
Disruption of astrocyte-neuron cholesterol cross talk
affects neuronal function in Huntington’s disease
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In the adult brain, neurons require local cholesterol production, which is supplied by astrocytes through apoE-containing
lipoproteins. In Huntington’s disease (HD), such cholesterol biosynthesis in the brain is severely reduced. Here we show that this
defect, occurring in astrocytes, is detrimental for HD neurons. Astrocytes bearing the huntingtin protein containing increasing
CAG repeats secreted less apoE-lipoprotein-bound cholesterol in the medium. Conditioned media from HD astrocytes and
lipoprotein-depleted conditioned media from wild-type (wt) astrocytes were equally detrimental in a neurite outgrowth assay and
did not support synaptic activity in HD neurons, compared with conditions of cholesterol supplementation or conditioned media
from wt astrocytes. Molecular perturbation of cholesterol biosynthesis and efflux in astrocytes caused similarly altered astrocyte–
neuron cross talk, whereas enhancement of glial SREBP2 and ABCA1 function reversed the aspects of neuronal dysfunction in HD.
These findings indicate that astrocyte-mediated cholesterol homeostasis could be a potential therapeutic target to ameliorate
neuronal dysfunction in HD.
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Huntington's disease (HD) is an adult-onset neurodegenera-
tive disorder characterized by cell loss mainly in the striatum
and cortex. Its pathophysiology is linked to an expanded CAG
repeat in the IT-15 gene, which leads to an elongated polyQ
tract in huntingtin (HTT) protein. No disease-modifying
treatment is available for HD and novel pathophysiological
insights and therapeutic strategies are needed.1

Lipids are vital to brain health and function. Accordingly, the
brain has a local source of cholesterol,2 and a breakdown of
cholesterol synthesis causes brain malformations and
impaired cognitive function.3,4 Cholesterol metabolism is
disrupted in HD5,6 as revealed by transcriptional, biochemical,
andmass spectrometry analyses in HD rodent models.7,8 This
dysregulation is linked to a specific action of mutant HTT on
sterol-regulatory-element-binding proteins (SREBPs) and on
its target genes, whose reduced transcription leads to lower
brain cholesterol levels.7 In HD humans, brain cholesterol
homeostasis is affected since pre-symptomatic stages, as
determined by measurement of the brain-specific cholesterol
catabolite 24-S-hydroxy-cholesterol (24OHC).9,10 However, it
remains unclear how reduced brain cholesterol would become
pathological for HD neurons.
In adulthood, astrocytes produce cholesterol, which is

secreted as a complex with apolipoprotein (apo) E lipoproteins
and delivered to neurons.11,12 Mutant HTT is expressed in glial
cells,13,14 and transgenic mice overexpressing mutant HTT in
astrocytes show age-dependent neurological symptoms.15,16

Additionally, primary astrocytes overexpressing full-length

human mutant HTT show reduced mRNA levels of cholesterol
biosynthetic genes, along with impaired cellular production
and secretion of apoE.8

Here we employed molecular and cellular tools to test the
impact of cholesterol perturbation between astrocytes and
neurons in HD. Reduced secretion of cholesterol bound to
apoE lipoproteins by HD astrocytes negatively influenced
neurite outgrowth and neuronal synaptic properties. Further-
more, gain-of-function experiments revealed that this non-cell-
autonomousmechanism can be overridden throughmolecular
enhancement of cholesterol biosynthesis in HD astrocytes.

Results

Astrocytes bearing mutant HTT protein display choles-
terol dysfunction. To test whether and how cholesterol
dysfunction in HD astrocytes impacted neuronal function, we
took advantage of neural stem (NS) cells that are capable of
differentiating into neurons or astrocytes depending on
culture conditions17 (Supplementary Figures 1a and e).
We first found that mRNA levels of hydroxyl-methyl-glutaryl-
CoA reductase (hmgcr) were similar between wild-type (wt)
and HD NS cells under self-renewal conditions, but were
severely reduced in GFAP+ NS-derived astrocytes carrying
mutant HTT with 140 CAG repeats (Q140/7 astrocytes)
compared with wt NS-derived astrocytes (Q7/7 astrocytes)
(Figure 1a). Accordingly, following 6–8 h of pre-incubation
with serum-free medium, the Q140/7 astrocytes secreted less
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apoE in the media compared with Q7/7 astrocytes (Figure 1b).
ApoE level was also significantly decreased in the media from
an allelic series of Hdh CAG knock-in NS cells carrying
50 or 111 CAG repeats (Q50/7 and Q111/7 astrocytes) in
a CAG length-dependent manner (Q7/74Q50/74Q111/7)
(Figure 1c).17 HTT-depleted astrocytes displayed the same
reduction in apoE level as in Q111/7 (Figure 1c), supporting
the hypothesis that normal HTT has a role in cholesterol
synthesis.18 Furthermore, primary astrocytes from a trans-
genic HD mouse model (R6/2; Supplementary Figure 1f)
secreted lower apoE levels compared with primary wt
astrocytes (Figure 1d). Quantitative assays confirmed that
concentrations of apoE (Figure 1e) and cholesterol
(Figure 1f) were significantly reduced in conditioned media
from Q140/7 astrocytes and from primary R6/2 astrocytes
compared with their respective controls. The impairment in
apoE release is likely due to reduced synthesis of intracellular
apoE as indicated by reduced mRNA and protein levels in
YAC128 astrocytes8 and in R6/2 and HD NS-derived
astrocytes (Supplementary Figure 1g).
Although apoE level was reduced in the media from R6/2

astrocytes, the sizes of apoE lipoproteins, as judged by non-
denaturing gel electrophoresis, were similar in the media from
the control and HD cultures (Figure 1g). This finding suggests
that the total content of cholesterol bound to apoE lipoproteins
secreted by HD astrocytes was lower because of reduced
apoE level and not as a consequence of inefficient lipoprotein
lipidation. Together, these results indicate that HD astrocytes
produce and secrete less cholesterol bound to apoE
lipoproteins in vitro, with possible consequences for neuronal
function.

