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Abstract

As one major component of extracellular matrix (ECM) in the central nervous system, chondroitin sul-
fate proteoglycans (CSPGs) have long been known as inhibitors enriched in the glial scar that prevent
axon regeneration after injury. Although many studies have shown that CSPGs inhibited neurite out-
growth in vitro using different types of neurons, the mechanism by which CSPGs inhibit axonal growth
remains poorly understood. Using cerebellar granule neuron (CGN) culture, in this study, we evaluated
the effects of different concentrations of both immobilized and soluble CSPGs on neuronal growth, in-
cluding cell adhesion, spreading and neurite growth. Neurite length decreased while CSPGs concentration
arised, meanwhile, a decrease in cell density accompanied by an increase in cell aggregates formation was
observed. Soluble CSPGs also showed an inhibition on neurite outgrowth, but it required a higher concen-
tration to induce cell aggregates formation than coated CSPGs. We also found that growth cone size was
significantly reduced on CSPGs and neuronal cell spreading was restrained by CSPGs, attributing to an
inhibition on lamellipodial extension. The effect of CSPGs on neuron adhesion was further evidenced by
interference reflection microscopy (IRM) which directly demonstrated that both CGNs and cerebral corti-
cal neurons were more loosely adherent to a CSPG substrate. These data demonstrate that CSPGs have an
effect on cell adhesion and spreading in addition to neurite outgrowth.
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Introduction

Being main components of extracellular matrix (ECM)
in the central nervous system (CNS), chondroitin sulfate
proteoglycans (CSPGs) have long been known as a class of
repulsive guidance molecules during development as well
as potent axon growth inhibitors after CNS injury (Miller
and Hsieh-Wilson, 2015). The level of CSPGs in the CNS
decreases with age, and CSPGs become concentrated into
perineuronal nets, which play important roles in limiting
plasticity of the adult CNS (Miyata and Kitagawa, 2016).
After CNS injury, CSPGs are upregulated in the glial scar
which presents a barrier to axonal regeneration. Neverthe-
less, the mechanism by which CSPGs inhibit axonal growth
remains poorly understood. Recent experiments have identi-
fied the type IIa protein phosphatases RPTPo and LAR, and
the Nogo receptors (NgR1 and NgR3) as CSPG receptors
(Shen et al., 2009; Fisher et al., 2011; Dickendesher et al.,
2012; Lang et al., 2015). However, these same receptors can
bind Heparan sulfate proteoglycans (HSPGs) (Aricescu et
al., 2002; Fox and Zinn, 2005), which facilitate neurite out-
growth, suggesting that other mechanisms may be involved
in signaling by CSPGs.

Several neuron cell culture models implicate the control
of neurite outgrowth by mechanical forces (Kerstein et al.,
2015). Under these models, the growth cone adheres to the
substrate, and membrane proteins such as integrins form
linkages between the substrate and the cytoskeleton, allow-
ing the growth cone to extend by exerting traction forces
(Athamneh and Suter, 2015). We have demonstrated that
neuronal growth cones are very sensitive to substrate stiff-
ness, with different neuronal populations being tuned to
different levels of stiffness (Koch et al., 2012). One key com-
ponent of this model is the role of cellular adhesion — with-
out adhering to the substrate, neurons would not be able to
exert traction forces and extend. Therefore, understanding
the role of adhesion may provide important clues regarding
how axonal growth is modulated.

Cell adhesion is normally regulated by the attachment
of transmembrane integrins to extracellular matrix (ECM)
molecules. Laminin, fibronectin, and tenascin-C bind to
integrins to support cell adhesion, while the role of CSPGs
in cell adhesion is not entirely clear. Proteoglycans, includ-
ing CSPGs on the cell surface, can facilitate cell adhesion to
other matrix proteins like fibronectin (Conget and Minguell,
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1994). In contrast, CSPG substrates have been shown to be
anti-adhesive for several different types of cells, including
fibroblasts (Knox and Wells, 1979), hepatocytes (Kato et
al., 1995) and several types of neurons (Friedlander et al.,
1994; Maeda and Noda, 1996). Neurons plated onto CSPG
substrates adhere poorly, and neurites are often found to be
fasciculated, in contrast to neurons plated on poly-L-lysine
(PLL) or laminin (Maeda and Noda, 1996; Condic et al.,
1999; Snow et al., 2003; Hayashi et al., 2005). This behavior
has been interpreted as due to the anti-adhesive proper-
ties of CSPGs. In this work, we demonstrated the effects
of CSPGs on neuronal cell attachment, spreading, neurite
growth as well as growth cone morphology. We provide di-
rect evidence that CSPGs are anti-adhesive through the use
of interference reflection microscopy (IRM).

