shown to medi-
ate structural plasticity in various brain regions (Morita et al.
2006; Shelly et al. 2011; Uesaka et al. 2014). However, pre-
vious work focused on the activation of adult plasticity, leav-
ing the impact of PN-CS in the critical period unclear. Using
the postnatal maturation of vestibular system as a model,
we asked how consolidation of PN around interneurons in
the vestibular nucleus (VN) contributed to the restriction of
plasticity that accompanies maturation of the VN circuits.

The VN receives, processes and relays sensory input from
the vestibular end organs and proprioceptive afferences. The
VN can be further divided into the lateral vestibular nucleus
(LV), the superior vestibular nucleus (SuV), the spinal ves-
tibular nucleus (SpV) and the medial vestibular nucleus
(MV). The vestibular subnuclei are generated in the order of
LV, SuV, SpV and MV between embryonic days 12—-14, with
the output neurons generated first and the small interneu-
rons generated towards the end (Altman and Bayer 1980).
Although vestibular neurons are excitable at birth (Curthoys
1982; Murphy and Du Lac 2001), vestibular reflexes remain
immature in the first postnatal week (Wills et al. 2014). This
suggests that a critical period for experience-dependent tun-
ing of vestibular circuits extending into the neonatal stage.
We used postnatal emergence of negative geotaxis as read-
out for maturation of vestibular circuit for gravity detection.
Negative geotaxis is the ability for animals to re-orient to a
head up position on an inclined plane after being displaced.
This is an innate behavior indicative of gravity detection, and
can be found in most animals from fruit fly to rat (Kamik-
ouchi et al. 2009; Bouet et al. 2004; Crozier and Pincus
1926). We found vestibular input-dependent consolidation
of PN (as indicated by WFA-staining) around GABAergic
interneurons of the VN as early as postnatal day (P) 7 in
correlation with the acquisition of negative geotaxis. Given
involvement of PN in stabilizing synapses and restricting
structural plasticity (Orlando et al. 2012; Geissler et al.
2013; Liu et al. 2006), and that the majority of PN enwraps
GABAergic interneurons, we hypothesize that retention of
plasticity-inducing factor(s) such as Sema3A by PN-CS lim-
its plasticity at GABAergic neurons in the VN to promote
hardwiring of vestibular circuits.

Furthermore, ChABC treatment was reported to increase
intracellular chloride ion concentration in hippocampal neu-
rons (Glykys et al. 2014), implicating hyperpolarization.
More recently, trimming of PN-CS by ChABC was shown
to reduce the firing of parvalbumin-positive neurons in the
auditory brainstem of mice (Balmer 2016). We, therefore,
reasoned that GABAergic transmission would also play a
role in maturation of the VN and found neonatal blockade
of GABAergic transmission in the VN with bicuculline to
result in similar behavioral deficits as ChABC treatment.

@ Springer

The present study thus revealed three formative pro-
cesses, namely sensory input, PN establishment around
GABAergic interneurons and GABAergic neurotransmis-
sion, which are required for the maturation and hardwir-
ing of the central vestibular circuit evidenced by negative
geotaxis as a read-out.

Materials and methods
Animals

Sprague Dawley rats, aged P1-21 and young adults (200 g),
and adult VGAT-VENUS rats were supplied by the Labora-
tory Animal Unit, The University of Hong Kong. Animals
were allowed free access to food and water and subjected
to a 12-h light/dark cycle in an environment maintained at
22 °C. All animal protocols and procedures were performed
in accordance to the Guide for the Care and Use of Labora-
tory Animals (NIH, 2011) and approved by The University
of Hong Kong Committee on the Use of Live Animals in
Teaching and Research. Table 1 shows the animals used in
various experimental groups.

Bilateral Labyrinthectomy (BL)

Animals anesthetized by isoflurane (Abbott, UK) (1.5-2%,
250 cm3/min) were subjected to BL at P3, P7, P9, or P14.
Surgical procedure was performed under a dissecting micro-
scope (Olympus MTX). With a retroauricular approach,
the temporalis muscle was dissected to provide access to
the bulla. The tympanic membrane and the ear bones were
removed. Care was taken to avoid damage to the ptery-
gopalatine artery. The oval window was then opened and
enlarged. The endolymph was aspirated and the labyrinth
was mechanically ablated. The remaining bony cavity was
packed with gelfoam (Ferrosan). The wound was then
sutured. The operated rats were allowed to recover under
heat from a lamp before they were returned to their dam and
reared with their mothers. Postoperative application of lido-
caine (Astra) and antibiotic ointment (Furacin; SmithKline
Beecham Pharmaceuticals) to the skin wound continued for
3 days. Analgesic (meloxicam, 0.2%) was administered to
the mothers via drinking water from 1 day before operation
to 1 week post operation. All operated pups showed signs
of positive health status. Half of the P3-BL group was sac-
rificed at P21 and the remaining half was sacrificed at P60
(adult). All other BL groups (P7, P9, P14) were sacrificed
at P21. Tissues were prepared for histochemical analysis.
Labyrinthine destruction was ascertained by post-mortem
examination of the temporal bone under a dissecting micro-
scope. The completeness of labyrinthectomy was further
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Table 1 Experimental design

A. Histochemical experiments P3 P5 P7

P9 P11 P12 P13 P14 P21 Adult

WFA?