Neurite outgrowth is reduced in HD neurons and is
rescued by exogenous cholesterol. Upon exposure to a
pan-neuronal differentiation protocol, NS cells can be
converted into generic MAP2+ neurons.17,19 Here, we first
differentiated wt and HD NS cell lines towards neurons, and
after 7 days, the cells were fixed and immunostained with an
anti-MAP2 antibody to visualize the neurites. Not surprisingly,
neurite outgrowth was reduced in Q140/7 neurons compared
with Q7/7 neurons, as shown by MAP2 staining (Figure 1h)
and relative quantification using an automated neurite tracing
(NeuriteTracer20) (Figure 1i). Flow cytometric analysis also
showed a reduced number of MAP2-positive cells in
Q140/7 (28.3%) compared with Q7/7 neurons (44.1%;
Supplementary Figure 2a). Notably, addition of cholesterol
improved neurite outgrowth in Q140/7 neurons (Figures 1h
and i) with maximal effect at 7–10 μg/ml (Figure 1j). Above
this concentration, cholesterol failed to promote neurite
outgrowth, as depicted by the bell-shaped curves for
Q140/7 neurons (Figure 1j) and, to a lesser extent, for
Q7/7 neurons (Supplementary Figure 2b). In the same
experimental paradigm, cholesterol treatment did not influ-
ence cell survival/proliferation in control or HD neurons
(Supplementary Figure 2c). Overall, these results highlight a
relationship between neurite outgrowth and cholesterol
administration, demonstrating that exogenous cholesterol
application is beneficial to HD neurons in vitro.

Glial-conditioned medium from HD astrocytes does not
support neurite outgrowth in HD neurons. To test whether
glial-conditioned media (GCM) influenced HD neurons, we
quantified neurite outgrowth following exposure to GCM from
wt and HD astrocytes. First, GCM from primary and NS-
derived astrocytes were prepared (see Method section) and
used to supplement the regular growth medium of Q140/7
neurons, starting from day 4 of neuronal differentiation. As
observed for exogenous cholesterol administration, GCM
from primary wt astrocytes (GCM wt) or from Q7/7 astrocytes
(GCM Q7/7) promoted neurite outgrowth in Q140/7 neurons
with respect to the cells under glial-free condition (not treated,
NT) (Figures 2a and b). Conversely, GCM from primary
astrocytes generated from R6/2 mice (GCM R6/2), or from
Q50/7 or Q140/7 astrocytes (GCM Q50/7 and GCM Q140/7),
did not promote neurite outgrowth (Figures 2a and b). Not
surprisingly, all GCMs (except for R6/2) performed better than
NT, although the difference was not significant, suggesting
that other glial components, not affected in the HD condition,
contribute to neurite outgrowth.
To test whether lipoproteins in the GCM were responsible

for promoting neurite outgrowth, we cultured Q140/7
neurons with lipoprotein-depleted GCM from wt astrocytes
(GCMwtdelip) or GCM from primary astrocytes generated
from apoE knock-out mice (GCM apoE− /−). Neither
GCM stimulated neurite outgrowth in Q140/7 neurons
(Supplementary Figure 3a,b). Notably, neither GCM con-
tained a detectable apoE level (Supplementary Figure 3c)
whereas GCM apoE− /− contained higher levels of apoD
(Supplementary Figure 3d), another lipoprotein expressed in
the brain, which is increased in apoE− /− mice to carry out
some of the apoE-dependent functions.21 These data
indicate that apoE lipoproteins in GCM are key factors in
stimulating neurite outgrowth by supplying cholesterol
to HD neurons.

Genetic perturbation of astrocytic cholesterol production
and release influences neurite outgrowth in HD neurons.
To further test the impact of cholesterol perturbation on
neurite outgrowth in HD neurons, we performed gain- and
loss-of-function experiments. We first silenced abca1, the
gene encoding ATP-binding cassette transporter ABCA1, the
major regulator of cellular cholesterol homeostasis. Transfec-
tion of wt primary astrocytes with small interfering RNAs
(siRNA) against abca reduced the level of abca1 mRNA
(abca-i) by 40% compared with wt astrocytes transfected with
the scrambled siRNA control (scrambled) (Figure 3a). This
led to a 50% decrease of apoE levels secreted in the GCM
(GCMwtabca-i) compared with GCM from scrambled astro-
cytes (GCMwtscrambled) (Figure 3b). Importantly, neurite
outgrowth was severely impaired when Q140/7 neurons were
cultured with GCMwtabca-i, but not with GCMwtscrambled
(Figures 3c and d). Overexpression of ABCA1 in R6/2
astrocytes (Figure 3e) did not lead to increased apoE
level in the GCM (GCMR6/2ABCA1) compared with
GCMR6/2pcDNA (Figure 3f, left), in agreement with the
evidence that greater than sixfold overexpression of ABCA1
in the mouse brain is required to alter apoE levels.22

However, ABCA1 overexpression stimulated R6/2 astrocytes
to release larger apoE lipoproteins into the medium

Glial cholesterol and neuronal function in HD
M Valenza et al

691

Cell Death and Differentiation



(Figure 3f, right, arrows), suggesting increased lipidation.
When HD neurons were cultured with GCM from R6/2
astrocytes overexpressing ABCA1 (GCMR6/2ABCA1), we

observed stimulated neurite outgrowth compared with
untreated HD neurons or treated with GCMR6/2 pcDNA
(Figures 3g and h).
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We also silenced in HD neurons the gene encoding for LDL
receptor-related protein (LRP1), the major neuronal apoE
receptor23 (Supplementary Figure 4a). As expected, GCM wt
and GCM Q7/7 both promoted neurite outgrowth in HD
neurons transfected with the scrambled siRNA compared with
the same NT neurons and both failed to promote neurite
outgrowth when lrp1 had been silenced (Supplementary
Figures 4b and c). However, the reduced lrp1 mRNA level is
not mechanistically linked to cholesterol dysfunction, because
the lrp1 mRNA level was indistinguishable between wt and
R6/2 brains at pre- and late-symptomatic stages
(Supplementary Figure 4d). These data indicate that the
cholesterol uptake system is intact in HD neurons, but a defect
in cholesterol synthesis reduces the amount of astrocyte-
derived cholesterol available for neuronal function.
SREBP2 is the master transcription factor that activates the