Materials and Methods

Primary neuron isolation

Mouse cerebellar granule neurons (CGNs) were isolated
from postnatal 5-8 day old C57BL/6 mice. In brief, cere-
bella were dissected out and digested with 0.125% trypsin
for 15 minutes at 37°C. After dissociation into a single cell
suspension by trituration, cells were cultured in Neurobas-
al-A medium containing B27 (1:50, v/v) supplemented with
Glutamax (Life technologies corporation, Grand Island, NY,
USA) and 25 mM KCI.

Cerebral cortical neurons were isolated from E18-19
C57BL/6 mouse embryos. In brief, cortices were dissected
out and digested with 0.05% trypsin (Life Technologies Cor-
poration, Grand Island, NY, USA) for 15 minutes at 37°C.
After dissociation into a single cell suspension, cells were
cultured in Neurobasal medium containing B27 (1: 50, v/v)
supplemented with Glutamax (Life Technologies Corpora-
tion).

All animal procedures were approved by the Laboratory
Animal Ethics Committee of Jinan University and by the In-
stitutional Animal Care and Use Committee at the National
Heart, Lung, and Blood Institute of National Institutes of
Health and performed in accordance with their guidelines.

Immunostaining and Imaging

To monitor changes in cell morphology on CSPGs, cells
on coverslips were fixed with 4% paraformaldehyde (PFA)
for 15 minutes and then stained with B-tubulin III and
4',6-diamidino-2-phenylindole (DAPI), Texas Red-Phalloi-
din (1:200; Molecular Probes Inc., Eugene, OR, USA) and
DAPI, AlexaFluor488-Phalloidin (1:200, Molecular Probes
Inc., Eugene, OR, USA) and DAPI, or with p-tubulin III,
TexasRed-Phalloidin and DAPI. For F-actin staining with
Phalloidin, cells were first blocked with 10% normal goat
serum in phosphate buffer saline (PBS) containing 0.1% Tri-
ton X-100 (PBST) for 30 minutes at room temperature and
then incubated with TexasRed-Phalloidin (1:200; Molecular
Probes Inc.) or AlexaFluor488-Phalloidin (1:200; Molecular
Probes Inc.) and DAPI diluted in PBST with 2.5% normal
goat serum for 30 minutes at room temperature. After three
washes with PBS, coverslips were mounted on slides with
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aqueous gel mount. For B-tubulin III staining, cells were
blocked with 10% normal goat serum in PBST for 1 hour at
room temperature followed by incubation with mouse an-
ti-B-tubulin III (1:1,000; Sigma, St. Louis, MO, USA) prima-
ry antibody diluted in PBST with 2.5% normal goat serum
for 1 hour at room temperature. After three washes with
PBS, cells were then incubated with AlexaFluor488-Goat
anti-Mouse IgG secondary antibody (1:1,000; Life Technolo-
gies Corporation) and DAPI diluted in PBST with 2.5% nor-
mal goat serum for 1 hour at room temperature. In the case
of B-tubulin IIT and Phalloidin costaining, Texas Red-Phal-
loidin (1:200; Molecular Probes Inc.) was added at the sec-
ondary antibody incubation step. Fluorescence images were
captured on a Nikon E1000 upright microscope equipped
with a Zeiss AxiocamHRc camera (Carl Zeiss, Thornwood,
NY, USA) controlled by Zeiss Axiovision software, or on a
Zeiss LSM510 or a Zeiss LSM780 confocal microscope (Carl
Zeiss Microlmaging, Jena, Germany) with a 63x1.4 NA oil
immersion objective.