Normal - 5 5

BL at P3 - _ -

BL at P7/P9/P14 - _ -

Saline injection at P6 - - _

ChABC injection at P6 - - _
Neurocan

Normal 5 — _

BL at P3 - _ -
Phosphocan

Normal 5 - _
WFA +Sema3A - - _
WFA + Sema3A (ChABC-treated) - - -
WFA +NeuN - - _
WFA + Venus + NeuN - - _

|
|
|
|
|
W W O W W
|

|
|
|
|
|
|
W W W W W

B. Behavioral experiments (negative geotaxis)

Normal Control
ChABC at P6
Saline at P6
Bicuculline at P1

7 (Tested at P4-P20)
6 (Tested at P7-P20)
6 (Tested at P7-P20)
10 (Tested at P6-P20)

C. Analysis of dendritic morphology

Explant cultures

“Staining for terminal N-acetylgalactosamine residues of PN-glycoconjugates

confirmed with use of hematoxylin/ eosin-stained histologi-
cal sections (8 um thickness) of the inner ear.

Histochemistry

Rats were sacrificed with overdose of pentobarbital sodium
(150 mg/kg, i.p.) and then intracardially perfused with 0.1 M
PBS via the ascending aorta, followed by 4% paraformalde-
hyde (PFA). Brains were postfixed in 4% PFA for 4 h and
then cryoprotected in 20% sucrose in 0.2 M PBS overnight at
4 °C. Serial coronal sections (30 pm) of the brainstem con-
taining the vestibular nuclei were prepared on a microtome.
Tissue sections were rinsed for 10 min in 0.3% Triton X-100
in 0.1 M PBS, and then processed as free-floating sections
before mounting on gelatin-coated slides in DPX (VWR
International) or fluorescence mounting medium (Dako).

Lectin staining

Wisteria floribunda agglutinin (biotinylated WFA; Sigma)
was used to stain terminal N-acetylgalactosamine residues
of glycoconjugates in PN. Tissue sections were incubated
(4 °C) for 20 h with 1:200 dilution of biotinylated WFA solu-
tion in PBS-0.1% BSA, followed by 1 h with avidin—biotin

peroxidase complex (1:100 in PBS; Vector). The sections
were rinsed in PBS for 3 X5 min between incubations.
Reaction with 0.05% diaminobenzidine (DAB) and 0.005%
hydrogen peroxide (H,O,) for 5 min at room temperature
yielded a brown product. Alternatively, biotinylated WFA
staining was visualized with avidin conjugated to FITC
(1:200; Vector Lab).

Immunostaining

Non-specific binding sites in sections were blocked off with
0.1 M PBS containing 0.1% BSA, 10% normal goat serum,
0.3% Triton X-100 for 90 min. Sections were then incubated
(4 °C) overnight in primary antibody diluted in blocking
solution. Primary antibodies included monoclonal anti-
neurocan (1:1000, mouse IgG1, Chemicon), monoclonal
anti-phosphacan (1:5; mouse IgG1, Developmental Studies
Hybridoma Bank), monoclonal anti-neuronal nuclei (NeuN;
Chemicon), and polyclonal anti-GABA (1:200; Chemicon).
Sections were washed 3 X5 min with PBS and then incu-
bated with the appropriate secondary antibody diluted in
blocking solution for 2 h. The secondary antibodies included
biotinylated anti-mouse IgG (1:400; Vector), anti-rabbit IgG
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(1:400; Vector), anti-rat IgG (1:400; Vector), Alexa 568-con-
jugated goat anti-mouse IgG (1:200; Molecular Probes), and
Alexa 568-conjugated goat anti-rabbit IgG (1:200; Molecu-
lar Probes). Visualization of staining was performed as
described in the above paragraph.

Immunocytochemistry

Explant cultures of VN were fixed (in 4% PFA at 37 °C)
and incubated (4 °C) overnight in MAP2 antibody (1:200;
Sigma) diluted in blocking solution. The cultures were
washed 3 X5 min with PBS and then incubated with the
appropriate secondary antibody diluted in blocking solution
for 2 h. After washing, the coverslips were mounted on a
glass slide with mounting medium with DAPI (Vector Lab).

In all histochemistry or cytochemistry, no non-specific
staining was observed on brainstem sections or cultures
when WFA or primary antibody was omitted from the proto-
col. Sections collected from each age-group were processed
in parallel. Sections or cultures were examined under a light/
fluorescence microscope (Axioplan 2 imaging; Carl Zeiss).
Digital images were captured with a CCD camera (Spot;
Diagnostic Instrument) connected to a computer. Image
preparation, assembly and analysis were performed in Adobe
Photoshop 9.0.

Enzyme treatment on tissue sections

Fixed tissue sections were incubated at 37 °C overnight with
the bacterial enzyme chondroitinase ABC (Proteus vulgaris)
(0.1 U/mL; Sigma) in a buffer containing 50 mM Tris (pH
8.0) and 50 mM sodium acetate.