expression of nearly all cholesterol biosynthesis genes by
binding to the sterol regulatory element (SRE) in target gene
promoters. Previous studies reported that SREBP activity and
its nuclear translocation were reduced in an inducible cell
model of HD and in R6/2 brains.7 Reduced nuclear levels of
the N-terminal active fragment of SREBP2 (Nt-BP2) were also
found in R6/2 astrocytes compared with wt astrocytes
(Supplementary Figure 5a) and mRNA levels of SREBP2,
but not of SREBP1, were decreased in HD NS-derived
astrocytes compared with controls (Supplementary Figure
5b). Notably, a SRE sequence is present in the promoter
region of SREBP2,24 suggesting that reduced SREBP2
activation may in turn affect srebp2 gene expression. Knock-
down of srebp2 expression in primary wt astrocytes
(Figure 4a) led to decreased apoE levels in the GCM
(GCMwtsrebp2-i) compared with in GCM from wt astrocytes
nucleofected with the scrambled-siRNA (GCMwtscrambled)
(Figure 4b). The presence of GCMwtsrebp2-i elicited a robust
phenotype in HD neurons, which included the inability to
promote neurite outgrowth with respect to GCMwtscrambled
(Figures 4c and d). In contrast, overexpression of Nt-BP2 in
primary R6/2 astrocytes stimulated an increase of mRNA
levels of hmgcr and farnesyl-diphosphate farnesyltransferase
(fdft1), followed by an increase in abca1 mRNA at 67 h of
nucleofection (Figure 4e). At this time point, the relative GCM
consisted of larger apoE lipoproteins (Figure 4f). Similarly to
ABCA1 overexpression, we found that neurite outgrowth
was increased when Q140/7 neurons were cultured with
GCMR6/2Nt-BP2 compared with NT neurons or to neurons
cultured with GCMR6/2pcDNA (Figures 4g and h). Similar
findings were obtained with Q50/7 neurons (Supplementary

Figure 6). ApoE, albeit at low levels, is essential along with
newly cholesterol to rescue neuritic defects in HD neurons.
Indeed, GCM from apoE− /− astrocytes overexpressing Nt-
BP2 failed to rescue neurite outgrowth in HD neurons
(Supplementary Figure 7).
Together, these data indicate that cholesterol biosynthesis

modulation in HD astrocytes influences the secretion of
cholesterol bound to apoE-containing lipoproteins and neurite
outgrowth in HD neurons.

GCM from HD astrocytes reduces synaptic properties in
HD neurons. As cholesterol secreted by astrocytes is crucial
for synaptic formation and maintenance,25 we looked at the
synaptic-promoting capacities of GCM wt and GCM HD in HD
neurons. We cultured striatal or cortical primary neurons of
R6/2 mice in the presence of GCM wt (from primary wt
astrocytes) or GCM HD (from primary R6/2 astrocytes),
starting from 4 days in vitro (div). At 11 div, we counted the
number of bona fide synaptic contacts by double-staining the
cultures for the pre-synaptic scaffold Bassoon (Bsn) and for
vGLUT2 or GABA. We then counted the number of Bsn/
GABA or Bsn/vGLUT2 puncta to define glutamatergic or
GABAergic synapses, respectively (Figures 5a and b). Under
glial-free conditions, HD striatal neurons displayed signifi-
cantly reduced numbers of bona fide synaptic contacts
compared with wt neurons (Figures 5c). The presence of
GCM wt reversed the defect in HD striatal neurons, and
increased the number of synaptic contacts in HD cortical
neurons (Figures 5c and d). However, GCM HD and
GCMwtdelip failed to do so. The ability of GCM wt, but not
of GCM HD or GCMwtdelip, to positively influence this
parameter in HD neurons was also confirmed by western
blot analyses showing increased levels of post-synaptic
density protein PSD95 in HD neurons only when exposed
to GCM wt (Figures 5e and f).

GCM HD impedes synaptic activity in HD neurons. We
then assayed the electrophysiological properties of HD
neurons through whole-cell patch-clamp technique after the
different treatments. Most of the recorded primary striatal
neurons from R6/2 mice (Figure 6a) exposed to GCM wt or
GCM HD were functionally mature, as demonstrated by the
presence of consistent families of inward and outward
currents (mediated by voltage-dependent sodium and potas-
sium channels, respectively) and by their ability to generate
overshooting action potentials in response to suitable current
step injections (Figures 6b and c). To test whether the

Figure 1 Cholesterol dysfunction in HD astrocytes and rescue of neuritic defects in HD neurons by cholesterol. (a) HmgcrmRNA levels in HdhQ7/7 and HdhQ140/7 NS cell lines
(herein, Q7/7 and Q140/7) during self-renewal and after glial differentiation. Beta-actin was used as the housekeeping gene. The graph shows the mean± S.E.M. of three real-
time PCR runs from two independent differentiations. (b–d) Representative western blot and densitometry for apoE levels in GCM (medium apoE) from Q7/7 and Q140/7
astrocytes (b), from allelic series of NS-derived astrocytes (Q7/7, Q50/7, and Q111/7) and HTT-depleted astrocytes (c), and from primary wt and R6/2 astrocytes (d). Stain-free
imaging (Bio-Rad) was used as a loading control and for normalization. Graph shows mean % above control± S.E.M. for six independent experiments. (e and f) ApoE
quantification by ELISA assay (e) and cholesterol quantification by enzymatic assay (f) in a subset of GCMs (n= 3–8). The graphs show the mean absolute values (e) or % above
control (f) ± S.E.M. (g) Representative western blot under non-denaturing conditions for evaluating size of apoE-containing lipoproteins. (h and i) Representative
immunofluorescence staining with an antibody against MAP2 (h), and neurite outgrowth quantification (i) of Q7/7 and Q140/7 neurons under glial-free conditions (NTor vehicle) or
in the presence of cholesterol (+ chol). The graph in (i) shows the mean of an arbitrary value (a.u.)± S.E.M. from one experiment in which 10 fields were analyzed for each
condition. Similar results were obtained with four other independent differentiations. (j) Neurite outgrowth quantification in Q140/7 neurons under glial-free conditions (vehicle) or
in the presence of increasing doses of cholesterol (3, 5, 7, 10, 12, and 20 μg/ml) immunostained for MAP2. The graph shows the mean (a.u.)± S.E.M. of 10 fields for each
condition. Statistics: two-tailed unpaired t-test (a, b, d, e, and f) or one-way ANOVA, Newman–Keuls multiple-comparison post test (c, i, and j). *Po0.05; **Po0.01;
***Po0.001. See Supplementary Figure 9 for full-length pictures of the blots shown in b, c, and d
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reduced cholesterol complexed to apoE lipoproteins in GCM
HD had an impact on synaptic activity in HD neurons, we
performed whole-cell recordings at 9–12 div, following
incubation with GCM wt or GCM HD for 5–6 days. HD striatal
neurons exhibited increased input resistance (Rin) under
glial-free conditions compared with wt neurons. Importantly,
exogenous cholesterol administration in the presence of
GCM HD restored Rin in HD neurons to wt level (Figures 6d).
Although the difference between HD and wt neurons in basal
conditions was not statistically significant, application of
neither GCM wt or GCM HD in HD neurons led to a
significant increase in the membrane capacitance (Cm), a
parameter directly correlated with cell size (Figure 6e). These
results suggest that exogenous cholesterol may influence
input resistance, but that other glial-derived molecules might
influence the charge storing in HD neurons.
Finally, we tested the capability of the cells to develop in vitro