Observation of neurite outgrowth and growth cone
morphology

Coverslips in 24-well plates were first coated with 200 pug/mL
poly-L-lysine (PLL) (Sigma) for 2 hours at 37°C. After three
washes with sterile water, the coverslips were covered with
various concentrations (0, 1, 2, 4 ug/mL) of CSPGs (Milli-
pore, Temecula, CA, USA) diluted in PBS and incubated at
37°C for 2 hours. After rinse with sterile PBS, dissociated
CGNs were plated at a density of 1 x 10" cells/well in 1 mL
of medium and cultured for 2 days. Relative neurite length
was measured after staining with p-tubulin III by a stere-
ological method (Ronn et al., 2000) using Image] (https://
imagej.nih.gov/ij/) as described previously (Yu et al,, 2012).
The total number of DAPI-stained cells in each field and
the number of aggregated cells were counted using Image]
and the percentage of aggregated cells was calculated. For
testing the effects of soluble CSPGs, various concentrations
of CSPGs (0, 1, 2, 4, 10 ug/mL) were added into the culture
medium at the time of cell plating. Cells were fixed 1 or 3
days later. After staining with B-tubulin IIT and DAPI, neu-
rites were traced for each individual neuron and the total
neurite length and the percentage of neurons with neurites
longer than two cell body sizes were measured using Image].
Growth cones of CGNs were visualized using p-tubulin III
and Texas Red-Phalloidin staining, and the size of the growth
cone after 1 day in culture was measured by tracing using
Image]. Data were collected from three independent experi-
ments and normalized to the PLL control group (0 pg/mL of
CSPG).

Neuronal spreading analysis

Coverslips in 24-well plates were first coated with 200 pg/mL
PLL (Sigma) for 2 hours at 37°C. After three washes with ster-
ile water, the coverslips were coated with 1ug/mL of CSPGs
(Millipore, Temeula, CA, USA) diluted in PBS or PBS only;
alternately, the coverslips were coated with 5 ug/mL Laminin
(LN) (Thermo Fisher) with or without 1 ug/mL CSPGs diluted
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Figure 1 Effects of CSPGs coating on
the growth of CGNs.

CGN s were fixed after 2 days of culture
(DIV2) and stained with B-tubulin III
(green) and 4’,6-diamidino-2-phenylin-
dole (DAPI; blue). (A) Representative
images of CGNs growing on increas-
ing concentrations (0, 1, 2, 4 pug/mL)
of CSPG substrates. The bottom row
images are the respective higher mag-
nification images of the top row. The
inserts inside the bottom row of images
are DAPI-stained nucleus, showing
multiple cells aggregated together in
2 ug/mL and 4 pg/mL CSPGs groups.
Scale bars: 50 pm. (B) Quantification
of relative neurite length. Data are
normalized to no CSPGs (0 ug/mL)
control. (C) Quantification of the cell
density in each field. Data are normal-
ized to no CSPGs (0 pg/mL) control.
(D) Quantification of the percentage of
the aggregated cells in each field. Data
are presented as the mean + SEM; *P
< 0.05, *#*P < 0.001; one-way analysis
of variance with a Tukey’s post hoc test.
CSPGs: Chondroitin sulfate proteogly-
cans; CGN: cerebellar granule neuron.

Figure 2 Effects of soluble CSPGs on
the growth of CGNs.

(A) Representative images of CGNs
growing on increasing concentrations
of soluble CSPGs (0, 1, 2, 4 pg/mL) for
1 day (DIV1). Neurons are stained with
B-tubulin III (green) and DAPI (blue).
Scale bar: 100 um. (B) Quantification
of neurite length. (C) Quantification
of the percentage of cells with neurites
longer than the size of two cell bodies.
(D) Representative images of CGNs
growing on no CSPGs or 10 ug/mL
soluble CSPGs for 1 (DIV1) and 3 days
(DIV3). CGNs fixed for 1 day were
stained with 488-Phalloidin (green)
and DAPI (blue). CGNs fixed for 3 days
were stained with B-tubulin IIT (green)
and DAPI (blue). Scale bar: 50 pm. Data
are presented as the mean + SEM; **P
< 0.01, vs. no CSPGs (0 pg/mL) group.
One-way analysis of variance (ANOVA)
with a Tukey’s post hoc test was used.
CSPGs: Chondroitin sulfate proteogly-
cans; CGN: cerebellar granule neuron.
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in PBS. Dissociated CGN's were seeded onto the coated cov-
erslips at a density of 1 x 10" cells/well. Cells were allowed to
adhere to coverslips for 30 minutes and 2 hours, and were
then directly fixed with 4% PFA in the wells after gently re-
moving culture medium without a pre-wash with PBS. Cells
were stained with Texas Red-Phalloidin and DAPIL. The area
of individual cells at 30 minutes after plating on different
substrates was measured using Image]. The percentage of
cells with neurites longer than two cell body size was calcu-
lated at 2 hours after plating. Data were collected from three
independent experiments.