Enzyme injection

Rat pups at P6 were anesthetized by isoflurane (1.5-2%,
250 cm®/min) and then subjected to bilateral craniotomy
(diameter: 2 mm) at sites above the VN (9.1 mm caudal
to bregma; 1.5 mm lateral from midline; 3.5 mm beneath
the surface of the skull). ChABC (from Proteus vulgaris,
Sigma, 2 U/mL; 2 pL) or saline (control; 2 pL) was drawn
into a pulled borosilicate glass capillary pipette (Harvard
Apparatus) and then pressure-injected into each VN using a
micromanipulator connected to a PV830 Pneumatic Picop-
ump (World Precision Instruments). The wound was then
sutured and the rats were allowed to recover.

Implantation of Elvax slices
Elvax (ethylene—vinyl acetate polymer; Dupont, USA)
in dichloromethane was mixed with the GABA , receptor

antagonist bicuculline (Tocris Bioscience) in dimethylsul-
foxide to reach 30 mM and then allowed to set at —80 °C.
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The desiccated Elvax block was then sectioned into
200 pm-thick slices, 1 mm X 1 mm. Control slices were
loaded with saline. The surface of the Elvax slice facing
the cerebellar primordium was thinly coated with poly-
caprolactone (PCL) (Sigma, USA), using a custom-made
spraying device (Lai et al. 2016; Wong et al. 2010) to limit
diffusion of bicuculline into the cerebellar primordium. In
one set of preliminary experiments, Elvax slices loaded with
3H-bicuculline (American Radiolabeled Chemicals, USA)
were coated with PCL on both sides. These slices were then
immersed in PBS contained in a scintillation vial for a week
at 37 °C. Scintillation counting of aliquots of the incubation
medium (Schnupp et al. 1995; Smith et al. 1995) revealed
only trace amount (~5%) of 3H-bicuculline, indicating that
PCL coating of the Elvax slice was effective in containing
almost all (~95%) of the loaded drug within the slice. By
contrast, almost all of the *H-bicuculline loaded into the
non-coated Elvax slice was released into the incubation
medium.

The skull of P1 rat, anesthetized by isoflurane (1.5-2%,
250 cm?/min), was opened to expose the obex on the
medulla. A piece of bicuculline-loaded Elvax slice was
inserted into the IVth ventricle such that the uncoated side
of the Elvax slice rested on the surface of the bilateral VN
complexes while the PCL-coated side faced the IVth ven-
tricle. During the surgical process, the head of the rat was
gently tilted downward such that the space between the
brainstem and cerebellar primordium was exposed, allowing
the Elvax slice to be inserted horizontally without damaging
neural tissue surrounding the IVth ventricle. The skin inci-
sion was sutured and the pups were returned to the mother
after recovery from anesthesia. These pups showed positive
health status, such as daily gain in body weight and stom-
ach full of ingested milk after each meal. These rats were
then assessed for postnatal emergence of negative geotaxis.
At the end of each experiment, the position of Elvax slice
was verified by postmortem examination under a dissecting
microscope. In addition, sagittal histological sections of the
cerebellum were obtained to confirm that the cerebellum was
not damaged. To ensure consistency of treatment across rats,
we only included data from rats in which (1) the Elvax slice
accurately covered the bilateral VN and (2) the cerebellum
was intact.

Negative geotaxis

Negative geotaxis is an innate, counter-gravity response that
requires sensory input from the vestibular system (Bouet
et al. 2004; Crozier and Pincus 1926; Pincus and Crozier
1929). To ensure that our results would not be affected by
visual input, the tests were conducted inside a dark box.
An infrared digital camera (Folice Technology) was used
to monitor response of the rat following placement in a
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nose-down position on a ramp tilted at 45°. Time required
to re-orient to nose-up position was recorded. If the time
needed was <20 s, the response was considered as positive.
Rats were age-matched (P4-P20) and divided into groups for
the test: normal controls, ChABC-injected, saline-injected,
or bicuculline-treated. For each group, the percentile achiev-
ing the average time required to accomplish negative geo-
taxis was plotted against age of the rat. The time allowed
for the trial was set at an upper limit of 60 s. The trial was
terminated if the rat failed to accomplish negative geotaxis
response in 60 s.

VN explant culture

Brainstems of P3 rats were harvested. Acute brainstem slices
(300 um) were obtained using a vibratome and then trans-
ferred to ice-cold PBS. VN were dissected from the slice
under a dissecting microscope and then further cut into 3—4
pieces. The explants were then seeded onto a 12-mm cov-
erslip (Thermo Scientific) or a p-slide (Ibidi), pre-coated
with a mixture of poly-D lysine (50 pug/ml) (SigmaAldrich)
and laminin (10 pg/ml) (Life Technology). VN explants
were cultured in Neurobasal Medium (ThermoFisher) sup-
plemented with 100x GlutaMAX™ Supplement (Ther-
moFisher) and B-27 Supplement (50X) (ThermoFisher) at
37 °C, with 5% CO,. Progenitors migrated from the explant
core and formed MAP2* cells with multiple processes by
15 days in vitro.

