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Mutant huntingtin inhibits clathrin-independent
endocytosis and causes accumulation of
cholesterol in vitro and in vivo
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We show that the mutant Huntington’s disease (HD) protein (mhtt) specifically inhibits endocytosis in
primary striatal neurons. Unexpectedly, mhtt does not inhibit clathrin-dependent endocytosis as was antici-
pated based on known interacting partners. Instead, inhibition occurs through a non-clathrin, caveolar-
related pathway. Expression of mhtt inhibited internalization of BODIPY-lactosylceramide (LacCer), which
is internalized by a caveolar-related mechanism. In contrast, endocytosis of Alexa Fluor 594-transferrin
(Tfn) and epidermal growth factor, internalized through clathrin pathway, was unaffected by mhtt expression.
Caveolin-1 (cav1), the major structural protein of caveolae binds cholesterol and is responsible for its traffick-
ing inside cells. Mhtt interacts with cav-1 and caused a striking accumulation of intracellular cholesterol.
Cholesterol accumulated in cultured neurons expressing mhtt in vitro and in brains of mhtt-expressing ani-
mals in vivo, and was observed after induction of mhtt expression in PC-12 cell lines. The accumulation
occurred only when mhtt and cav1l were simultaneously expressed in cells. Knockdown of cav1 in
mhtt-expressing neurons blocked cholesterol accumulation and restored LacCer endocytosis. Thus, mhtt
and cav1 functionally interact to cause both cellular defects. These data provide the first direct link between
mhtt and caveolar-related endocytosis and also suggest a possible mechanism for HD neurotoxicity where
cholesterol homeostasis is perturbed.

INTRODUCTION

Huntington’s disease (HD) is a progressive neurodegenerative
disorder with no cure (1). The normal function of huntingtin
(htt) and the mechanism by which mutant huntingtin (mhtt)
initiates striatal neurotoxicity are unclear. Studies on subcellu-
lar localization and identification of normal partners
suggest that htt could function in vesicular trafficking and
endocytosis (2). Yeast two-hybrid screens revealed that htt
interacts with components of the trafficking machinery.
Huntingtin-associated protein 1 (HAP1) was one of the first
identified (3—5). Like htt, HAP1 is enriched in brain (3-5)

and associates with microtubules and vesicles. HAP1 partially
co-localizes with htt in cells and on sucrose gradient in vitro
(6). Both htt and HAP1 interact with the trafficking motors,
kinesin heavy chain and the dynactin p150¢"**Y, an accessory
protein for the microtubule motor protein dynein (3,4,7). In
Drosophila, htt associates with Milton, a protein with hom-
ology to HAPI1, which is also linked to kinesin-dependent
axonal transport of mitochondria (8).

Functional evidence demonstrating that htt has a role in
axonal trafficking has accumulated over the years. Early analy-
sis revealed that htt together with HAP1 accumulated on either
side of a crushed rat sciatic nerve, suggesting that htt was
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actively transported, at least in vitro, from distant cellular sites
in both retrograde and anterograde directions (6). Whether htt
was a cargo or a transport accessory protein was not known at
that time. Recently, compelling data obtained in mice (9), in
Drosophila (10) and in isolated squid axoplasm (11) have pro-
vided direct functional evidence that htt itself is a trafficking
protein, or, at least, strongly influences the process. In squid
axoplasm, expression of a truncated polyglutamine fragment
from the androgen receptor inhibits axonal trafficking 3-fold
relative to wild-type. When the same peptide is expressed in
dividing SYH-SYSY cells, neurite outgrowth is prevented
upon differentiation with retinoic acid and brain-derived neu-
rotrophic factor, suggesting that trafficking defects are
microtubule-dependent (11). The increased interaction of
mhtt with HAP1 and dynactin p1509"*? reduces the associ-
ation of HAP1/dynactin p1509"“? with taxol-stabilized micro-
tubules assembled in vitro. Loss of axonal motility induced by
mbhtt appears to reduce the supply of important cargoes needed
for synaptic transmission (12). In Drosophila, expression of
mhtt also suppresses axonal transport of green fluorescence
protein-tagged epidermal growth factor (EGF) receptor (10)
or yellow fluorescence protein-tagged amyloid precursor
protein (12), and promotes vesicle and organelle accumulation
in axons. Axonal trafficking defects appear to be a direct con-
sequence of mhtt. Expression of either truncated mhtt or
expanded polyglutamine regions causes trafficking defects in
isolated squid axoplasm where neither a nucleus nor protein
synthesis is present (11).

