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Abstract

In utero ethanol exposure causes Fetal Alcohol Spectrum Disorders, associated with reduced brain
plasticity; the mechanisms of these effects are not well understood, particularly with respect to
glial involvement.

Astrocytes release factors that modulate neurite outgrowth. We explored the hypothesis that
ethanol inhibits neurite outgrowth by increasing the release of inhibitory chondroitin sulfate
proteoglycans (CSPGs) from astrocytes.

Astrocyte treatment with ethanol inhibited the activity of arylsulfatase B (ARSB), the enzyme that
removes sulfate groups from chondroitin-4-sulfate (C4S) and triggers the degradation of C4S,
increased total sulfated glycosaminoglycans (GAGs), C4S, and neurocan core-protein content and
inhibited neurite outgrowth in neurons co-cultured with ethanol-treated astrocytes in vitro, effects
reversed by treatment with recombinant ARSB.

Ethanol also inhibited ARSB activity and increased sulfate GAG and neurocan levels in the
developing hippocampus after in vivo ethanol exposure.

ARSB silencing increased the levels of sulfated GAGs, C4S, and neurocan in astrocytes and
inhibited neurite outgrowth in co-cultured neurons, indicating that ARSB activity directly
regulates C4S and affects neurocan expression.

In summary, this study reports two major findings: ARSB modulates sulfated GAG and neurocan
levels in astrocytes and astrocyte-mediated neurite outgrowth in co-cultured neurons; and ethanol
inhibits the activity of ARSB, increases sulfated GAG, C4S, and neurocan levels, and thereby
inhibits astrocyte-mediated neurite outgrowth.
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An unscheduled increase in CSPGs in the developing brain may lead to altered brain connectivity
and to premature decrease in neuronal plasticity and therefore represents a novel mechanism by
which ethanol can exert its neurodevelopmental effects.
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Introduction

Ethanol profoundly affects the developing brain, causing structural and functional
abnormalities associated with cognitive and behavioral dysfunctions, characteristic of fetal
alcohol spectrum disorders (FASD) (Guerri 1998; Riley et al. 2011). Growing evidence
indicates that altered plasticity mediates the effects of in utero alcohol exposure, particularly
in the hippocampus (Lebel et al. 2012; Medina 2011).

Chondroitin sulfate proteoglycans (CSPGs) are extracellular matrix (ECM) proteins that, in
the central nervous system (CNS), act as barriers preventing cell migration, axonal growth,
and neuronal plasticity (Carulli et al. 2005). CSPGs are highly expressed in the developing
brain, where they localize in proximity to growing axons (Bovolenta and Fernaud-Espinosa
2000). During postnatal development, CSPGs accumulate around synapses as a component
of the perineuronal net, which stabilizes synapses and reduces the plasticity of the mature
brain (Wang and Fawcett 2012).

CSPGs consist of core-proteins attached to linear chain(s) of glycosaminoglycans (GAGS);
the inhibitory properties of CSPGs depend on both the core protein and the GAG chains.
GAG chains are formed by repeated disaccharides, which in the case of CS are D-glucuronic
acid and D-N-acetylgalactosamine modified by sulfation (Prydz and Dalen 2000).
Astrocytes are major producers of CS-GAGs (Johnson-Green et al. 1991; Powell and Geller
1999). Removal of CSPG GAG chains by the enzyme chondroitinase ABC (cABC) or the
inhibition of GAG polymerization by silencing chondroitin polymerizing factor in astrocytes
attenuates the inhibition of neurite outgrowth and guidance by astrocyte-derived CSPG
(Laabs et al. 2007; Snow et al. 1990). In particular, chondroitin 4-sulfate (C4S) has been
associated with inhibition of axonal guidance and growth (Wang et al. 2008).

Neurocan is a CSPG, which is expressed only in the nervous system and is formed by a
core-protein covalently bound to three CS chains (Grumet et al. 1996; Rauch et al. 2001).
Neurocan is produced by glial cells in vivo and in vitro, and is an inhibitor of neurite
outgrowth; indeed, neurocan is a component of the “glial boundaries” responsible for
preventing developing neurons from extending axons or dendrites in improper directions and
of the glial scars, which inhibit axonal regeneration after brain injury (Asher et al. 2000;
Fitch and Silver 1997; Rauch et al. 2001). Degradation of core-protein neurocan by
extracellular proteases increases neurite outgrowth and axonal growth (Bukhari et al. 2011;
Cua et al. 2013).