Cell counting and statistical analysis

Cell counting was done based on published methods (Lai
et al. 2004; Moratalla et al. 1996; JanuSonis and Fite 2001).
Briefly, in a complete series of coronal brainstem sections,
the number of neurons with WFA-stained PN within the
confines of each of the anatomically demarcated cell groups
of the VN was evaluated under a microscope. Intact PN were
defined as those having a distinct and continuous boundary
with no breaking point along the outline. The sum of cell
counts was divided by the number of tissue sections of that
nucleus to yield the mean cell count per section for that
nucleus. This computation allows the comparison of cell
counts among brainstem nuclei that differ in total cell mass.
To confirm reliability of the cell counts, an individual, who
was blinded to the experimental paradigm used for each set
of brainstem sections, was recruited to repeat the cell count-
ing process of each experiment. Values collected from all
counted sections were averaged and data were presented as
means + SEM. Counts in different age-groups were com-
pared using one-way ANOVA followed by Tukey—Kramer
multiple comparisons test. Behavioral experiments were
analyzed using an unpaired two-tailed Student’s 7 test.

For morphological analysis of cultured VN neurons,
explant cultures were fixed after 15 days in vitro and stained
with MAP2 and DAPI. Flourescent images of individual
neurons migrating out from the explant core were acquired
using an Olympus microscope. Process length and number,
along with number of branches was measured semi-auto-
matically using Metamorph. For each group, 2000-4000
MAP2* cells were measured. Data were analyzed with one-
way ANOVA, and post hoc Turkey’s test. In all analyses,
a probability value (P) of less than 0.05 was taken to be
statistically significant.

Results
PN surrounds GABAergic neurons in the VN

WPFA-stained PN around the NeuN" neuronal cell bodies
and proximal processes were found in the spinal vestibular
nucleus (SpV), medial vestibular nucleus (MV), and lat-
eral vestibular nucleus (LV) of adult rats (Fig. la). Use of
VGAT-VENUS transgenic rats that expressed VENUS in
cells expressing vesicular GABA transporter (VGAT) further
showed that PN-bearing neurons in the VN were GABAergic
(Fig. 1b).

Postnatal profile of WFA-positive PN in the VN

With postnatal development, progressive intensification
and consolidation of WFA-positive PN within the VN was
observed as early as P5 in the SpV (Fig. 2a). No neurons
in the P1-5 VN showed clear contours of WFA-positive
PN. Perineuronal profiles of WFA staining progressed from

Fig. 1 a Photomicrographs showing the morphology of cells with PN
in rat LV, SpV and MV. WFA staining (red) was observed at the sur-
face of NeuN-immunopositive neurons (green). Boxed areas enlarged
in right panel. b NeuN-immunopositive neuron (purple) surrounded
by WFA-immunopossitive PN (red) was VGAT-Venus-expressing cell
(green). SpV, spinal vestibular nucleus; LV, lateral vestibular nucleus;
MYV, medial vestibular nucleus. Scale bar, 100 pm for (left panels of
a); 50 pm for (right panels of a); 20 pm for b
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Fig.2 a Photomicrographs
showing developmental consoli-
dation of WFA-stained PN (red)
in the SpV, MV and LV of rats
(P5—adult). In MV, PN (yellow
arrows) were observed from

P9, while PN in SpV and LV
consolidated earlier, at PS5 and
P7, respectively. Nuclei visual-
ized by Hoechst stain (blue). b
Histogram showing the number
of cells with PN. *P <0.05;
**P <0.01. PN morphology
and numver of PN-bearing cells
in each VN sub-nucleus was
indistinguishable with the adult
by P21. SpV, spinal vestibular

Lv

nucleus; LV, lateral vestibular b ,5 45 A .§ a4
nucleus; MV, medial vestibular E §
nucleus; y, group y. Scale bar, 2 2
=5 - =3
100 pm g 30 23
2 °
815 A =08
z g z
5 Nl
C :
z Mv z

flocculent and amorphous to solid patches by P3 in the SpV
and by PS5 in the LV (Fig. 2a). By P7, neurons with con-
solidated contours of PN were observable in the SpV and
LV, but remained somewhat diffuse (Fig. 2a). By P9, PN
can be found in the SpV, LV and MV while consolidated
PN was observed in the SpV. From P9 onwards, number of
PN-bearing cells increased in number in the SpV, LV and
MYV reaching the adult number by P21 (Fig. 2b; Table 2).
The neonatal diffuse pattern of PN was rarely observed at
P21; instead, the majority of PN observed was in the adult
consolidated form (Fig. 2a). In the SuV, however, only a few
neurons with PN were observable (not shown). In group vy,
PN-bearing neurons were not detectable until P9 and num-
bers remained low even in the adult (Fig. 2b).
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Statistical analysis of the number of PN-bearing neurons
in the SpV, MV, and LV revealed significant differences
(P<0.05) between P9 and P12, P14 and P21, but not beyond
P21 (Fig. 2b).