Neuronal adhesion analysis using interference reflection
microscopy

Cells for IRM analysis were plated on 35 mm glass-bottom
dishes (MatTek, Ashland, MA, USA) pre-coated with PLL
(200 pg/mL), PLL (200 pg/mL) + CSPGs (1 pg/mL), PLL +
LN (5 pg/mL), PLL + LN (5 pg/mL) + CSPGs (1 pg/mL).
CGNs or cortical neurons were plated at a density of 2 x 10
cells/well and then fixed with 4% PFA at 30 minutes and 2
hours after plating after gently removing the culture medi-
um. IRM images were obtained with a Zeiss 780 LSM confo-
cal microscope using Zeiss 63x 1.4 NA oil immersion objec-
tive. A 488 nm laser was used to generate a reflection image
at a focal plane where the cell was attached to the glass sur-
face. Single-frame TIFF images were processed using back-
ground subtraction and contrast increase to display areas
of minimum and maximum adhesion of the cell to the glass
surface using ImageJ. A color map ‘Gem’ was used to display
higher intensity pixels as blue and lower intensity as orange
which represent stronger and weaker adhesions, respective-
ly. For quantification, the area of each cell was traced from
bright field images to obtain an area ROI. A threshold was
applied to the IRM image of the same cell and the number of
pixels above threshold was divided by the area of the region
of interest (ROI) to calculate the percentage of adhesion.

Statistical analysis

Statistical analyses were performed either by one-way anal-
ysis of variance (ANOVA) with Tukey’s post hoc test or by
a two-tailed Student’s t-test using GraphPad Prism (Graph-
Pad, San Diego, CA, USA). Results were considered statisti-
cally significant if P < 0.05.

Results

CGNs s tended to form aggregates in the presence of
increasing concentrations of CSPGs

Our initial objective was to create a dose-response curve
for the inhibitory effect of CSPGs on neurite outgrowth.
When CGNs were plated on substrates of PLL plus different
concentrations (0, 1, 2, 4 pg/mL) of CSPGs, the total neu-
rite length decreased as a function of CSPG concentration
(Figure 1A, B). At the same time, we observed a decrease
in cell density accompanied by an increase in the formation
of cell aggregates with increasing CSPG concentration. The
average cell number per field was significantly reduced in
the 1pug/mL CSPG-coated group, and was further decreased
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in the 2 ug/mL CSPG-coated group, and became less than a
half in the 4 pg/mL CSPG-coated group (Figure 1C). While
the number of cells per field decreased with CSPG concen-
tration, we also observed that neurons growing on CSPGs
substrates tended to form aggregates (Figure 1D). Nearly
50% of the neurons in 2 and 4 ug/mL CSPG-coating groups
were aggregated, and neurites extending from the aggregates
were often fasciculated, which was consistent with previous
findings (Snow et al., 2003). Notably, we found that the ac-
tivity of CSPGs obtained commercially varies from batch
to batch, and therefore optimization of concentrations is
required for each new batch of CSPGs.

There is evidence that neurons respond differently to sub-
stratum-bound CSPGs versus soluble CSPGs (Snow et al.,
1996). We next examined whether soluble CSPGs also show
a similar effect on CGN adhesion. CSPGs (1, 2, 4 pug/mL)
were added into the culture medium at the time of cell plat-
ing. Neurite outgrowth was also inhibited by the addition
of soluble CSPGs at 2 and 4 pg/mL concentrations and the
number of neurite-bearing cells significantly reduced at 4
pg/mL (Figure 2A-C).

Considering the local CSPGs concentration might be
much higher when CSPGs were applied as a coating sub-
strate as compared to the same concentration of the soluble
form added into culture medium, we then increased the
concentration of soluble CSPGs up to 10 ug/mL. This con-
centration significantly inhibited the outgrowth of neurites
and increased the formation of cell aggregates on day 1. By
3 days, in the control group, neurites extending from indi-
vidual isolated neurons formed a network with each other;
however, in the 10 ug/mL CSPG-treated group, only a few
short fasciculated neurites extended out from cell aggregates
(Figure 2D). Thus, soluble CSPGs showed a comparable ef-
fect to that on a substrate, but required a higher concentra-
tion as compared to substratum-bound CSPGs.