Glia. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al.

Page 3

Arylsulfatase B (ARSB) removes sulfate groups from C4S. Although this enzyme was
initially identified as only a lysosomal enzyme, we and others reported ARSB expression in
extralysosomal cell compartments, including the plasma membrane (Bhattacharyya et al.
2010; Bhattacharyya et al. 2009; Mitsunaga-Nakatsubo et al. 2009; Prabhu et al. 2009). We
have also reported that the expression of syndecan-1, decorin, and versican is modified by
ARSB activity in a malignant mammary cell line (MCF-7) and human prostate cells
(Bhattacharyya et al. (in press); Bhattacharyya et al. 2008b). Although the role of ARSB in
regulating GAG and CSPG core-protein levels in brain cells has not been reported, a recent
study indicates that ARSB treatment after spinal cord injury decreases C4S
immunoreactivity at the site of the injury and improves locomotor function (Yoo et al.
2013).

We have reported that astrocyte-induced neurite outgrowth of hippocampal neurons is
inhibited when astrocytes are treated with ethanol, which strongly alters the ECM
composition and inhibits the release of pro-neuritogenic factors (Guizzetti et al. 2010).

In this study, we demonstrated for the first time that both ARSB silencing and ethanol
inhibit ARSB activity and increase the levels of C4S and neurocan in astrocytes and inhibit
hippocampal neuron neurite outgrowth mediated by astrocyte-neuron adhesion. The effects
of ethanol on SGAGs and neurite outgrowth are in part prevented by recombinant (r)ARSB
supplementation. Furthermore, ethanol inhibited ARSB activity and increased SGAG and
neurocan levels in the developing rat hippocampus in vivo.

This study describes a novel mechanism by which ethanol increases the levels of inhibitory
cues released by astrocytes, which may have profound effects on neuronal development and
may be involved in the reduced neuronal plasticity observed in FASD (Lebel et al. 2012).

Materials and Methods

Astrocyte cultures and astrocyte-neuron co-cultures

Time-pregnant Sprague-Dawley rats were purchased from Charles River (Wilmington, MA).
Cortical and hippocampal astrocytes were prepared from rat fetuses at gestational day 21 as
previously described (Guizzetti et al. 1996). Astrocytes were grown in Dulbecco’s Modified
Eagle Medium (DMEM) containing 10% Fetal Bovine Serum (FBS), 100 units/ml
penicillin, and 100 pug/ml streptomycin under a humidified atmosphere of 5% CO,-95% air
at 37 °C. After 9 days in culture, astrocytes were plated in the appropriate vessel. Four days
later, cells were serum-deprived for 24h followed by treatments. All treatments were carried
out in serum-free DMEM medium supplemented with 0.1% Bovine Serum Albumin (BSA)
and antibiotics.

For astrocyte-neuron co-cultures, astrocytes were sub-cultured in glass coverslips placed
into 24-well plates at a 2.5 x 10° astrocytes/ coverslip density and maintained for 4 days in
complete medium followed by 24 h serum deprivation (in DMEM/BSA medium) before
ethanol treatments. Hippocampal neurons were prepared from rat fetuses at gestational day
21 as described by us (Guizzetti et al. 2008; Guizzetti et al. 2010). Freshly isolated neurons
resuspended in DMEM/BSA medium were immediately plated on top of control, ethanol
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pre-treated, or ARSB siRNA-transfected astrocytes in glass coverslips (1x10% neurons/
coverslip) for an additional 18 h.

rARSB incubations

Treatments with 25, 50, or 75 mM ethanol were carried out in serum-free medium for 24 h;
these exposures did not cause toxicity in astrocytes as previously reported by us (Guizzetti
and Costa 1996). To reduce ethanol evaporation, cultures were placed in sealed chambers
with a reservoir tray containing water supplemented with ethanol at the same concentration
used in the culture medium (25, 50, or 75 mM) and gassed with a 5% CO,/95% air gas
mixture; under these conditions no significant ethanol loss was observed at the end of the
incubations (Guizzetti et al. 2007). Human rARSB (purchased from R&D Systems; 1 ng/ml)
was added to astrocyte cultures for 24 h in the presence and in the absence of ethanol.