Postnatal profile of neurocan-
and phosphacan-positive PN in the VN

Given that WFA only reveals the CS moieties of proteogly-
cans in PN (Hartig et al. 1994), we pursued the distribution
patterns of the core proteins of CS proteoglycans, neuro-
can and phosphacan, in the SpV and LV (Fig. 3). Similar to
WFA-positive PN, both neurocan- and phosphacan-positive
PN were barely detectable in the neonate (P3). Progressive

Table 2 Develop@ental trend of Age P5 P7 PO P12 Pl4 P21 Adult
WFA-stained PN in the VN of
postnatal and adult rats Number of
cells with
PN
Spv 0  44+05%*F 6.0+08%*F 11.240.7%%* 12.0+ 1.2%** 208+12 204=+1.1
MV 0 0.6+02%%% 12+04%* 58405 60x09%* 98+06 122+1.1
LV 0  42+07%% 94 +0.5%* 16.8+0.6%** 21.8+ 1.3*** 36.0+25 39.6+13
Group y 0 0 1.0 £ 0.3%%* 124+ 0.4%* 2.8 +0.5% 52+11 46+04

Data are presented as mean + SEM

The number of cells with PN in each vestibular subnucleus was the average of cell counts in each tissue

section for that nucleus

The asterisks indicate significant differences (*P <0.05; **P <0.01; ***P <0.001) in the number of cells
with PN when compared with the cell counts in adult
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Fig.3 Photomicrographs show-

ing the expression of neurocan — Phosphacan

and phosphacan in PN in the Bp3 T ’"SW P3 : LV
SpV and LV of postnatal rats e : LA

(P3, P14, P21 and adult). Areas
bound by the dotted squares are
shown at higher magnification
in insets. An age-dependent
change in the expression of
neurocan and phosphacan was
observed. SpV, spinal vestibular
nucleus; LV, lateral vestibular
nucleus. Scale bars, 200 pm; 50
pm for insets

intensification of neurocan- and phophacan-positive PN with
age was likewise observed, reaching the adult pattern by P21
(Fig. 3). Whereas the WFA-stained PN changed from dif-
fuse to consolidated with postnatal age, core-protein stain-
ing of the PN emerged as condensed features, progressing
from patches to perineuronal contours. This suggests that as
soon as the proteoglycans were secreted, the core proteins
were stably localized to perineuronal binding partners in
the perineuronal environment. By contrast, the disposition
of CS moieties from diffuse to consolidated suggests that
the neonatal forms were not committed to binding partners
whereas the postnatal forms may be condensed due to exten-
sive glycan-protein interactions.

Neonatal deprivation of labyrinthine input
significantly decreases PN formation in VN

To test if PN formation in the VN is dependent on labyrinth
inputs during the formative stage of the central vestibular
circuitry, the effects of BL performed at P3 before PN con-
solidation versus BL at P7, P9 and P14 after PN consolida-
tion had occurred were compared (Fig. 4). All test animals
were allowed to survive to adulthood and then sacrificed for
the assessment of WFA-stained PN among interneurons in
the VN. At P21, no difference in the WFA-stained pattern
and the number of PN-bearing cells was observed between
normal controls and those which received BL at P7, P9 or
P14 (Fig. 4b, d). In contrast, P21 rats which had received
BL at P3 showed significantly lower number of PN-bearing
neurons (14 + 1 in the SpV; 6+ 1 in the MV) than those in

A

corresponding sites of the normal controls (21 +1 in the
SpV; 10+ 1 in the MV) (P <0.001) (Fig. 4a, d). Significantly
lower number (P < 0.001) of PN-bearing cells was observed
in the SpV and MV of adult rats (beyond P21) which had
received BL at P3 (Fig. 4d) (BL: 14+ 1 in the SpV and 7+ 1
in the MV; normal controls: 20 + 1 in the SpV; 12+ 1 in the
MV). Interestingly, the number of PN-bearing cells in LV
was not affected by BL at P3 (Fig. 4a). To find if the changes
in WFA-stained PN pattern and number were due to the core
protein of CS proteoglycans, some of the experimental and
control rats were assessed for neurocan-stained PN in the
SpV at P21. Neither the network pattern nor the number of
PN-bearing neurons was found to differ between the normal
controls and those which received BL at P3 (Fig. 4c). The
results, therefore, focused our attention on the PN-CS moie-
ties and their role in vestibular plasticity.

Integrity of PN-CS and GABAergic transmission are
required for VN development

Negative geotaxis was used as a behavioral read-out for
maturity of the central vestibular circuit for gravity detec-
tion. P4-5 rat pups did not re-orient to a nose-up position
within 60 s. From P6 onwards, the percentage of rats capable
of reaching the nose-up position increased progressively,
until 100% at P10 (Fig. 5a). By P9, >90% of rats displayed
negative geotaxis in 20 s. From P12 onwards, only ~5 s was
needed and such performance was consistent thereafter. We,
therefore, adopted 20 s as the threshold time for the comple-
tion of negative geotaxis as indication of near-maturity in the
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P21 (Normal Control)

P21 (BL at P3)

P21 (Normal Control)