CSPGs reduced the size of growth cone of CGNs by
limiting lamellipodia formation

Neurite elongation and guidance are under the control of
growth cone located at the distal tip of an advancing neurite.
Driven by polymerization and depolymerization of actin
filaments, growth cones constantly protrude and withdraw
filopodia and lamellipodia from its leading margin, in re-
sponse to extrinsic adhesive ligands or soluble guidance cues
(Dent and Gertler, 2003; Gomez and Letourneau, 2014). We
therefore sought to examine the morphological changes of
growth cone. In CGNs growing on PLL, a typical growth
cone was present at the axon tip, which was composed of a
central domain and a peripheral domain with filopodia and
lamellipodia formed at the leading edge. In contrast, growth
cones in the CSPGs group often had numerous filopodia but
contained small lamellipodial veils (Figure 3A). At 1 pg/mL
CSPG coating, the size of growth cone was significantly re-
duced as compared to that in the PLL group (Figure 3B).
This is likely attributed to the small lamellipodial size in the
peripheral domain, suggesting that CSPGs inhibited growth
cone spreading by limiting lamellipodia extension at the
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leading edge.

CSPGs affected CGNs spreading by limiting lamellipodia
formation at early time point after plating

To further illustrate the influence of CSPGs on neuronal
morphology, we looked at the spreading of neuronal soma
shortly after cell plating. CGNs growing on PLL displayed a
pancake shape at 30 minutes after plating by spreading out
lamellipodia. However, cells on CSPGs remained as spherical
shapes with restrained lamellipodia extension. A 3D recon-
struction also demonstrated that neurons plated on PLL had
a much wider base than that on CSPGs (Figure 4A and B).
To our surprise, CGNs plated on laminin (LN) also showed
a spherical shape with restrained spreading, morphologically
similar to those growing on CSPGs (Figure 4A). The cell
spreading areas in the PLL + CSPGs and PLL + LN groups
were significantly reduced as compared to the areas of neu-
rons plated on PLL, and it was further reduced for neurons
plated on the mixture of PLL + LN + CSPGs (Figure 4C).

At 2 hours after plating, CGNs on PLL underwent a cell
shape switch by extending out several tiny protrusions (filo-
podia); some cells started the initiation of neurites but only
a very few had neurite lengths longer than two cell body
sizes (Figure 4D and E). In contrast, an increased number
of neurons extended neurites longer than two cell body siz-
es on LN (Figure 4D and F), confirming a neurite growth
promoting effect of LN. When plated on CSPGs, very few
cells extended neurites at 2 hours after plating, no matter
whether there was LN or not (Figure 4D and F). After 1 day
of culture, the length of neurites growing on LN plus CSPGs
was only about one third of the length of those growing on
LN (Figure 5). The differences between LN and LN + CSPG
seemed more prominent than the differences between PLL
and PLL + CSPGs (Figures 1, 2). This indicates that the
presence of growth promoting LN was not sufficient to over-
come or neutralize the inhibitory effect of CSPGs.

CSPGs affected neuronal cell adhesion both on PLL and LN
Both LN and CSPGs showed an inhibition of cell spreading
as compared to PLL, despite their opposite effects on neurite
initiation. We next sought to measure cell adhesion status
using IRM. IRM is an optical technique that generates im-
ages based on interference between reflected light from the
glass surface of a coverslip and the cell membrane. Closer
distances causing more interference with darker pixels, and
further distances have less interference with lighter pix-
els. Furthermore, it enables visualization of very fine cell
contours attached to a glass substrate. We examined CGN
and cortical neuron attachement to glass coverslips coated
with PLL, PLL + CSPG, PLL + LN, PLL + LN + CSPG at 30
minutes and 2 hours after plating. The acquired IRM im-
ages were processed to subtract background and the darker
contrast areas represent higher contact between cells and
coverslip. At 30 minutes after plating on PLL, CGNs and
cortical neurons underwent cell spreading process, the base
of the cell body already had a high degree of attachment.
While on the PLL + LN, although neurons showed a lower