The observations made in Drosophila essentially mimic
those found in mammals (9,12). Expression of mhtt in mice
destabilizes microtubule tracts in primary neurons and alters
their morphology (13). As measured in real-time imaging
experiments, expression of full-length mhtt in mouse models
for HD results in defective axonal transport of vesicles and
mitochondria very early in development (9). Importantly,
vesicle transport and uptake of the retrograde dye, fluorogold,
is suppressed in animals expressing mhtt with 72 polygluta-
mines. Two days after injection into live animals, the uptake
of fluorogold in the mbhtt-expressing mice is suppressed
3-fold relative to control animals (9). Thus, expression of
the full-length endogenous form of mhtt in mice causes loss
of trafficking both in vivo and in vitro and is not an artifact
of cell dispersal.

The importance of trafficking, particularly in neurons, has
raised the issue as to whether mhtt causes adverse defects at
other steps of trafficking, which might contribute to toxicity.
As with the axonal transport machinery, htt has been impli-
cated in endocytosis based on its binding partners (2,14).
Htt associates with clathrin, co-localizes with mature
clathrin-coated vesicles and decorates clathrin-coated pits
(15—-17). Htt may form a complex with clathrin through
Huntingtin-interacting protein 1 (HIP1) (18-21). HIPI
directly binds clathrin light chain, a-adaptin A and C and
co-localizes with the clathrin coat adaptor, AP2 (19,22),
which promotes actin binding and prevents depolymerization
of actin filaments (23-25).

However, far less is known about the functional links
between mhtt and endocytosis. Most of the existing data
regarding endocytosis are based on effects of mhtt-interacting
partners rather than mhtt itself. For example, loss of HIPI in
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HIP1(—/—) mice causes a neurological deficit in endocytosis
of alpha-amino-3-hydroxyl-5-isoxazolepropionate receptors
(26). HAP1 regulates the decision of Gamma-aminobutyric
acid type A receptors (GABA-AR) to recycle back to the
cell surface or sort in the lysosome by inhibiting receptor
degradation (27). However, in these experiments, a role for
htt is implied rather than demonstrated. Moreover, no
thorough examination of endocytosis has been conducted at
the molecular level in primary striatal neurons, the most vul-
nerable in HD.

We have directly examined the effects of mhtt on endocytosis
in primary striatal neurons from HD animals. We find that mhtt
expression indeed inhibits endocytosis but, surprisingly, does
so through a non-clathrin, caveolin-1-related pathway. Mhtt
expression causes abnormal accumulation of cholesterol both
in vitro and in vivo. Mhtt interacts with caveolin-1 (cavl), and
this functional interaction appears to influence toxicity since
reduction of cavl expression in mhtt-expressing neurons blocks
cholesterol accumulation and restores clathrin-independent
endocytosis of BODIPY-lactosylceramide (LacCer).

RESULTS
Mhtt inhibits clathrin-independent endocytosis

To directly test whether expression of mhtt influences endocy-
tosis, we monitored internalization of fluorescent endocytic
markers in embryonic (E17) primary striatal neurons from
control mice (28) and mice expressing full-length mhtt with
72 (HD72) (29) glutamines. In both lines, mhtt is expressed
at endogenous levels driven by the endogenous promoter.
The majority of cells (95%) were well-developed neurons
(Fig. 1) as estimated by staining with neuron-specific BIII
tubulin antibody (Fig. 1C) with less than 5% astroglial con-
tamination [estimated by staining with glia-specific glial fibril-
lary acidic protein (GFAP) antibody] (data not shown).
Neurons were previously characterized by the expression of
synaptic proteins (9) and the presence of fully developed
synaptic contacts (Fig. 1E and F). The majority of neurons
represent GABAergic medium spiny projection neurons,
50% of which are enkephalin-positive (9,13,30,31). Using
these cultures, we determined whether expression of mhtt
had measurable effect on endocytosis.