Silencing of ARSB by siRNA

Astrocyte transfection was carried out using lipofectamine RNAIMAX Transfection Reagent
in Opti-MEM | medium according to the manufacturer’s instructions (Invitrogen; Carlsbad,
CA) using ARSB siRNA and non-target siRNA (Qiagen, Valencia, CA). On the day of
transfection primary rat astrocytes were switched to antibiotic-free medium (DMEM with
10%FBS) and supplemented with 50 nM ARSB siRNA or 50 nM non-target control,
lipofectamine RNAIMAX Transfection Reagent, and Opti-MEM | according to the
manufacturer's instructions for 24 h; the medium was then replaced with DMEM/BSA
medium for an additional 24 (for a total of 48 h after transfection); in co-culture experiments
neurons are plated on top of silenced astrocytes for an additional 18 h. The specific silencing
of ARSB in astrocytes was confirmed by measuring ARSB activity and ARSB mRNA.

Enzymatic activities

Measurements of ARSB, galactose-6-sulfatase (GALNS), arylsulfatase A (ARSA), steroid
sulfatase (STS), and alkaline phosphatase (AP) activities in astrocyte homogenates were
carried out as previously reported (Bhattacharyya and Tobacman 2007).

Sulfated (s)GAG and C4S-GAG determinations

Total sulfated GAG content (which includes chondroitin 4-sulfate, chondroitin 6-sulfate,
keratan sulfate, dermatan sulfate, heparan sulfate, and heparin) was measured in cell lysates
by sulfated GAG assay (Blyscan™, Biocolor Ltd., Newtownabbey, Northern Ireland), using
1,9-dimethylmethylene blue. This method measures the sulfated polysaccharide component
of sulfated GAG chains, but not the degraded disaccharide fragments or hyaluronan. The
reaction was performed in the presence of excess unbound dye. The cationic dye and GAG
at acid pH produce an insoluble dye-GAG complex; the GAG content was determined
spectrophotometrically (at 656 nm absorbance) after dye recovery from the test sample by
exposure to Blyscan dissociation reagent and expressed as pug/mg of protein of cell lysate.
C4S was measured in samples immunoprecipitated with antibodies against C4S. A mouse
monoclonal IgM, clone 4D1; cat.# sc-47718 from Santa Cruz Biotechnology (Santa Cruz,
CA,; discontinued) was used in most experiments. The specificity of this antibody was
previously published (Bhattacharyya et al. 2008b). Some results (Fig. 7 D) were also
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confirmed using a mouse monoclonal IgM, clone LY111, cat. # 270421 purchased from
Amsbio (Lake Forest, CA). The precipitate was eluted with dye-free elution buffer and
subjected to sulfated GAG assay as previously described (Bhattacharyya et al. 2008a;
Feferman et al. 2013).

Quantitative PCR

ELISA

RNA was isolated from astrocytes using RNeasy Plus Mini Kit (Qiagen; Valencia, CA).
Total RNA was transcribed into cDNA using High-Capacity cDNA Reverse Transcription
Kits (Applied Biosystems, Carlsbad, CA) as previously described (Chen et al. 2013). ARSB
and neurocan mMRNA levels in astrocytes were quantified by SYBR Green and TagMan
gRT-PCR respectively; primers used for ARSB analysis were: forward:
CCTCCTGGACGAAGCAGTGGG; reverse: CCCGCCGTTGTCTGTGGAGA. Messenger
RNA levels were normalized to levels of HPRT1 measured in the same samples (forward
primer: TCCTCAGACCGCTTTTCCCGC; reverse primer:
TCATCATCACTAATCACGACGCTGG).

Neurocan protein levels in the culture medium and cell extracts of astrocytes were measured
by ELISA using a commercially available kit (Cederlane, Burlington, NC) following the
directions of the manufacturer.

Protein extraction and sample preparation

Cell extracts for Western blot, ELISA, total SGAG and C4S determinations were prepared
by solubilizing cells in lysis buffer (Cell Signaling) supplemented by a protease inhibitor
cocktail (Roche, Indianapolis, IN); for ARSB activity, cell homogenates were prepared by
sonication. Released neurocan was determined in astrocyte-conditioned medium centrifuged
at 800g for 10 min to remove detached cells.