degree of cell spreding, the degee of cell adhesion detected
by IRM was comparable to PLL. The opposite was seen on
PLL + CSPG coating where most of the cells were not at-
tached and a few were loosely attached to the coverslip at 30
minutes after plating. The addition of LN showed little effect
on facilitating cell adhesion to CSPGs, as neurons on PLL +
LN + CSPG displayed no better attachement than on PLL
+ CSPG (Figure 6A). At 2 hours after plating, the cell mor-
phology showed little change on PLL compared to 30 min-
utes time point, and neurons maintained a firm adhesion to
PLL. Neurons on the PLL + CSPG were still loosely attached
to the coverslips with light pixels detected by IRM. Dark
pixels were obained again in CGNs and cortical neurons on
the PLL + LN substrates at 2 hours after plating and neurons
started extending neurites from their cell bodies. However,
neurons on the PLL + LN + CSPG substrates still had very
weak attachement to the coverslips (Figure 6B).

Discussion

CSPGs are long known for their ability to inhibit neurite
outgrowth in culture. Herein we demonstrate this ability
through the use of cultures of CGNs. Increasing concentra-
tions of CSPGs inhibited neurite outgrowth, when applied
as either a substrate or in solution. Moreover, when plated
onto CSPGs, neuronal somas aggregate and neurites were
fasciculated. Freshly plated neurons spread on the PLL rap-
idly, yet this spreading was inhibited on a combination of
PLL and CSPGs. IRM directly demonstrated that the CSPG
substrate inhibited neuronal adhesion. Taken together, these
data clearly demonstrate that CSPGs have a negative effect
on cell adhesion in addition to inhibition of neurite out-
growth.

Surface wettability is normally measured by the contact
angle of a water droplet, the lower the contact angle, the
more wettable the surface. Wettability is determined by the
balance of cohesive forces in a liquid and adhesion to the
substrate. Using 3D reconstruction of the confocal images of
individual cells, we found that neurons plated on different
substrates behaved similarly to water droplets, with neurons
on PLL having a lower contact angle than neurons plated on
either CSPGs or laminin.

In IRM, part of a cell close to the surface of a coverslip
is dark because of the interference of reflected light from
the surface of the coverslip and the cell, while the regions
turther away are either grey or, if far enough away, white
(Izzard and Lochner, 1976, 1980). Dark areas are then in-
terpreted as being ones of high adhesion, while the lighter
areas have lower adhesion. IRM of growth cones was first
investigated by Letourneau (1979) who reported that chick
dorsal root ganglion neurons plated on uncoated glass did
not show close apposition to the coverslip, while those plat-
ed on PLL-coated glass did. These studies were extended to
ECM substrates by Gundersen (1988) who found neuronal
growth cones on LN and PLL have overall decreased growth
cone-substrate association compared to those on collagen
and fibronectin. Our IRM results measured from fresh-
ly-plated neurons demonstrate a high degree of adhesion
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(A) Representative images showing the morphology of growth cones of CGNs
growing on PLL for 1 day (DIV1) with or without 1 pg/mL CSPGs. Neurons are
stained with pB-tubulin III (green) and Texas Red-Phalloidin (red). Scale bar: 10

= \ -'/
.
um. (B) Quantification of the growth cone size. Data are presented as the mean
+ SEM; #*%P < 0.01. Two-tailed Student’s t-test was used. CSPGs: Chondroitin

B-tubulin 11 / Texas Red-Phalloidin sulfate proteoglycans; CGNis: cerebellar granule neurons; PLL: poly-L-lysine.

CGNs, 30 minutes

PLL+CSPG PLL+LN PLL+LN+CSPG
Figure 4 Effects of CSPGs on neuronal
spreading and neurite initiation with
or without the presence of LN.
20 ym (A) Neuron spreading status at 30 min-
— utes after plating on PLL, PLL + CSPGs

(1 pg/mL), PLL + LN, or PLL + LN +

180 CSPGs (1 pug/mL). Scale bar: 20 um. (B)

__150 Three-dimensional demonstration of

E 120 the overall morphology of neurons on

5 % 20 * PLL and PLL + CSPGs at 30 minutes af-

s o L — ter plating. (C) Quantification of neuro-

a < 60 ook 1 di Dat ted
aQ o nal spreading area. Data are presente

30 é = g as the mean + SEM; ***P < 0.001, vs.