.
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Fig.4 Difference in the expression pattern of WFA-stained PN in
the SpV, MV and LV was observed at P21 between normal rats and
rats which received bilateral labyrinthectomy (BL) at P3 (a), but not
at P9 (b). For the rats which received BL at P3 (but not at P7, P9
and P14) and were allowed to survive until P21, the number of cells
surrounded by PN was significantly lower than those in correspond-
ing sites of the normal controls (d). No difference in the expression

central vestibular circuitry. Neonatal deprivation of labyrin-
thine inputs by BL completely abolished negative geotaxis
behavior with no recovery even at the adult stage, indicating
that it is vestibular-dependent and that proprioceptive input
alone cannot support negative geotaxis.
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pattern of neurocan-based PN in the VN was observed between nor-
mal P21 rats and those which received BL at P3 (c). Areas bound by
the dotted squares are shown at higher magnification in insets. The
asterisk indicates significant difference (¥***P<0.001) in cell count
between two groups. Arrow: cells with PN. SpV, spinal vestibular
nucleus. Scale bars, 400 pm (upper panels) and 200 pm (lower pan-
els) for a—c; 50 pm for insets

We then attempted to perturb PN-CS and CS-depend-
ent binding of ligands by injection of ChABC into the
VN of rats at P6 when PN-CS was detectable but not yet
consolidated. Rats that had been injected with ChABC
showed delay in the acquisition of negative geotaxis, from
P9 (normal controls) to P13 (ChABC-treated) (Fig. 5a).
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Fig.5 PN formation correlates
with maturation of vestibular
function. a Normal rats acquired
the mature response at P9 (when
PN started to consolidate),

but the acquisition of negative
geotaxis was delayed to P13 in
rats pretreated with chondroi-
tinase ABC (ChABC) at P6 or
bicuculline at P1. *P <0.05;
*#P<0.01; ¥***P <0.001
indicate significant differences
between normal and ChABC-
treated groups in the time taken
to accomplish the response.
Cartoon illustrates the negative
geotaxis response. b WFA-
positive PN is consolidated in

Average righting time (s)

Negative Geotaxis

O— Normal Control

@®—— Saline injection at P6
® —— ChABC injection at P6
(®) Bicuculline at P1

kkk  kkk

saline-injected rats by P9. Injec-

tion of ChABC into the MV

at P6 delayed consolidation of

WFA-positive PN (red) to P13

(white arrows), co-incident with b
maturation of negative geotaxis

behavior. Nuclei were visual-

ized by Hoechst stain (blue).

Arrows point to cells with PN.

Scale bar: 50 um

Saline injection
at P6

ChABC injection
at P6

Before P10, none of the ChABC-treated rats displayed
negative geotaxis in 20 s. From P10 onwards, the percent-
age of ChABC-treated rats capable of reaching the nose-
up position within 20 s increased progressively, reach-
ing >80% by P13 and 100% by P15. After injection on P6,
WFA-stained PN were found in the MV from P9 in saline
control but were barely discernible in ChABC-treated rats
(Fig. 5b). Notably, negative geotaxis behavior matured in
ChABC-treated rats when PN was first discernible at P13,
suggesting close correlation between PN consolidation
and behavioral maturation.

The vast majority of PN-bearing neurons in the VN are
GABAergic neurons. Since loss of PN-CS was reported to
reduce excitability and spiking rate of inhibitory neurons
(Balmer 2016), we asked whether delayed emergence of
negative geotaxis could result from inadequate GABAe-
rgic transmission at GABAergic interneurons in the VN.
To address this, Elvax loaded with GABA, receptor
antagonist bicuculline was implanted onto the VN of rat
pups at P1 to block GABAergic transmission. Rats were

P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19 P20
Postnatal days

then monitored for display of negative geotaxis along the
postnatal time course up to P20. Similar to perturbation
of PN-CS, antagonizing GABAergic transmission in the
VN brought about a delay in the acquisition of negative
geotaxis, from P9 (normal controls) to P13 (bicuculline-
treated) (Fig. 5a).

Increased localization of Sema3A to PN in the VN
during Postnatal Development

Given that Sema3A is a plasticity-inducing factor with
binding affinity for PN-CS in the adult brain extract (Dick
et al. 2013), we asked whether sequestration of Sema3A
by PN restricted its access to the neuronal cell surface to
limit plasticity. Double fluorescence staining for WFA and
Sema3A found Sema3A in colocalization with PN (Fig. 6a).
The extent of colocalization varied with the VN subnuclei
but invariably increased with postnatal age (Fig. 6a). The
SpV and MV showed trends of low-to-moderate colocali-
zation in P9-13 tissues, reaching maximal colocalization
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Fig.6 a Colocalization of WFA-stained PN (red) and Sema3A
(green) in the VN during postnatal development. b In adult VN tissue
sections, removal of CS with ChABC treatment resulted in a loss of
Sema3A signals. ¢ ChABC and Sema3A treatment increased branch-
ing and process length of DIV 15 cultured VN neurons (indicated by
MAP2 immunoreactivity (green) and Hoechst-stained nuclei (blue)).
d Morphological analysis of neurons in VN explant culture (DIV 15)
after treatment with ChABC, Sema3A or co-treatment with ChABC
and Sema3A. Schematic diagram illustrates definition of processes