a functional synaptic network, by analyzing post-synaptic
activity (Figures 6f and i). Under NT conditions, only 4 out of 27
HD neurons (14.8%) produced post-synaptic currents com-
pared with 10 out of 22 wt neurons (45.4%), suggesting that
HD neurons had lower spontaneous activity (Figure 6g),
consistently with a loss of synaptic contacts and a reduced
post-synaptic expression. Notably, 15 out of 22 (68.2%) of HD
neurons showed spontaneous synaptic activity in the pre-
sence of GCM wt, and 9 out of 28 (32.1%) in the presence of
GCM HD. Cholesterol administration to HD neurons, even in
the presence of GCMHD, stimulated spontaneous activity in 7
out of 10 (70%) of the recorded cells (Figure 6g), even with a
higher mean frequency (2.475±0.99 Hz) compared with
untreated HD cells (0.42± 0.15 Hz; P= 0.0238) or in the

presence of GCM HD (0.29±0.06 Hz; P=0.002) (Figure 6h).
Additionally, themean amplitudewas significantly increased in
the presence of GCM wt compared with GCM HD (34.7± 4.7
pA versus 17.30±4.47 pA;P=0.017), even in the presence of
exogenous cholesterol (20.93±4.1 pA) (Figure 6i), suggest-
ing that other glial molecules might influence this parameter in
HD neurons. These findings indicate that a reduced supply
of glial-derived cholesterol affects synaptic activity in HD
neurons and this may be reversed by cholesterol
supplementation.

Discussion

Astrocytes, the major cellular component of the CNS,26 supply
neurons with energy metabolites, growth factors, neurotrans-
mitter recycling functions, and structural support. Cholesterol
and glial-conditioned medium have a well-documented role in
promoting axonal outgrowth in vitro under physiological
conditions. Glial-derived lipoproteins containing cholesterol
stimulate axon growth27 and transcription of genes involved in
dendrite and synapse development28 in primary rat retinal
ganglion cells; their co-culture with glial cells enhances
synaptic activity and neurite outgrowth and branching in
Purkinje neurons,29 and cholesterol deficiency inhibits den-
drite outgrowth in primary cortical and hippocampal
neurons.30 Impairments in astrocytic function are increasingly
recognized as a culprit in neuronal dysfunction in neurode-
generative diseases,31 such as amyotrophic lateral
sclerosis,32 Rett’s syndrome,33,34 lysosomal disorders,35

Alzheimer’s disease,36 and HD.16 Accordingly, astrocyte
kir4.1 ion channel deficits contribute to neuronal dysfunction in

Figure 2 GCM from R6/2 astrocytes does not promote neurite outgrowth in HD NS-derived neurons. (a) Representative immunofluorescence staining for MAP2 in Q140/7
neurons under glial-free conditions (NT) or in the presence of GCM from primary astrocytes from wt mice (+GCM wt) or from R6/2 mice (+GCM R6/2), or GCM from Q7/7 (+GCM
Q7/7), Q50/7 (+GCM Q50/7), and Q140/7 (+GCM Q140/7) NS-derived astrocytes. Scale bars: 25 μm. (b) Relative neurite outgrowth quantification. The graph shows the mean
(a.u.)± S.E.M. of one experiment in which 10 fields were analyzed for each condition. Similar results were obtained in two other independent differentiations. Statistics: one-way
ANOVA, Newman–Keuls multiple-comparison post test (b). *Po0.05; **Po0.01; ***Po0.001
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Figure 3 Genetic modulation of ABCA1 in astrocytes influences neurite outgrowth in HD neurons. (a) mRNA levels of abca1 in primary wt astrocytes after transfection with
siRNA against abca1 (abca-i) compared with the same cells transfected with scramble siRNA as a control (scrambled). (b) ApoE levels released in the corresponding GCMs.
(c) Representative immunofluorescence staining for MAP2 in Q140/7 neurons under glial-free conditions (NT), in the presence of GCMwtscrambled, and in the presence of
GCMwtabca-i. (d) Relative neurite outgrowth quantification. (e) Western blot analysis for ABCA1 in primary R6/2 astrocytes after overexpression of ABCA1 (+ABCA1) or an empty
vector (pcDNA). (f) Relative apoE levels (left) and sizes (right) in the corresponding GCM. (g) Representative immunofluorescence staining for MAP2 in Q140/7 neurons under
glial-free conditions (NT), in the presence of GCMR6/2 pcDNA, and in the presence of GCMR6/2 ABCA1. (h) Relative neurite outgrowth quantification. Graphs in a, b, e, and f show
the mean % above relative controls± S.E.M. Scale bars: 25 μm. Graphs in d and h show the mean (a.u.)±S.E.M. of one experiment in which 10 fields were analyzed for each
condition. Similar results were obtained in two (d) and three (h) other independent differentiations. Statistics: two-tailed unpaired t-test (a and b) or one-way ANOVA with
Newman–Keuls multiple-comparison post test (d and h). *Po0.05; **Po0.01; ***Po0.001. The samples in b were run together with GCMwtsrebp2-i shown in Figure 4b. The
control sample (GCMwtscrambled) shown in b and in Figure 4b is the same. See Supplementary Figure 9 for full-length pictures of the blots shown in b, e, and f
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Figure 4 Genetic modulation of SREBP2 in astrocytes influences neurite outgrowth in HD neurons. (a) mRNA levels of srebp2 in wt primary astrocytes after transfection with
siRNA against srebp2 (srebp2-i) compared with the same cells transfected with a scramble as control (scrambled) and (b) apoE levels released in the corresponding GCMs.
(c) Representative immunofluorescence staining for MAP2 in Q140/7 neurons in glial-free condition (NT), in the presence of GCMwt scrambled or in the presence GCMwt srebp2-i
and (d) relative neurite outgrowth quantification. Scale bars: 25 μm. (e) mRNA levels of hmgcr, fdft1, and abca1 in primary R6/2 astrocytes overexpressing the N-terminal
fragment of SREBP2 (Nt-BP2) or an empty vector (pcDNA) at different time points from the nucleofection. (f) ApoE-containing lipoproteins size in non-denaturing condition in the
corresponding GCM from R6/2 astrocytes overexpressing an empty vector (pcDNA) or Nt-BP2. (g) Representative immunofluorescence staining for MAP2 in Q140/7 neurons in
glial-free condition (NT), in the presence of GCMR6/2pcDNA and in the presence GCMR6/2Nt-BP2, and (h) relative neurite outgrowth quantification. Graphs in a, b, and e show
mean as % above relative controls± S.E.M. Graphs in d and h show the mean (a.u.)± S.E.M. for one experiment in which 10 fields were analyzed for each condition. Similar
results were obtained in other two independent differentiations. Statistics: two-tailed, unpaired t test (a, b, and e) or one-way ANOVA with Newman–Keuls multiple-comparison
post test (d and h). *Po0.05; **Po0.01; ***Po0.001. The samples in b were run together with GCMwtabca-i shown in Figure 3b. The control sample (GCMwtscrambled) shown
in b and in Figure 3b is the same. See Supplementary Figure 9 for full-length pictures of the blots shown in b
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HD,37 highlighting that some electrophysiological features of
striatal dysfunction in HD can be secondary to glial dis-
turbances. Here, we demonstrate that HD astrocytes affect
neuronal function through their reduced synthesis and
secretion of cholesterol bound to apoE lipoproteins.
We found that HD NS-derived neurons displayed neurite