04— N Y T PLL group; *P < 0.05 for comparison

LS L between PLL + CSPG and PLL + LN

\;‘o ” ‘\xo + CSPG; one-way analysis of variance

(3 Vx\’ with a Tukey post hoc test was used. (D)

R Neuronal morphology at 2 hours after

D CGNs, 2 hours plating on PLL, PLL + CSPGs, PLL +

PLL+CSPG PLL+LN PLL+LN+CSPG LN, or PLL + LN + .CSPG.S. Scale ba.r:

20 pum. (E) Three-dimensional mani-

festation of the overall morphology of

neurons on PLL and PLL + CSPGs at 2

hours after plating. (F) Quantification

of the percentage of neurons with neu-

rite initiation. Data are presented as the

20 pm mean + SEM; ##P < 0.01, vs. PLL, PLL

+ CSPG, or PLL + LN + CSPG; one-way

E F analysis of variance with a Tukey’s post
£ 30 hoc test was used. CGNs: Cerebellar
3 ok granule neurons; CSPGs: chondroitin
% % 20 sulfate provteoglycans; LN: laminin; PLL:

2 s g poly-L-lysine.

2 °%

Q gL10

’ clcal 1m
57 oL, ,

294



Jin ], Tilve S, Huang Z, Zhou L, Geller HM, Yu P (2018) Effect of chondroitin sulfate proteoglycans on neuronal cell adhesion, spreading and
neurite growth in culture. Neural Regen Res 13(2):289-297. doi:10.4103/1673-5374.226398

CGNSs, DIV 1 B
PLL+LN __200
3
3 1
3 150
k)
§ 100
Q skksk
T 50
=
]
z I I
B-tubulin 11l | DAPI PLL+LN  PLL+LN+CSPG
A PLL PLL+CSPG PLL+LN PLL+LN+CSPG
s @%
‘;I ' *{ . High
:
o
o ;
£
£
o * : L " Low
5 i -
(2]
Z
(S} : 20 ym
CGNs c CNs
S 50 o 50
S ~ 40 8 ~40
SR 58
BT 30 S 30
oo g2
> 520 2 ®20
® sk ok K ok
< 10 o 10 ook
[}] I—-r—|
44 0 Ill | I & 0 il
&L L ENEE SIS o
NN AN & \g‘o
& x\’é QY v
Q"\' N
B PLL PLL+CSPG PLL+LN PLL+LN+CSPG
S & i *
» & . foa
5 #
o 1 :
co R : i
= e 7
N, ] oy /g\ S
o
& g&j 20 ym
CGNs CNs
c c 50
2 S
n »w 40
[ Q =
S 5 230
© © ©
) o @20 * *
2 =
5 T 10
[} Q
o ¢ 0-
& LSS
L7 oY ‘\,‘0
QY ad
P

Figure 5 CSPGs showed a prominent
inhibition on neurite outgrowth in the
presence of LN.

(A) Representative images of CGNs grow-
ing on PLL + LN and PLL + LN + CSPGs
(1 pg/mL) for 1 day (DIV1). Neurons are
stained with B-tubulin III (green) and DAPI
(blue). Scale bar: 50 pm. (B) Quantification
of neurite length. Data are presented as
the mean + SEM; kP < 0.001; two-tailed
Student’s t-test. CGNs: Cerebellar gran-
ule neurons; CSPGs: chondroitin sulfate
proteoglycans; LN: laminin; DAPI: 4',6-di-
amidino-2-phenylindole.

Figure 6 IRM results showing the
anti-adhesive effect of CSPGs.