in the P21 and adult tissues. In the LV, colocalization was
low in P9 tissue, reached maximal in P13- 21 tissues and
thereafter, Sema3A abundance apparently subsided whereas
WFA-stained PN remained. The results suggested that affin-
ity of PN-CS for Sema3A differed with the VN subnuclei
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(yellow arrows), primary extensions from the cell body; and branch-
ing (black arrows). Number of processes, number of branchings and
process length were analyzed. Co-treatment of ChABC and Sema3A
significantly enhanced the growth and arborization of neurites. Nei-
ther Sema3A nor ChABC alone significantly enhanced the length of
processes. *p<0.05, **p<0.01. SpV spinal vestibular nucleus; LV
lateral vestibular nucleus; MV medial vestibular nucleus. Scale bars,
100 pm for (a) and (b); 200p m for (c) and 50 pm for insets in ¢

and with postnatal age. Digestion of PN-CS with ChABC
treatment in VN tissue sections resulted in a loss of Sema3A
signals, indicating that Sema3A was associated with PN-CS
and subsequently became diffusible with the digestion of
CS (Fig. 6b).
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To demonstrate that CS restricts the potency of Sema3A,
cultured VN neurons were treated with either ChABC,
Sema3A or a combination of both (Fig. 6¢). It can be seen
that Sema3A increases dendritic branching and growth of
VN neurons (Fig. 6d). The effect of Sema3A became more
pronounced after treatment with ChABC to remove CS from
the perineuronal matrix, demonstrating that perineuronal
CS limits interaction between Sema3A and its receptors.
“Number of processes” was not significantly changed after
ChABC treatment (Fig. 6d). This suggested that the conse-
quence of Sema3A action is revealed at the axonal and den-
dritic growth cones but not at the sites of primary outgrowth
from the neuronal soma.

Discussion

Closure of formative periods for the development of sensori-
motor circuits are often accompanied by consolidation of PN
around GABAergic interneurons in the circuit (Balmer et al.
2009; Hensch 2005; Nabel and Morishita 2013). Here, we
report that postnatal emergence of negative geotaxis in rats
is subject to a formative period in the graviceptive circuit of
the VN. During this period, sensory input, consolidation of
PN-CS, and GABAergic neurotransmission in the VN cir-
cuit are required for circuit maturation. Perturbation of any
one of these components affected the emergence of nega-
tive geotaxis. The plasticity factor Sema3A was shown to be
increasingly retained by PN-CS during development, sug-
gesting a restriction of Sema3A bioavailability by PN-CS.
Removal of such plasticity-inducing factors thus stabilizes
inhibitory interneurons in the VN for hardwiring the circuit
for negative geotaxis.

WFA-positive PN presentation in the neonatal VN

We demonstrate that the CS-moieties of PN, as denoted
by WFA-positivity at GABAergic interneurons in the VN
change progressively from flocculent and amorphous presen-
tations in the neonate to consolidated patches and contours
in postnatal stages up to adulthood (Fig. 2). This is distinct
from consolidation profiles of the core proteins of PN chon-
droitin sulfate proteoglycans, neurocan and phosphacan
(Bandtlow and Zimmermann 2000; Jones et al. 2003), which
appeared as dense patches that linked together to form the
net with age (Fig. 3). Core proteins of other PN components,
such as aggrecan, brevican, versican, and tenascin-R, were
shown to consolidate similarly (Carulli et al. 2006). This
suggests that the core proteins are clustered upon secretion
to the perineuronal environment, while their CS moieties
are not yet condensed due either to lack of CS-binding mol-
ecules in the early neonatal environment or low affinity of
neonatal CS moieties for such molecules.

Activity-dependent formation of PN in the VN
during development

In the present study, sensory deprivation of the vestibular
system induced by neonatal BL decreased PN formation.
This is in line with studies in other sensory systems where
sensory deprivation also delayed consolidation of PN, such
as animals treated with visual deprivation induced by dark
rearing (Pizzorusso et al. 2002) and somatosensory depriva-
tion by whisker trimming (McRae et al. 2007) at a neonatal
stage. Following BL in neonatal rats, the pattern of PN and
the number of VN neurons with PN were frozen at the neo-
natal state (Fig. 4a, d), resulting in a permanent reduction
of PN in the VN compared to sham control adults. Given
that BL rats do not display negative geotaxis or other gravi-
ceptive behavior, it is likely that reduction in PN results in
long-term change in the processing of vestibular informa-
tion. Interestingly, the LV, which is known to receive dense
spinovestibular input from the limb (Matsuyama and Drew
2000; Marlinsky 1992), did not show significant decrease
of PN after BL at P3 (Fig. 4a). However, unlike postural
maintenance which could be supported by proprioceptive
cues alone (Deliagina and Orlovsky 2002), negative geotaxis
never emerged in animals with BL. This is consistent with
observations in other mammals after BL (Dow 1938).