Internalization by clathrin-dependent endocytosis was visu-
alized using Alexa Fluor 594-labeled transferrin (Ttn) (Fig. 2),
a well-characterized marker for this pathway (32). We also
measured internalization of LacCer (Fig. 2), which is interna-
lized by a caveolar-related mechanism in other cell types (33).
To our surprise, we found that, in primary neurons, expression
of mhtt had no effect on internalization of Tfn but, instead,
inhibited entry of LacCer (Fig. 2A and B). In neurons and
glial cells from HD72 mice, uptake of LacCer was inhibited
70% relative to control (Fig. 2B). Inhibition of endocytosis
was not limited to LacCer. Internalization of fluorescent
albumin, another marker for clathrin-independent, caveolar-
related endocytosis, was also inhibited similar to that shown
in some other cell types (33,34) (Fig. 2B). Under the same
conditions, we observed no effect on internalization of fluores-
cently labeled epidermal growth factor (EGF), a marker for
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Figure 1. Integrity of the E17 primary striatal neurons. Confocal images of striatal neurons (7 DIC) co-stained with DAPI as a nuclear stain (blue), and
(A) tubulin (green) and actin (red) antibodies, (B) kinesin (red) and dynactin (green) antibodies; white arrow indicates a synapse, (C) tubulin (red). Scale
bar, 10 wm. (D) Electron micrograph of control neuron showing cell body and neurites; box is magnified on right; arrows in inset indicate clathrin-coated
pits and vesicles. Formation of clathrin-coated vesicles occurred to the same extent in striatal neurons from both control and HD72 animals. Scale bar,
5 pm. (E) Electron micrograph of striatal neuron from control mice showing synaptic integrity. Synaptic contacts are dark regions indicated by the arrows.
Scale bar, 0.5 wm. (F) Both control and HD72 neurons (7 DIC) develop synaptic contacts observed as darkly stained areas of the plasma membranes with for-

mation of the synaptic vesicles. HD72 neuron is shown. Scale bar, 100 nm.

clathrin-dependent endocytosis (Fig. 2B). No differences were
found in control and HD72 neurons in internalization of fluor-
escent dextran, the marker for fluid phase endocytosis (35)
(Fig. 2B). These results indicated that expression of mhtt
selectively inhibited internalization via a clathrin-independent
pathway, whereas other pathways of uptake were apparently
not affected.

To further characterize the mechanism of marker internaliz-
ation in neurons, we tested the effects of pharmacological
inhibitors (Fig. 2C and D). Chlorpromazine (CPZ), an inhibi-
tor of clathrin-dependent endocytosis (34,36), blocked
Ttn uptake by ~80% but had little effect on LacCer internaliz-
ation (Fig. 2C and D). In contrast, pretreatment of cells with
nystatin (specifically binds to plasma membrane cholesterol
and flatten caveolac in other cell types) (37) inhibited
LacCer uptake by ~80% with minimal effect on Tfn internali-
zation. We also found that uptake of LacCer (but not Tfn) was
blocked by Genistein (general tyrosine kinase inhibitor) or by
PP2 (src kinase inhibitor) (Fig. 2D), as observed in other cell
types when caveolar endocytosis is disturbed by specific inhi-
bition of phosphorylation of its major structural protein, cavl
(33,38). Together, these results demonstrated that (i) in
primary striatal neurons Tfn and EGF, and LacCer and
Albumin, were internalized by distinctly different endocytic

mechanisms, (ii) uptake of LacCer occurred through a
clathrin-independent, caveolar-related pathway and (iii)
expression of mhtt specifically inhibits endocytosis through
a caveolar-related pathway.