Western blot analysis

Astrocyte proteins were extracted and Western blot analysis was carried out as previously
described (Guizzetti et al. 2007; Yagle et al. 2001). Total cellular protein content was
quantified by the Bradford method. Samples were treated with 0.01U/ug protein (cell lysate)
or 0.01 U/pl (astrocyte conditioned-medium) ABC chondroitinase (Roche) for 3 h at 37°C
and 30 g proteins (cell lysate) or 30 pl (astrocyte-conditioned medium) were loaded on
SDS-PAGE, subjected to electrophoresis, transferred to polyvinylidene difluoride
membranes, and labeled overnight with polyclonal antibodies against neurocan (Chemicon/
Millipore; Tamecula, CA) followed by an HRP-conjugated secondary antibody.

Morphometric analysis of neurite outgrowth

Astrocyte-neuron co-cultures were fixed, permeabilized, labeled with a neuronal-specific
anti-pl11-tubulin antibody followed by an Alexa Fluor-555 secondary antibody. Coverslips
were mounted on microscope slides; images were acquired using a Zeiss Axiovision
fluorescence microscope attached to a digital camera. Measurements of the length of the
longest neurite (axons) and minor neurites of pyramidal neurons were carried out using
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ImageJ software as described by us (Guizzetti et al. 2010). At least 30 neurons/treatment
were measured.

In vivo neonatal alcohol exposure

Neonatal male rats were intragastrically intubated daily with 5.25 g/kg ethanol in milk
formula (Similac Advance Early Shield with iron) divided into 2 feedings 2 h apart between
postnatal days 4 and 9. Two additional milk formula-only feedings were given to ethanol-
treated pups (2 h apart) to supplement the lack of sucking while intoxicated as previously
described (Tran et al. 2007). The total ethanol volume in the formula was 11.9%. Each
intubation volume was 0.0278 ml/g. The control groups received 2 sham intubations 2 hour
apart. Animals were sacrificed 2 h after the last intubation; in some animals, hippocampi
were collected and homogenized for ARSB activity and total sulfated GAG analysis; other
animals were perfused for immunohistochemistry analysis, as described below.

Neurocan immunohistochemistry by gold immunolabeling

The levels of neurocan were determined by immunohistochemistry in the CA1 region of the
hippocampus of male pups at postnatal day 9 as previously described (Moonat et al. 2010).
Rats were deeply anaesthetized and perfused transcardially with normal saline (100 ml),
followed by 400 ml of 4% ice-cold paraformaldehyde fixative. Brains were dissected and
placed in fixative for 20 hrs at 4°C, soaked subsequently in 10%, 20%, and 30% sucrose and
then frozen. 20-um coronal sections were prepared using a cryostat, placed in 0.01 M
phosphate-buffered saline (PBS) at 4°C and used for gold-immunolabeling. Sections were
incubated for 18 h with a neurocan antibody (rabbit polyclonal antibody; EMD Millipore),
washed, and incubated for 1 h in gold particle-conjugated anti-rabbit secondary antibody
(Nanoprobes) and developed using silver enhancements solution (Ted Pella). Protein levels
in gold-immunolabeled sections were quantified using the Loats Image Analysis System
(Loats Associates Inc.) at high magnification (100x).

Statistical Analysis

Student’s t-test (for one-to-one comparisons) or 1-way ANOVA followed by Tukey’s post-
hoc test (for multiple comparisons) were used to determine significant differences from
controls.