outgrowth defects at day 7 of neuronal differentiation when
compared with control neurons. Conditioned media from wt
astrocytes, but not from HD astrocytes, rescued the neuritic
defect, suggesting that cholesterol dysfunction in glial cells
may contribute to neuritic morphology defects, thereby
compromising neuron function. Although several glial-
derived factors may contribute to neurite outgrowth in cultured
neurons,38 we demonstrated a direct link between glial
cholesterol and neurite outgrowth in HD neurons. First, we
showed that cholesterol administration rescued neuritic
defects in HD neurons during early stages of differentiation.
This effect was specifically observed with cholesterol con-
centrations of 7–10 μg/ml, suggesting that HD neurons
depend on exogenous cholesterol for their activities and that
cholesterol concentration is critical for this effect. Notably, this
is the same concentration at which cholesterol is found in
GCM.11 Second, we found that lipoprotein-depletedGCM from
wt astrocytes did not support neurite outgrowth and synaptic
properties in HD neurons, pointing out a role of lipoproteins in
neuronal function. Third, media conditioned by primary
astrocytes from apoE− /− mice did not improve neuronal
properties in HD neurons, despite the presence of higher
levels of apoD, supporting the unique role of cholesterol bound
to apoE lipoproteins present in GCM. Finally, abca1 silencing
in wt astrocytes negatively influenced neurite outgrowth in HD
neurons, whereas its overexpression in HD astrocytes had the
opposite effect. This is in agreement with the critical role of
ABCA1 in brain cholesterol metabolism and neuronal
function.39 The evidence that lrp1 mRNA levels are similar in
wt and R6/2 brains also confirms that HD astrocytes are the
mediators of cholesterol dysfunction in HD. Modulation of
cholesterol efflux might be an alternative strategy for targeting
cholesterol-dependent neuronal defects in HD. Agonists of
liver-X receptors induced transcription of ABCA1 and apoE,
reduced amyloid-β levels and improved cognition in Alzhei-
mer’s disease,40 and may reduce neuroinflammation.41 More-
over, an liver-X receptor agonist partially rescued HTT
knockdown phenotypes in Zebrafish.42 However, further
studies are needed to evaluate the potential of these drugs
in HD and to develop more brain-specific liver-X receptor
agonists.
Our findings suggest a prominent role of glial SREBP2 in

neuronal function. SREBP2 is expressed in glial cells and its
activity likely controls the synthesis of lipids involved in various
glia–neuron interactions, thereby affecting a range of neuronal
functions.43–45 SREBP1 and SREBP2 activities are reduced
in the presence of mutant HTT, both in vitro and in vivo.7

Although the details of the underlying molecular mechanism
are unknown, mutant HTT likely interferes with the Golgi-to-
nucleus translocation of the active SREBP.7 The effects on
neurite outgrowth in HD neurons following the silencing or
overexpression of active SREBP2 in astrocytes demonstrate a
link between cholesterol synthesis in astrocytes and subse-
quent efflux likely under the regulating effect of oxysterols,

such as 24OHC.46 Reduced levels of 24OHC in HD8–10 may
therefore exacerbate cholesterol unbalance between astro-
cytes and neurons.
In the absence of cell death, HD animal models exhibit

abnormalities in synaptic communication47,48 and neuronal
dysfunction precedes cell death by many years in HD
humans.49 Similarly, cholesterol biosynthesis disruption in
HD animal models and patients occurs before the onset of
motor defect.9,10,18,50 Additionally, synaptosomes carry sub-
optimal levels of sterols in early R6/2 model.8 Here, we
showed that a non-cell autonomous cholesterol-handling
defect in astrocytes affects cholesterol shuttling between
astrocytes and neurons, which has a reversible detrimental
effect on synaptic-related parameters in HD neurons.
How does reduced glial cholesterol contribute to neuronal

dysfunction in HD? Cholesterol promotes different aspects of
synapse development and maintenance, including dendrite
differentiation, synaptic vesicle formation and release, and
receptor clustering and stability.12–53 Of note, proteome-wide
mapping of cholesterol-interacting proteins in mammalian
cells reveals that most of these proteins are linked to
neurological disorders.54 Neurons produce cholesterol less
efficiently than glial cells55 and the appearance of most
synapses in the developing brain is temporally and spatially
coincident with astrocyte development, suggesting that
synapse formation may depend on astrocytes-derived
cholesterol.56 Changes in cholesterol pathways and in apoE
expression have been also associated to NMDA-mediated
excitotoxicity.57–59 Of note, 24OHC is a potent and specific
modulator of NMDA receptors.60 Although cholesterol home-
ostasis has been reported to contribute to enhanced
excitotoxicity in HD,61 however, further studies are needed to
address this relationship.
In conclusion, our results indicate that HD astrocytes are

responsible for cholesterol dysfunction in the HD brain, by
supplying less cholesterol to the surrounding neurons. Glial
SREBP2 might be a candidate target for in vivo approaches
aiming to explore the contribution of glial cholesterol dysfunc-
tion in HD. Its enhancement may contribute to attenuating
neurite degeneration and synaptic defects in HD neurons.