Expression of mhtt causes accumulation of intracellular
cholesterol in vitro and in vivo

Caveolae are characterized by their flask-shaped morphology
and are defined by the presence of cavl (39). However, the
presence of caveolae in neurons has been controversial. To
test whether striatal neurons have caveolar machinery, we
determined whether cavl was expressed in pure cultures of
striatal neurons (glia <5%), glial cultures and striatal brain
tissue from control and mhtt-expressing mice (Fig. 3). Using
specific antibodies, we found that cavl was expressed in stria-
tal neurons and glial cells from control or HD72 mice as
measured by western blot analysis (Fig. 3A). We could also
detect cavl in cultures of striatal tissue (Fig. 3B). In all of
these samples, cavl migrated as a 22 kDa protein indistin-
guishable from cavl found in control endothelial cells
(Fig. 3A and B, En) and in hippocampal neurons (Fig. 3A,
Hip) (40). Importantly, the level of cavl expression in HD72
mice was not affected by expression of mhtt (Fig. 3A and B)
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Figure 2. Clathrin-independent endocytosis is selectively inhibited in primary
striatal neurons expressing mhtt. (A) Differential internalization of BODIPY-
LacCer (green) and Alexa Fluor 594-Tfn (red) in living primary striatal
neurons from control and HD72 mice. Experiments were performed on
neurons 7 days after plating and neurons were visualized by confocal
microscopy. Optical sections are 0.5 wm. Scale bar, 10 wm. (B) Internalization
of additional fluorescent markers for clathrin and caveolar endocytic pathways
in neurons from control (gray bars) and HD72 (black bars) mice. Data were
obtained using conventional fluorescence and are expressed as percent of
uptake relative to the control cells. Data represent quantification of at least
30 cells from three to 10 independent experiments. *P < 0.001. (C) Characteri-
zation of LacCer and Tfn endocytic pathways in striatal neurons. Application
of pharmacological inhibitors indicates that internalization of Tfn and LacCer
in striatal neurons displays properties characteristic of clathrin-dependent and
cavl-related pathways, respectively. Experiments were performed on control
neurons 7 days after plating. Fluorescence images represent internalization
of BODIPY-LacCer (LacCer) and Alexa Fluor 594-Tfn (Tfn) in live neurons
from control mice with and without drug treatment. Nystatin (non-clathrin,
caveolar-related pathway inhibitor) and CPZ (clathrin-dependent pathway
inhibitor) are indicated. Scale bar, 10 pm. (D) Quantification of inhibition of
fluorescent LacCer and Ttn internalization in control primary striatal neurons
pretreated with pharmacological inhibitors, Nystatin and CPZ as in (C),
Genistein (general tyrosine kinase inhibitor) and PP2 (src kinase inhibitor).
Data were obtained by image analysis and are expressed relative to uptake
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or by the age of the animals tested (Fig. 3B). Immunobhis-
tochemistry confirmed that cavl was present along the
plasma membrane of neurons. Antibody staining was specific
since competing peptides blocked the fluorescence signal
(data not shown), and no staining was observed in primary
striatal neurons isolated from a cavl knockout (CavKO)
mouse (41) (Fig. 3C, CavKO). Thus, striatal neurons from
control and HD72 mice possessed components required for
caveolar-related endocytosis. Despite the abundance of
cavl, however, we were unable to detect structures with the
classic morphology of caveolac in either control or
mhtt-expressing striatal neurons by electron microscopy. No
caveolae were observed using electron microscopy in
neurons at different times of maturation in culture [2, 6 and
8 days in culture (DIC)] or 2, 5 and 10 min after LacCer
addition. Under all of these conditions, clathrin-coated ves-
icles were readily detected and to the same extent observed
in neurons from both control and HD72 mice (Fig. 1D).
Thus, mhtt did not appear to inhibit LacCer endocytosis by
interfering with the formation of caveolae vesicles per se.