Results

Ethanol inhibited ARSB activity in astrocytes

ARSB activity in primary astrocytes prepared from rat neocortex and hippocampus was
inhibited by ethanol in a dose-dependent manner (Fig. 1 A,B); ethanol (75 mM) did not
affect ARSB mRNA levels (Fig. 1 C). Ethanol (75 mM) also inhibited the activity of other
sulfatase enzymes, namely galactose-6-sulfatase (GALNS), arylsulfatase A (ARSA), and
steroid sulfatase (STS) (Fig. 1 D), but did not inhibit the activity of alkaline phosphatase
(AP) (Fig. 1 D) and lactate dehydrogenase (not shown), indicating a specific inhibitory
effect of alcohol on sulfatase enzymes. Previously we reported that ethanol up to 200 mM
does not affect astrocyte survival (Guizzetti and Costa 1996), indicating that ethanol
specifically affects sulfatase activity without causing cytotoxicity.
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Ethanol increased sulfated GAG levels in astrocytes

In agreement with the notion that ARSB removes sulfate groups from C4S and triggers
GAG degradation, we found that ethanol increased total sulfated GAGs as well as C4S in
the cell lysate of hippocampal and cortical astrocytes in a concentration-dependent manner
(Fig. 2 A,B). Under basal conditions ARSB activity was significantly higher (p = 0.0077)
and total GAGs and C4S were significantly lower (p = 0.026 and 0.026 respectively) in
hippocampal astrocytes compared to cortical astrocytes, consistent with regulation of C4S
degradation.

The treatment with 1 ng/ml rARSB for 24 h significantly reversed the effect of ethanol on
SGAG levels (Fig. 3 C).

Ethanol increased neurocan expression and release in astrocytes

The proteoglycan neurocan is formed by a core protein covalently bound to three
chondroitin sulfate chains mainly sulfated in position 4 (C4S) of the D-N-
acetylgalactosamine residues (Rauch et al. 2001) and is produced abundantly by cultured
astrocytes (Asher et al. 2000; Oohira et al. 1994). As we have previously shown that ARSB
activity modulated the levels of two proteoglycans, decorin and syndecan-1, in epithelial
cells (Bhattacharyya et al. 2008b), we tested whether ethanol-induced inhibition of ARSB
activity affected neurocan expression in astrocytes. We found that ethanol increased the
levels of neurocan measured in astrocyte cell lysate (Fig. 3 A) and astrocyte-conditioned
medium (Fig. 3 B) respectively.

Neurocan has been reported to exist as the full-length, intact form of 270 kDa and as two
smaller forms derived from proteolytic cleavage: 160 kDa neurocan-C and 130 kDa
neurocan-N, which also have GAG attachments (Matsui et al. 1994; Rauch et al. 1992).
Because the ELISA method used to quantify neurocan levels does not provide information
on whether astrocytes produced and released the full-length or the proteolytically processed
forms, Western blot analysis was carried out on astrocyte cell lysate and astrocyte-
conditioned medium with an antibody that recognized full-length and neurocan-C forms
only. Both forms were present in astrocyte cell lysate and medium, but the predominant
form was the full-size neurocan (Fig. 3 C), in agreement with a previous report (Asher et al.
2000). Neurocan mRNA levels were also significantly upregulated by ethanol (Fig. 3 D).

Ethanol treatment in astrocytes inhibited neurite outgrowth of hippocampal neurons

To test the hypothesis that ethanol-treated astrocytes inhibit neurite outgrowth, we plated
neurons on top of astrocytes that were pre-treated with 75 mM ethanol in the presence or in
the absence of rARSB (1 ng/ml) for 24 h. We observed that neurons co-cultured with
ethanol-pre-treated astrocytes developed shorter axons and minor neurites compared to
neurons co-cultured with control astrocytes; this effect was attenuated by rARSB (Fig. 4 A—
D).
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Ethanol inhibited ARSB activity and increased sulfated GAGs and neurocan levels after in
vivo ethanol exposure

We investigated whether ethanol inhibited ARSB activity and increased SGAG and neurocan
levels in vivo in the developing hippocampus of male pups intragastrically intubated
between postnatal days 4 and 9 with 5.25 g/Kg alcohol. The paradigm of ethanol exposure
used in this study represent an established neonatal rat model of alcohol exposure that
mimics heavy alcohol exposures during the third trimester of human gestation (Tran et al.
2007). We found that ARSB activity was significantly reduced and that sSGAG levels were
significantly increased in the hippocampus of ethanol-treated animals compared to sham
intubated controls (Fig.5 A,B). Furthermore, neurocan levels in the statum oriens of the CAl
region of the hippocampus, measured by immunohistochemistry, were significantly
increased (Fig. 5 C,D)

ARSB silencing increased sulfated GAG and neurocan levels in astrocytes

In order to investigate whether ethanol exposure and ARSB silencing produced similar
effects, we silenced ARSB in astrocytes by siRNA. We found that the levels of SGAGs were
increased in astrocytes transfected with ARSB siRNA (Fig. 6 A). C4S in the cell lysates of
ARSB-silenced astrocytes were detected after immunoprecipitation of C4S with 2 different
monoclonal antibodies: clone 4D1 (Fig. 6 B), and clone LY111 (Fig. 6 C) ARSB silencing.
Similar results were obtained with both antibodies; C4S was increased after ARSB silencing
and accounted for most of the increase in total SGAGs.