Materials and Methods
Neural stem cell lines and neuronal differentiation. The NS cell lines
employed in this study were grown and differentiated towards neurons for 7 days, as
previously described.17

Primary cultures of neurons. We used primary neurons to measure
synaptic properties because NS-derived neurons did not reach complete functional
maturation in vitro (data not shown). Primary cultures of striatal neurons were
generated from transgenic R6/2 mice that overexpress exon 1 of the human HTT
gene containing 150 CAG repeats. At embryonic day (E) 16.5, tails from each
embryo were used to extract genomic DNA and to perform PCR for genotype
determination. Next, the brain was dissected and tissue was placed into ice-cold
HIBERNATE MEDIA (Life Technologies Italia, Monza, Italy). Cells were obtained first
through an enzymatic disaggregation with 0.5 mg/ml papain (Worthington
biochemical Corporation, Lakewood, NJ, USA) for 15 min at 37 °C, and then by
mechanical dissociation. The dissociated cells were resuspended in DMEM
(Invitrogen, Life Tecnhologies Italia) supplemented with 10% fetal bovine serum,
0.5 mM L-glutamine (Invitrogen), and 100 U/ml of penicillin-streptomycin (Invitrogen).
They were then seeded at a density of 400 000 cells per well in 12-well plates or
1 000 000 cells per well in 6-well plates. After 1 div, the medium was totally replaced
with DMEM/F12 supplemented with B27 1 × (Life Technologies), 0.5 mM
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L-glutamine (Invitrogen), and 100 U/ml of penicillin-streptomycin (Invitrogen). Cells
were cultured for 11 div with multiple medium changes.

Glial-conditioned medium preparation. NS-derived astrocytes were
obtained by plating NS cells on uncoated 25-cm2 flasks, and exposing them to

Glasgow Minimum Essential Medium (Celbio, Euroclone S.p.a., Milan, Italy) in
the presence of 10% fetal bovine serum, 0.5 mM L-glutamine (Invitrogen), and
100 U/ml of penicillin-streptomycin (Invitrogen) for 14 days, with the medium
changed every 3 days. Primary astrocytes were generated from postnatal day 1
pups as previously described.8 Astrocytes were seeded in six-well plates

Figure 5 GCM HD does not promote synaptic properties in HD neurons. (a and b) Fluorescence images of primary cortical and striatal neurons under glial-free conditions
(NT) or in the presence of GCM wt, GCM R6/2, or GCM delip, double-immunostained with Bassoon (red, middle panels) and either VGLUT-2 or GABA (green, bottom panels),
along with the relative co-localization (merge; col.). (c and d) Quantification of puncta that are double-positive for Bassoon and either VGLUT-2 or GABA to identify glutamatergic
and GABAergic bona-fide synapses, respectively. Scale bars: 5 μm. (e and f) Western blot analysis for PSD95 in protein lysates from primary R6/2 (HD) striatal and cortical
neurons under glia-free conditions (NT) or in the presence of GCM wt, GCM R6/2, or GCM delip. (c and d) Graphs show the mean % above relative controls±S.E.M. from 10
fields each for three independent experiments. Statistics: one-way ANOVA with Newman–Keuls multiple-comparison post test. *Po0.05; **Po0.01; ***Po0.001. See
Supplementary Figure 9 for full-length pictures of the blots shown in e and f
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(1 600 000/well) and, 24 h later, were exposed to serum-free DMEM/F12 (Invitrogen)
for 6–8 h. Conditioned medium was collected, centrifuged at 1000 × g for 4 min, and
then concentrated 10-fold using Amicon Ultra-4 filter devices (Millipore, Billerica,
MA, USA). Lipoprotein-depleted GCM was prepared by mixing 5 ml of GCM with

50 mg of colloidal silica that avidly binds lipoproteins (Cab-o-sil, Sigma-Aldrich,
St Louis, MO, USA). After 30 min of mixing, the Cab-o-sil (which contained bound
lipoproteins) was removed from the medium by centrifugation for 5 min at 1000 × g.
Immunoblotting showed that the Cab-o-sil-treated GCM contained no detectable

Figure 6 GCM wt, but not GCM HD, stimulates synaptic activity in HD neurons. (a) Representative fluorescent image of a recorded primary striatal neuron immunostained for
biocytin and GABA. (b and c) Family of fast inward (negative) and outward (positive) currents, reflecting the presence of sodium (Na+) and potassium (K+) channels, respectively,
recorded in response to depolarizing 10 mV voltage step (from − 90 to +50 mV) and sample traces of repetitive action potentials in primary R6/2 (HD) striatal neurons recorded in
response to increasing current step injection from a holding potential of − 70 mV in the presence of GCM wt or GCM HD. (d and e) Histograms showing the input resistance (Rin)
(d) and the membrane capacitance (Cm) (e) in primary wt and HD striatal neurons under different medium conditions. (f) Sample current traces of spontaneous synaptic activity
recorded in voltage-clamp at− 70 mV. (g–i) Histograms showing the % of neurons able to produce spontaneous PSCs (g), the mean frequency (h), and the mean amplitude (i) of
synaptic events. Data in d, e, g, h, and i are shown as mean± S.E.M. Numbers inside the columns represent the number of recorded cells (d and e) or recorded cells showing
PSCs (h). P values were determined by non-parametric Mann–Whitney test. *Po0.05; **Po0.01; ***Po0.001; ns= not statistically significant
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apoE. Each stock of GCMs used for subsequent experiments was first checked for
apoE levels.

Medium apoE analysis. Equal volumes of concentrated media were resolved
on Criterion TGX Stain-Free Gels (Bio-Rad, Hercules, CA, USA) with SDS. These
stain-free gels contain proprietary trihalo compounds that react with tryptophan
residues, producing fluorescent light through an ultraviolet light-induced reaction.
Stain-free imaging of the gels and membranes, corresponding to proteins in the
samples, was used as loading control and for normalization.62 Proteins were
transferred to a nitrocellulose membrane using a Trans-Blot Turbo system (Bio-
Rad). They were then probed with a polyclonal goat anti-apoE antibody (1 : 800;
AB947, Millipore), washed, and probed with HRP-conjugated horse anti-goat IgG
(1 : 3000; Bio-Rad). Bands were visualized with enhanced chemoluminescence
(Pierce, Thermo Scientific, Rockford, IL, USA) and imaged with ChemiDoc MP
Imaging System (Bio-Rad).