Cavl directly binds cholesterol and is involved in its intra-
cellular trafficking of caveolar vesicles (42,43). If mhtt caused
inhibition of endocytosis through a cavl-related pathway, then
intracellular trafficking of cholesterol might also be altered. To
test this hypothesis, we stained striatal neurons with filipin,
a polyene antibiotic that specifically binds free cholesterol,
and measured its level by fluorescence microscopy (42).
Indeed, we observed a striking and aberrant accumulation of
cholesterol in neurons expressing mhtt (Fig. 4A). Within 12
days after plating, intracellular cholesterol in HD72 neurons
accumulated up to 4-fold relative to control cells (Fig. 4B).
This phenomenon was not accompanied by accumulation of
cholesterol in the medium. Cholesterol accumulation in cul-
tured neurons did not depend on the exogenous cholesterol.
Intracellular accumulation was observed whether or not
HD72 neurons were cultured in serum-containing or serum-
and cholesterol-free medium (data not shown).

We found that cholesterol accumulation not only occurred
in striatal neurons in vitro but also in the brains of HD72
mice in vivo and directly correlated with the age of the
animals. We stained brain slices from 40-week-old animals
with filipin (Fig. 4C, right) (44) and measured the level of
cholesterol using fluorescence microscopy. Similar to the
results in primary neurons, quantification of the filipin signal
revealed an ~4-fold increase in cholesterol in HD72 mouse
brains relative to controls (data not shown). As a second
approach, we extracted the lipids from striata of control and
HD72 mice (17, 24, 37 or 60 weeks of age) and quantified
cholesterol levels by thin layer chromatography (45). In agree-
ment with the filipin staining, a similar increase in intracellular
cholesterol was measured in 60-week-old HD72 animals rela-
tive to 17-week-old animals (Fig. 4D). The age-related choles-
terol accumulation occurred concomitantly with development
of a clasping phenotype, an indicator of disease progression
(Fig. 4C, left).

seen in untreated control samples. Values are the mean + SD of at least 30
cells in three independent experiments.
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Figure 3. Cavl is expressed in the striatum of control and HD72 mice. (A) Expression of cavl in primary striatal neurons and glia from control (FVB/N) and
HD72 mice detected with a polyclonal cavl antibody. Cells were collected 7 days after plating. Neuronal cultures were obtained with 98% purity. Extracts from
hippocampal neurons (Hip) and endothelial cells (En), both known to express cavl, were used as a control. Membranes were probed with GAPDH antibody for
loading control. (B) Cavl expression is maintained throughout animal development. Striatal tissue was extracted from age- and gender-matched control (FVB/N)
and HD72 mice at embryonic day 17 (E17), postnatal days 3 (P3) and 8 (P8) and at 18 weeks of age (18 weeks). Tissue extracts were subjected to western
analysis with cavl polyclonal antibody. GAPDH staining was used as a loading control. En indicates endothelial cell lysate, a positive control for cavl. (C)
Fluorescence and phase images of striatal (E17) neurons from FVB/N (control), HD72 and cavl knockout mice (CavKO) at 7 days in culture labeled with a
cavl monoclonal antibody. The monoclonal antibody specifically recognizes cavl on the plasma membrane. However, expression was also detected throughout
the cell using a panel of three different cavl polyclonal antibodies (Fig. 6). No cavl was detected in CavKO neurons using any of the antibodies. Images were

acquired using LSM 510 confocal microscope. Scale bar, 10 wm.

Accumulation of intracellular cholesterol depends
on expression of mhtt

We next asked whether the effects observed in mhtt-expressing
neurons and HD72 animals were direct consequences of mhtt
expression. We developed PC-12 cell lines in which expression
of endogenous levels of human full-length htt (26Q) or mhtt
(82Q) could be induced upon addition of doxycycline (Dox),
and low to undetectable levels of 26Q or 82Q were detected
in the absence of Dox. To more closely mimic neurons, PC-12
cells were cultured in the presence of nerve growth factor
(NGF) for 14 days (before Dox induction) until cells were
fully differentiated and long processes were evident (Fig. 5A).