ARSB activity was reduced by more than 70% (Fig. 7 C) in astrocytes silenced by ARSB
SiRNA, while the activity of another GAG sulfatase, GALNS, was not affected (Fig. 7 D),
demonstrating the specificity of the silencing. ARSB mRNA levels were reduced by
approximately 50% 24 h after ARSB SiRNA transfection (not shown); we also tested
another ARSB siRNA and obtained effects similar to the ones reported in Fig. 7 (not
shown); together these results indicate that in our cultures we reach highly efficient and
specific ARSB silencing.

ARSB silencing in astrocytes inhibited hippocampal pyramidal neuron neurite outgrowth

Neurite outgrowth of hippocampal pyramidal neurons co-cultured with ARSB-silenced
astrocytes was reduced when compared to neurite outgrowth in neurons co-cultured with
untreated astrocytes and astrocytes transfected with a non-target siRNA (Fig. 8 A-D),
supporting the hypothesis that ARSB activity modulates neurite outgrowth. The same
experiment was also repeated using a different sSiRNA with similar results (hot shown).

Discussion

In the present study we report that ethanol inhibits ARSB activity (Fig. 1), upregulates
neurocan, increases SGAGs (Figs. 2, 3), and inhibits neurite outgrowth in hippocampal
pyramidal neurons plated on top of ethanol-treated astrocytes (Fig. 4). Figure 9 shows a
schematic representation of the proposed model by which ethanol inhibits neurite outgrowth
via ARSB inhibition with increases in C4S and neurocan. Highly sulfated CSPGs and C4S
inhibit neurite outgrowth (Friedlander et al. 1994; Wang et al. 2008).
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The effects of ethanol on ARSB activity (Fig. 1 A,B), total SGAGs, and C4S (Fig. 2 A,B)
were dose-dependent and significant at does ranging from 25 mM to 75 mM (Fig. 2 B). The
alcohol concentrations used in this study (25, 50, and 75 mM corresponding to 0.115, 0.23,
and 0.35 g/dl, respectively) are clinically relevant, as they are found in the blood of
individuals after moderate to high ethanol intake (Adachi et al. 1991) and are within the
range of concentrations recommended for in vitro studies (Deitrich and Harris 1996).

We demonstrated that ethanol-induced inhibition of ARSB activity is involved in the
upregulation of GAGs and neurocan since: a) ARSB silencing in astrocytes increased GAG
and neurocan levels (Figs. 7); b) hippocampal astrocytes, which expressed higher ARSB
activity than cortical astrocytes, had significantly lower levels of GAGs (Figs. 1, 2); ¢)
rARSB significantly reduced the increase in SGAGs following ethanol (Fig. 2 C) and
prevented in part ethanol-treated astrocyte-induced inhibition of neurite outgrowth induced
by ethanol (Fig. 4).

Arylsulfatase B removes 4-sulfate groups from chondroitin-4-sulfate and dermatan sulfate at
the non-reducing end of the sulfated glycosaminoglycan (GAG) chain and thereby is
required for the degradation of these sulfated glycosaminoglycans (de Sousa Junior et al.
1990; Glaser and Conrad 1979). Indeed, in the genetic disorder Mucopolysaccharidosis VI
(MPS VI; Maroteaux-Lamy Syndrome) in which ARSB activity is reduced, sulfated GAGs
accumulate throughout the body (Valayannopoulos et al. 2010). While we have not yet
investigated the mechanism by which ARSB might regulate neurocan expression in
astrocytes, we have previously reported that ARSB regulate expression of other PGs,
namely decorin, syndecan-1, and versican, in MCF-7 and prostate cells (Bhattacharyya et al.
(in press); Bhattacharyya et al. 2008b).