Nondenaturing gradient gel electrophoresis. GCM samples were
mixed 1 : 1 with native sample buffer (Bio-Rad) and electrophoresed on
Criterion TGX Stain-Free 4–15% Gels (Bio-Rad). Proteins were transferred to a
nitrocellulose membrane and probed with apoE antibody as described above.
Proteins with known hydrated diameters were used as size standards
(GE Healthcare, Buckinghamshire, UK).

ApoE ELISA. For in vitro quantitative determination of mouse apoE
concentration in GCMs, we used the Mouse apoE ELISA Kit (MyBioSource, San
Diego, CA, USA) following the manufacturer’s procedures. Only fresh media were
used for the analyses.

Measurement of total cholesterol. Total cholesterol content was
evaluated in 10-fold concentrated GCMs. A colorimetric assay was performed
using the Cholesterol Kit (Amplex Red Cholesterol Assay Kit, Invitrogen) following
the manufacturer’s instructions.

Immunofluorescence. Cells were fixed in 4% paraformaldehyde for 15 min at
room temperature, and washed three times with PBS. The cells were permeabilized
with Triton 0.5% (Sigma) and blocked with 5% fetal bovine serum (Euroclone S.p.a.)
for 1 h at room temperature. Cells were then incubated overnight at 4 °C with one of
the following primary antibodies: mouse anti-MAP2 (1 : 500; Becton Dicknson,
Franklin Lakes, NJ, USA), rabbit anti-VGLUT2 (1 : 500; Synaptic Systems GmbH,
Goettinger, Germany), rabbit anti-GABA (1 : 500; Sigma-Aldrich), mouse anti-GFAP
(1 : 500; Becton Dickinson), and rabbit anti-S100β (1 : 200; Sigma-Aldrich). Next,
the cells were washed three times with PBS, followed by a 1-h incubation at room
temperature with the appropriate secondary antibodies conjugated to 488 or 568
Alexa-fluorophores (Molecular Probes, Life Technologies). Finally, the cells were
washed three times with PBS, and the nuclei were stained with Hoechst 33258
(5 mg/ml; Molecular Probes, Life Technologies). Images were acquired with a Leica
DMI 6000B microscope (Leica microsystems, Wetzlar, Germany) with × 10 and × 20
objectives, using LAS-AF imaging software (Leica microsystems). Adobe Photoshop
CS3 (Adobe Systems Incorporated, San Jose, CA, USA) was used to increase the
image quality by applying the same values of luminosity and contrast to all images
being compared.

Neurite outgrowth quantification. Total neurite length was estimated
using the ImageJ plugin Neurite Tracer20 in combination with a modified macro for
counting neuronal nuclei that was developed in the lab. The analysis was performed
blind to the experimental conditions. In the main figures, the data are represented as
the mean (a.u.)±S.E.M. of one experiment in which 10 fields were analyzed for
each condition. Graphs showing neurite outgrowth quantification expressed as %
above the relative controls, as mean of all the independent experiments performed
in this work have been showed in Supplementary Figure 8.

Flow cytometry. Detached cells were fixed in 0.1% paraformaldehyde,
permeabilized for 15 min in a 0.2% Tween20 solution, and resuspended in fetal
bovine serum. We then added a solution containing primary antibodies (anti-MAP2,
1 : 500, Becton Dickinson; anti-GFAP, 1 : 500, Becton Dickinson; anti-S100β, 1 : 200,
Sigma-Aldrich). After washing, appropriate Alexa488- and 647-conjugated
secondary antibodies were used (1 : 1000). Primary isotypic antibodies were used
as controls. Analyses were performed using a FACS Canto II analyzer (BD

Biosciences, San Jose, CA, USA) and BD FACSDiva v6.1.3 software. For each
condition, 10 000 cells were analyzed.

Cell proliferation assays. On day 3 of neuronal differentiation, NS cells were
plated on laminin-coated (3 μg/ml for 3–5 h at 37 °C) 96-well microplates, at
30 × 103 cells/well. The CyQuant NF Cell Proliferation Assay Kit (Molecular Probes,
Invitrogen) was used to assay cell viability after treatment of the cells for 24, 48, 72,
and 96 h with different doses of cholesterol, following the manufacturer’s
procedures.

Nucleofection. The Amaxa Cell Line Optimization Nucleofector Kit (Lonza,
Basel, Switzerland) was used to modulate gene expressions in different cell lines.
Electroporation was performed using pre-set programs: T-020 for the nucleofection
of primary astrocytes, and A-033 for NS-derived neurons. The following constructs
were used: specific siRNA for abca, srebp2 and lrp1 (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA), plasmid overexpressing ABCA1 (gift by S. Calandra,
University of Modena) and plasmid overexpressing the active fragment of SREBP2
(as described previously6).

RNA isolation, retrotranscription, and real-time PCR for gene
expression. Total RNA from cell cultures was isolated with TRIZOL Reagent
(Invitrogen). Total RNA (0.25–0.5 μg) was reverse-transcribed to single-stranded
cDNA using the iScript cDNA synthesis kit (Bio-Rad). For each reverse-transcribed
product, three real-time PCR analyses were performed in duplicate for each of the
analyzed genes. An iCycler Thermal Cycler with a Multicolor Real-time PCR
Detection System (Bio-Rad) was used to evaluate gene expressions. All reactions
were performed in a total volume of 15 μl, containing 60 ng cDNA, 50 mM KCl,
20 mM Tris-HCl (pH 8.4), 0.2 mM dNTPs, 25 U/ml iTaq DNA polymerase, 3 mM
MgCl2, SYBR Green I, 10 nM fluorescein, stabilizers (iQ EVA Green Supermix; Bio-
Rad), and 0.2 μM forward and reverse primers. Amplification cycles consisted of an
initial denaturing cycle at 95 °C for 3 min, followed by 45 cycles of 30 s at 95 °C,
30 s at 60 °C (for all analyzed genes), and 30 s at 72 °C. Fluorescence was
quantified during the annealing step, primer specificity and product formation were
confirmed by melting curve analysis (55–94 °C), and the amounts of target gene
mRNA were normalized to β-actin as reference gene and by using the calibration
curve method. The following primer sequences were used: Hmgcr fwd,
GGAGCATAGGCGGCTACA; Hmgcr rev, ACCACCCACGGTTCCTATCT; Fdft fwd,
ACTCAGCAGCAGCTTGAAGACC; Fdft rev, TGTCATCCTCCACTGTATCCAG;
Abca1 fwd, GTCAGCTGTTACTGGAAGTGG; Abca1 rev, CGCCGGGAGTTGGATA
ACGG; lrp1 fwd, AGGCCACCTCTGCAGCTGT; lrp1 rev, GCTGCGGATCTCGTTG
TCATC; Actin fwd, AGTGTGACGTTGACATCCGTA; Actin rev, GCCAGAGCAGTA
ATCTCCTTCT; Srebp2 fwd, GCCTCTCCTTTAACCCCTTG; and Srebp2 rev,
CCAGTCAAACCAGCCCCCAG.