We found that the level of cholesterol accumulation corre-
lated directly with mhtt expression. Both differentiated and non-
differentiated cells expressing 82Q but not 26Q caused a
striking increase in intracellular cholesterol indicating that
cholesterol accumulation was a direct and specific consequence
of mhtt expression (Fig. SA—D). The rise in cholesterol
occurred concomitantly with the rise in mhtt protein expression
and was never observed when 26Q was expressed (Fig. SA—D)
or in the absence of induction. To follow reversibility of choles-
terol accumulation in differentiated PC-12 cells, we induced
mhtt expression for 2 days, removed Dox to stop protein
expression and cells were assayed for protein levels (Fig. 5B
and C) or fixed and stained with filipin at selected time points
for up to 3 weeks (Fig. 5SD). Full-length mhtt could be detected
almost immediately after induction, but protein expression did

approach maximum after 6—7 days (Fig. 5B and C). Cholesterol
began to accumulate as mhtt expression approached its
maximum, but the decline in mhtt expression was slow in the
differentiated neuron-like cells, and preceded that of cholesterol
by at least a week. Thus, mhtt expression appeared to induce a
somewhat sustained cholesterol response (Fig. SD).

We also found that induction of mhtt recapitulated the inhi-
bition of LacCer uptake that we observed in primary neurons.
PC-12 cells expressing 26Q and 82Q were tested at 13 days
after Dox removal for the efficiency of internalization of
fluorescent LacCer and Tfn. Indeed, confocal imaging revealed
that Tfn was successfully internalized in all cells similar to
primary neurons in both 26Q and 82Q (Fig. 5SE and F). In contrast,
internalization of LacCer was inhibited in cells expressing 82Q
(Fig. 5E and F) and occurred concomitantly with the accumu-
lation of cholesterol. Thus, induction of mhtt expression recapi-
tulated both the inhibition of LacCer uptake and the cholesterol
accumulation that we observed in primary neurons.

Mhtt interacts with cavl

We next considered potential mechanisms by which mhtt might
alter caveolar-related endocytosis and cholesterol homeostasis.
We discovered by three independent measures that mhtt inter-
acted with cavl. First, confocal imaging revealed that mhtt
co-localized with cavl in striatal neurons (Fig. 6A). Using a
panel of antibodies, we observed that cavl was not only
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Figure 4. Cholesterol accumulates in striatal neurons and tissue in vitro and in vivo. (A) Fluorescence images of filipin staining in primary striatal neurons from
control (FVB/N) and HD72 mice. Control and HD72 neurons were plated side by side, cultured in cholesterol-free medium, fixed at the days indicated and
stained with filipin. Images were taken on an Olympus fluorescence microscope using 100x oil objective. Scale bar, 10 wm. (B) Quantification of filipin staining
in striatal neurons from control (FVB/N) and HD72 mice at the indicated days in vitro. Values represent relative fluorescence units and are the mean + SD of at
least 30 cells in each of six independent experiments. *P < 0.001. Black bars, control mice; gray bars, HD72. (C) Cholesterol accumulation in brain tissue of
HD72 mice increases with age and correlates with progression of neurological abnormalities. (Right) Brain slices (30 wm) from control (FVB/N) and HD72 mice
40 weeks old stained with filipin. Box indicates the portion of striatum taken for quantitative analysis. HD72 mice display clasping phenotype (bottom left)
absent in control mice (top left) that coincides with progressive accumulation of cholesterol in brain tissue [bottom right and (D)]. (D) Expression of mhtt
causes accumulation of cholesterol in the striatum of HD72 mice in vivo. Striatal tissue was collected from control (FVB/N) and HD72 age-matched mice,
cholesterol was extracted and measured using thin-layer chromatography (see Materials and Methods). Black bars, control mice; gray bars, HD72.