We have also shown that neurite outgrowth mediated by astrocyte-neuron adhesion is
inhibited by ethanol (Fig. 4); this effect of ethanol is due, at least in part, to the inhibition of
ARSB activity and to the increase in neurocan and C4 as indicated by the fact that similar
effects on neurite outgrowth were also observed when ARSB was silenced in astrocytes
(Fig. 8). In the co-culture model used in these studies, neurons were plated on top of treated
astrocytes and the two cell types were in contact. This model is optimal to investigate the
inhibitory effect of neurocan on neurite outgrowth, which is mediated by the inhibition of
cell-cell adhesion (Friedlander et al. 1994; Grumet et al. 1993; Milev et al. 1996). We have
previously shown that ethanol inhibits the release of neuritogenic factors from carbachol-
stimulated astrocytes in a “sandwich” co-culture system in which the two cell populations
face each other without touching; these conditions are optimal to investigate the effect of
ethanol on the release of neuritogenic factors not requiring cell-cell contact (Guizzetti et al.
2010). Together, our previous and current studies suggest that ethanol profoundly affects
astrocyte secretion leading to the generation of an environment that inhibits neuronal
development.

The reported findings demonstrate for the first time that ARSB activity plays a major role in
modulating GAG and CSPG levels in brain cells. Inhibition of ARSB activity is a novel
mechanism by which pathological conditions and neurotoxicant exposures may restrict
neuronal plasticity. Interestingly, a recent study reported that ARSB infusion in the spinal
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cord after injury decreased CS-GAG levels and increased locomotor function (Yoo et al.
2013), thereby supporting the hypothesis that ARSB may be a key regulator of GAG levels
and neuronal plasticity in the CNS.

Major sulfation modifications of brain CS are in position 4 (C4S) and position 6 (C6S) of
the N-acetylgalactosamine residue (Ishii and Maeda 2008; Kitagawa et al. 1997). C4S-
GAGs, the specific targets of ARSB, are inhibitors of axonal growth (Wang et al. 2008),
while the role of C6S-GAG in neurite outgrowth remains controversial (Butterfield et al.
2010; Carulli et al. 2005; Lin et al. 2011).

In conclusion, two major findings are described in this study: 1) the inhibitory effect of
ethanol on ARSB activity was identified and associated with an increase in C4S-GAG and
neurocan levels both in vitro and in vivo and with the inhibition of neurite outgrowth; 2) the
role of ARSB as modulator of sulfated GAG and core-protein neurocan levels in astrocytes
and neurite outgrowth was established.

The hypothesis that ethanol may reduce neuronal plasticity by increasing C4S-GAGs and
neurocan in the brain is novel, but is consistent with previous FASD research. Our findings
are consistent with the reported effect of prenatal ethanol on the corpus callosum (Norman et
al. 2009), as CSPGs are inhibitory cues involved in the formation of the corpus callosum
(Lindwall et al. 2007). Also, ethanol exposure during brain development affects visual
cortex plasticity (Medina et al. 2003), and GAGs and neurocan are involved in the reduction
in experience-dependent plasticity in the adult visual cortex (Pizzorusso et al. 2002). Also
the findings are consistent with the observation that ethanol inhibits LICAM adhesion
(Bearer et al. 1999; Chen and Charness 2012; Fitzgerald et al. 2011; Ramanathan et al.
1996), since neurocan, by binding to LICAM in GAG-dependent and -independent
manners, inhibits homophilic interactions, as well as neuronal adhesion and neurite
outgrowth (Rauch et al. 2001). Therefore, by increasing CSPGs, ethanol may considerably
decrease the plasticity of the developing brain, leading to some of the neurodevelopmental
consequences of FASD.
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Figure 2. Effect of ethanol on sGAGs and C4S-GAGs in cortical and hippocampal astrocytes
Primary rat cortical (A) and hippocampal (B) astrocytes were incubated for 24 h in the

presence or absence of 25, 50, or 75 mM ethanol. Sulfated GAG and C4S-GAG levels were
quantified as described in “Methods”. *: p< 0.05; **: p< 0.01; ***: p< 0.001 compared with
control by the Tukey’s post-hoc test (n=6). C: Primary rat cortical astrocytes were incubated
for 24 h in the presence of 75 mM ethanol, 1ng/ml rARSB, or ethanol plus rARSB; total
SGAGs were quantified. **: p< 0.01compared with ethanol alone by the Student’s t-test