Quantification of bona fide synapses. Following the above-described
procedures, we performed standard immunofluorescence on primary neuronal
cultures with a mouse anti-Bassoon antibody (1 : 400; Stressgen Biotechnologies,
Collegeville, PA, USA) and with the specific neuronal markers v-GLUT2 and GABA.
Confocal images were acquired with a Zeiss LSM 510 laser-scanning confocal
microscope with AIM4.2 software (Zeiss, Oberkochen, Germany). The number of
co-localizations was quantified using the ‘Red and Green Puncta Colocalization’
macro under the ImageJ analysis software platform (U.S. National Institutes of
Health, Bethesda, MD, USA).

Western blot analysis. Cells were lysed by adding 50 μl of RIPA buffer
supplemented with PMSF (1 : 250; Sigma-Aldrich) and protease inhibitors (1 : 100;
Sigma-Aldrich). After centrifugation at 10 000 × g for 5 min, the supernatant was
collected and the protein concentration was determined by BCA assay (Thermo
Scientific). Nuclear extracts to evaluate the active form of SREBP2 were prepared
as previously described.7 Proteins were separated by SDS-polyacrylamide gel
electrophoresis and then transferred to a nitrocellulose membrane using a Trans-
Blot Turbo System (Bio-Rad). The membranes were next probed with mouse anti-
PSD95 (1 : 1000; Synaptic Systems), rabbit anti-ABCA1 (1 : 500; gift from
M. Hayden), goat anti-apoE (1 : 800; AB947, Millipore), mouse anti-α-tubulin
(1 : 5000; Sigma-Aldrich), rabbit anti-SREBP2 (1 : 200; Abcam, Cambridge, MA,
USA) followed by washing, and probing with horseradish peroxidase-conjugated
secondary antibodies (1 : 3000; Bio-Rad). Bands were visualized with enhanced
chemoluminescence (Pierce) and imaged with the ChemiDoc MP Imaging System
(Bio-Rad).
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Electrophysiological analyses. We recorded 157 primary striatal neurons,
of which 127 (80.9%) showed Na+ currents with amplitude larger than 500 pA,
suggesting that most of the recorded cells were functionally mature and potentially
able to generate action potentials. Cells were visualized using an inverted
microscope (Eclipse TE200, Nikon, Tokyo, Japan) equipped with both × 10 and × 40
objectives. During recording, primary neurons were maintained at room temperature
in a bath solution containing 140 mM NaCl, 2 mM CaCl2, 1 mM MgCl2, 3 mM KCl,
10 mM glucose, and 10 mM HEPES, adjusted to pH 7.4 with NaOH. Patch pipettes
with a resistance of 3–5 MΩ were fabricated from thick-walled borosilicate glass
capillaries using a Sutter P-97 horizontal puller (Sutter Instruments, Novato, CA,
USA), and filled with the following intracellular solution: 130 mM potassium
gluconate, 4 mM NaCl, 10 mM HEPES, 1 mM EGTA, 2 mM MgCl2, 5 mM CP,
adjusted to pH 7.3 with KOH.
Recordings were obtained in the whole-cell configuration, both in voltage- and

current-clamp mode, using an Axoclamp 200B amplifier (Molecular Devices) and a
Digidata converter AD/DA (Molecular Devices). Signals were low-pass filtered at
10 kHz, and acquired at 10–50 kHz with Clampex software (Molecular Devices,
Sunnyvale, CA, USA). To appreciate the morphology, cells were filled either with
biocytin (3 mg/ml) or Alexa Fluor 488 (Molecular Probes, Invitrogen), routinely added
to the intracellular solution. In voltage-clamp configuration, passive membrane
properties were measured immediately after the break-in. The input resistance (Rin)
was calculated from the current trace at the end (mean of the last 5 ms) of the 180-
ms-long voltage step from − 70 mV to − 80 mV. Using the same protocol, the
membrane capacitance (Cm) was measured by subtracting the time-integral of the
steady-state current from the total time-integral of the current transient developing
during the 10 mV voltage step and dividing by the same voltage step. Spontaneous
synaptic activity was recorded in the voltage-clamp configuration at − 70 mV.
Negative deflections of current trace were acknowledged as spontaneous synaptic
events, and the peak amplitude was evaluated as the mean over 300 μs around a
local minimum. Frequency was calculated as the ratio between the number of
synaptic events and the time window of 30–60 s, and the mean amplitude was
calculated by selecting a sufficient number (430) of well-isolated events. In current-
clamp configuration an appropriate holding current was applied to maintain the
membrane potential at − 70 mV and 1-s-long positive current steps of increasing
amplitude were injected to investigate the ability to generate an action potential or a
repetitive firing. All chemicals were from Sigma-Aldrich.

Statistical analysis. No statistical methods were used to predetermine
sample sizes, but our sample sizes were similar to those reported in literature. Data
were expressed as mean±S.E.M. Statistical analysis was performed by two-tail
Student’s t-test or one-way ANOVA with Newman–Keuls Multiple Comparison post-
hoc test. The Mann–Whitney test was used to assess the input resistance,
membrane capacitance, and post-synaptic current frequency and amplitude—all
variables for which normality of the data could not be assumed. Normality of the
data was assessed using the Shapiro-Wilk test. Outliers were identified with Grubbs’
test, and were excluded from the analyses. Differences for which P was o0.05
were considered to be significant.
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