(A) Representative IRM images and quanti-
fications of CGNs and cerebral cortical neu-
rons (CNs) growing on PLL, PLL + CSPGs (1
pg/mL), PLL + LN and PLL + LN + CSPGs (1
pug/mL) for 30 minutes. (B) Representative
IRM images and quantifications of CGNs
and cerebral cortical neurons (CNs) growing
on the PLL, PLL + CSPGs (1 pg/mL), PLL +
LN and PLL + LN + CSPGs (1 pg/mL) for
2 hours. Single-frame TIFF images of IRM
were processed to display areas of mini-
mum and maximum adhesion of the cells
to the glass surface. Images were processed
for background subtraction and color map
named ‘Gem’ was assigned blue to higher
intensity and orange to lower intensity pixels
which represent stronger and weaker adhe-
sions respectively. Area of the cell was traced
using the bright field images to obtain “ROI”.
The ROI was placed on the binary processed
IRM image and the percentage of adhesion
(relative adhesion area) was calculated by
dividing the area of the cell by the area of
adhesion. Cell adhesion of CGNs or cortical
neurons was significantly reduced on the
PLL + CSPG or PLL + LN + CSPG sub-
strates compared to that on the PLL or PLL
+ LN substrate. Data are presented as the
mean + SEM; *P < 0.05, **P < 0.01, ***P <
0.001, one-way analysis of variance with a
Tukey’s post hoc test was used. Scale bars: 20
pum.IMR: Interference reflection microscopy;
CSPGs: chondroitin sulfate proteoglycans;
CGNis: Cerebellar granule neurons; PLL: po-
ly-L-lysine; LN: laminin.
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both on the LN and PLL substrate, despite a more restrained
soma spreading observed on LN compared to PLL. More-
over, we show that adhesion is further reduced when neurons
are plated on CSPGs. Collectively, neurons on PLL adhere
firmly and display a high extent of cell spreading with a low
contact angle; neurons on LN adhere tightly although show a
restrained spreading with a high contact angle; while neurons
on CSPGs show both a poor adhesion and spreading.

Given the facts that CSPGs inhibit neurite generation,
while neurons on LN rapidly grow neuritis as compared to
PLL, our data implicate that: 1) a high degree of cell spread-
ing in some extent might restrain neurite initiation; 2) a low
degree of cell spreading but with a tight attachment would
facilitate neurite initiation; 3) a low degree of cell spreading
with a loose attachment is certainly not optimal for neurite
generation and stabilization. These results would confirm
that, unlike PLL, CSPGs are anti-adhesive and limit cell
spreading. In terms of LN, although it restrained cell spread-
ing, it provided an adequate degree of neuron-substrate as-
sociation for neurite initiation.

Laminins engage integrins, while CSPGs do not. In fact,
evidence suggests that CSPGs interfere with integrin-me-
diated adhesion (lida et al., 1992). Neurotrophins support
regenerative axon assembly over CSPGs by an ECM-integ-
rin-independent mechanism (Zhou et al., 2006). In contrast,
integrins are the major receptors for laminin-mediated neu-
rite outgrowth (Tomaselli et al., 1993). Others have shown
that neurons growing on CSPGs upregulate their integrin
receptors (Condic et al., 1999), that activating integrins may
overcome CSPG inhibition in culture (Tan et al., 2011),
and that expression of integrins can promote long-distance
regeneration after spinal cord injury (Cheah et al., 2016).
However, a combination of laminin and CSPGs did not
promote neurite outgrowth in our experiments. It may be
that the time period was too short for integrins to be upreg-
ulated, CSPGs masked the integrin interactions, or CGN:ss,
unlike dorsal root ganglion neurons, do not upregulate their
integrins in response to CSPGs.

Neurites from neurons growing on CSPGs displayed a
large degree of fasciculation. This has been previously ob-
served (Snow et al., 2003), and was attributed to poor adhe-
sion. However, many different factors control fasciculation,
such as the homophilic interactions of cell adhesion mole-
cules and cadherins (Drazba and Lemmon, 1990; Honig et
al., 1998). Lemmon et al. (1992) examined fasciculation as
well as growth of retinal ganglion neurites, and also mea-
sured relative adhesion of growth cones. Their conclusion
was that there was a poor correlation between growth rate,
fasciculation, and adhesion. Another conclusion can also
be drawn from their analysis that the two most adhesive
substrates generated the slowest growth rate, which may be
interpreted as that excess adhesion cannot be overcome by
force generation. We also observed a bell-shaped curve for
neurite outgrowth on the substrates of different stiffness
(Koch et al,, 2012). Taken together, these data and our cur-
rent data suggest that there is an optimum degree of adhe-
sion and spreading to promote neurite outgrowth in culture.
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In summary, control of neurite outgrowth is a multi-
farious process involving many different parameters. We
demonstrate that CSPGs inhibit neurite outgrowth in a
dose-dependent fashion. We also confirmed that CSPGs
are anti-adhesive. Moreover, neurons on LN and PLL have
a similar extent of adhesion, but neurons on LN display a
more restrained spreading than PLL, which promotes neur-
ite outgrowth. We propose that especially at the higher con-
centrations of CSPG, the reduced neurite outgrowth results
from both a direct inhibition of CSPGs on neurite extension
and a poor adhesion, which hence affect neurite extension
or stabilization.
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