(n=3).
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Figure 3. Effect of ethanol on neurocan protein and mRNA levels in primary astrocytes
A, B, D: Primary rat cortical astrocytes were incubated for 24 h in the presence or absence

of 75 mM ethanol. Neurocan protein levels were quantified in cell lysates (A) and astrocyte-
conditioned media (B) by ELISA. C: Representative immunoblots of neurocan forms in
astrocyte cell lysate (left) and astrocyte-conditioned medium (right). D: Neurocan mRNA
levels were quantified by qPCR using TagMan probes and primers; results were normalized
to B-actin and expressed as fold over control. **: p< 0.01; ***: p< 0.001 compared with
control by Student’s t test (n=6).
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Figure 4. Effect of ethanol- and rARSB-treated astrocytes on hippocampal neuron neurite
outgrowth
Astrocytes were treated for 24 h with 75 mM ethanol, 1 ng/ml rARSB, or ethanol plus

rARSB. Hippocampal neurons were plated on top of pre-treated astrocytes for an additional
18h. Cultures were then fixed and stained with neuron-specific Sl11-tubulin antibody and a
fluorescent secondary antibody. Neurite length was measured using the software Image J.
Shown are representative neurons incubated with control (A), ethanol-treated (B), ethanol-
and rARSB-treated (C) astrocytes. D: Morphometric quantification of axons and minor
neurite length in 50 cells per treatment. ***, p<0.001; *, p<0.05 vs. control; ##, p<0.01 by
Student’s t test.
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Male rat pups were intubated with 5g/Kg ethanol or were sham (control) intubated from

PD4 to PD9. ARSB activity (A) and sGAG levels (B) were measured in hippocampus

homogenates 2 h after the last intubation. **: p< 0.01; by the Student’s t-test (n=3). C, D:

Neurocan expression in the stratum oriens of the CAL region of the hippocampus was

determined by gold-immunolabeling histochemistry followed by quantification using the

Loats Image Analysis System. C: Quantification of neurocan gold-immunoparticles

expressed as number of immunogold particles/100 pm? area. **: p<0.01; by the Student’s t-
test; n=3. D: Representative images of neurocan gold-immunolabeling staining in control

(left image) and ethanol-treated (right image) pups.
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Figure 6. Effect of ARSB silencing on sSGAG and C4S-GAG levels in astrocytes
Primary rat cortical astrocytes were transfected with a non-target (NT siRNA) or an ARSB

specific SiRNA (ARSB siRNA) using lipofectamine RNAIMAX. Forty-eight hours after
transfection, SGAG levels were quantified in astrocyte cell lysates (A); the levels of C4S-
GAGs were quantified in astrocyte cell lysates after C4S immunoprecipitation with mouse
monoclonal antibodies clone 4D1 (B) from Santa Cruz and Ly111 (C) from Amsbio. **: p<
0.01; ***: p< 0.001 compared with control by the Student’s t-test (n=3).
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Fig. 8. Effect of ARSB-silencing in astrocytes on neurite outgrowth
Astrocytes were transfected for 48 h with non-target (NT) or ARSB siRNA. Neurons were

plated on top of astrocytes for 16 h. Cultures were then fixed and stained with neuron-
specific Bl1I-tubulin antibody and a fluorescent secondary. Neurite length was measured
using the software Image J. Shown are representative images of neurons incubated on top of
control (A), non-target siRNA-transfected (B), and ARSB siRNA-transfected (C) astrocytes.
D: Morphometric quantification of neurite length in 30 cells per treatment. *, p<0.05; **: p<
0.01 by Student’s t test.
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Fig. 9. Proposed mechanism of ethanol-induced inhibition of neurite outgrowth mediated by
astrocyte-neuron adhesion

This schematic indicates that ethanol, through the inhibition of ARSB activity, increases
astrocyte C4S and core-protein neurocan levels leading to inhibition of neurite outgrowth
mediated by astrocyte-neuron contact.
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