Critical period for PN formation in the VN

The number of WFA-stained PN reached adult level at P21
in normal rats (Fig. 2b). However, for rats which received
BL at P3 (i.e. at a time before PN consolidation around VN
neurons), the number of VN neurons with PN at P21 was
~30% lower than those of the normal controls (Fig. 4d). In
contrast, no significant difference in the number of VN neu-
rons with PN was observed between normal P21 rats and
those which received BL at P7, P9 or P14 (Fig. 4d). This
suggests a time window for the initiation of PN formation
between P3—7. Once the process of PN formation has been
initiated, activity from the vestibular afferents is no longer
critical to the maintenance of PN into adulthood. Whether
this is generally true throughout the brain remains to be
proven.

Roles of WFA-stained PN on maturation of vestibular
behavior

We observed maturation of negative geotaxis at P9 (Fig. 5a),
coincident with PN consolidation (Fig. 5b). Interestingly,
by delaying PN consolidation to P13 with ChABC injection
into the VN at P6, we were able to delay emergence of nega-
tive geotaxis accordingly (Fig. 5b). Inflammatory processes
or microglia activation in the brain after surgical lesion has
been shown to mediate synaptic stripping (Cullheim and
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Thams 2007; Chirumamilla et al. 2002). To assess the effect
of surgical lesion on delayed maturation of circuits, surgical
controls for invasive procedures, i.e. saline injection as con-
trol for ChABC injection, PBS-loaded Elvax slice as control
for bicuculline-loaded Elvax slice, and sham operation for
BL, have been included. It was found that behavioral per-
formance of saline control animals did not differ from wild
type (Fig. 5a), suggesting that these processes did not con-
tribute significantly to the observed delay in the maturation
of VN circuits. Furthermore, we previously characterized
maturation of VN circuits for otolith and canal input, and
found that functional connectivity between the vestibular
end organs and central VN neurons was formed 1 week after
birth (Ma et al. 2013; Lai and Chan 2001; Lai et al. 2006,
2004). This coincided with initiation of PN consolidation
in the VN (Fig. 2; Table 2). VN neurons responsive to ves-
tibular stimulation became dramatically more abundant at
P14 as PN became more consolidated and levelled off as
PN reached the adult level at P21. These suggest that PN is
required for stabilization of synapses resulting in maturation
of functional circuits.

Since PN in the VN primarily surrounds GABAergic neu-
rons (Fig. 1b), we reasoned that cleavage of CS moieties of
PN with ChABC likely influenced vestibular behavior by
modulating GABAergic transmission in the VN. We showed
that the acquisition of vestibular behavior was also delayed
to P13 in rats pretreated with GABA , receptor antagonist at
P1 (Fig. 5a), suggesting that GABAergic transmission plays
a key role for the maturation of negative geotaxis. Indeed,
GABAergic transmission in the VN has been shown to play
crucial roles in vestibular function (Buttner et al. 1992;
Dieterich et al. 1991; Gliddon et al. 2005; Kato et al. 2003;
Nakamura et al. 1989; Reber et al. 1996; Tighilet and Lacour
2001).While it has been shown that GABAergic neurons
in the cortex with PN have increased firing rates (Balmer
2016), more experiments will be required to demonstrate
that this is the case in the VN. Nonetheless, our results high-
light GABAergic transmission in the critical period as one of
the keys for consolidation of vestibular circuits.

Role of Sema3A on maturation of vestibular
behavior

In addition to direct modulation of the intrinsic properties
of the neuron, sequestration of plasticity factors by PN-CS
may also work to limit structural plasticity. One such fac-
tor, Sema3A, was reported to interact with CS type E of the
PN (Dick et al. 2013). Indeed, we found colocalization of
Sema3A to PN-CS in the VN (Fig. 6a, b). Sema3A induces
structural plasticity of cortical (Morita et al. 2006) and hip-
pocampal (Shelly et al. 2011) neurons in culture as well
as cerebellar neurons in vivo (Carulli et al. 2013; Uesaka
et al. 2014). When applied to cultured VN neurons, Sema3A
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increased growth and branching of neuronal processes
(Fig. 6c, d). Removal of perineuronal CS with ChABC fur-
ther enhanced the plasticity-inducing effects of Sema3A
(Fig. 6¢, d). This supports the idea that PN-CS limits the
bioavailability/ plasticity-inducing properties of Sema3A,
thereby limiting aberrant structural plasticity that delays
synapse formation, and as a consequence promotes the hard-
wiring of the central pathway for vestibular behavior.

Concluding remarks

Taken together, our results indicate that (1) sensory input
within the first postnatal week initiates PN formation; (2)
PN consolidation is linked with functional maturation of
vestibular circuits; (3) inhibition of GABAergic transmission
within the VN resulted in similar behavioral deficits as enzy-
matic degradation of PN-CS; (4) PN-CS limits the potency
of plasticity-inducing factors such as Sema3A to bring about
decrease in structural plasticity required for hardwiring of
circuits. This study establishes the key processes required in
the first postnatal week for the maturation of VN circuits for
the emergence of graviceptive negative geotaxis behavior.
While it is likely that such processes are inter-linked, further
investigation is required to establish a definite causal rela-
tionship. The study further provides insight into PN com-
ponents that can be targeted to modulate neural plasticity
for regeneration or recovery from neurological disorders.
Identification of plasticity-inducing factors that are modu-
lated via their interaction with PN would greatly benefit our
understanding of how PN mediates such a plethora of vital
functions.
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