present along the plasma membrane (Fig. 3C, monoclonal anti-
body) but was also present throughout the cytoplasm (Fig. 6A,
polyclonal cavl antibody). When the same neuronal cultures
were stained with antibodies specific for htt (2166 Ab), we
found that cavl co-localized with htt or mhtt both on the
plasma membrane and in the cytoplasm (Fig. 6A). The level
of co-localization was similar in HD72 and control neurons.
Second, to test whether co-localization was due to an inter-
action of cavl with htt or mhtt, we performed parallel immu-
noprecipitation experiments. We found that antibodies to cavl
precipitated both htt and mhtt in mouse brain extracts (Fig. 6B,
lanes 4 and 6). It is well documented that mhtt in cell extracts
has slower migration on polyacrylamide gel relative to the
wild-type htt (46,47), and the band can be less discreet due
to multiple conformations of the polyglutamine tract. There-
fore, mhtt and htt are readily resolved on SDS—PAGE gels.
In control samples, the cavl antibody immunoprecipitated
only a single band corresponding to htt (Fig. 6B, lanes 2 and
4). In mhtt-containing samples, however, we observed a
doublet indicating that cavl interacted with both mhtt and
htt (Fig. 6B, lane 6, mhtt indicated by a star). The reactions
were specific for the primary antibody. Beads alone
(Fig. 6B, lanes 1, 3 and 5) did not precipitate htt or mhtt nor
were they immunoprecipitated in reactions using an unrelated
hemagglutinin (HA) antibody (Fig. 6B, lane 7).

As a third measure, we tested whether mhtt and htt interacted
with purified cavl. We expressed a full-length cav1—glutathione
S-transferase (GST) fusion protein and immobilized it on
glutathione-agarose. Beads containing either GST or GST-
cavl were incubated with extracts from striatal tissue from
control and HD72 mice or from extracts prepared from pure cul-
tures of striatal neurons. We evaluated the interacting proteins in
a ‘pull-down assay’ (48). In agreement with immunoprecipitation
studies, both htt and mhtt were pulled down with purified GST -
cavl (Fig. 6C). Consistent with the immunoprecipitation exper-
iments, a single band was observed in tissue or neurons from
control animals (Fig. 6C, lanes 3 and 4), whereas doublets corre-
sponding to the htt and mhtt were detected in HD72 samples
(Fig. 6C, lanes 5 and 6). These data demonstrated that purified
cavl interacted either directly with both htt and mhtt or indirectly
with a complex containing these proteins.

Knockdown of cavl expression in neurons from HD72
animals blocked cholesterol accumulation

To test whether an interaction of mhtt and cavl was necessary
for the cholesterol trafficking defect, we knocked down cavl
expression in neurons from HD72 animals by transfecting
small interfering RNA (siRNA) for cavl (siCavl). Transfec-
tion and internalization of the siRNA was highly efficient as
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Figure 5. Inhibition of LacCer internalization and cholesterol accumulation in
cells are a direct effect of mhtt expression. Analysis of mhtt expression and
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western blotting with the human specific htt antibody 2168 at the indicated
times. (D) Cholesterol accumulation in differentiated parental PC-12 cells
and cells expressing 26Q or 82Q in the presence (+Dox) and absence
(—Dox) of Dox. Only cells expressing 82Q demonstrated increased choles-
terol levels with time in culture. *P < 0.001. White bar, parental PC-12
cells; black bar, 26Q; gray bar, 82Q. (E) Expression of 82Q inhibited the
uptake of BODIPY-LacCer relative to 26Q but did not affect internalization
of Alexa Fluor 594-Tfn. Images represent internal optical sections (0.5 pm)
through a representative PC-12 cell at day 21 in culture. Internalization of
BODIPY-LacCer was reduced in 82Q cells compared with 26Q or parental
PC-12 cells (data not shown). Specifically, BODIPY-LacCer showed punctate
staining throughout the cell in 26Q, but only surface labeling in 82Q cells. Tfn
is detected as punctate staining throughout the cell in either cell line. Confocal
images were obtained using LSM 510 microscope (Carl Zeiss, Germany);
100x oil DIC lens (1.4 n.a.), confocal slices were 0.5 wm. Laser excitation/
emission was set to 543/560 nm (for Alexa Fluor 594-Tfn) and 488/550 nm
(for BODIPY-LacCer). Scale bar, 10 wm. (F) Quantification of Alexa Fluor
594-Ttn and BODIPY-LacCer uptake in parental PC-12 cells and cells expres-
sing 26Q and 82Q. *P < 0.001. Black bar, parental PC-12 cells; striped bar,
26Q); gray bar, 82Q.

judged by the localization and intensity of the co-transfected
siRNA-Glo marker (Dharmacon, Inc., Chicago, IL, USA)
(Fig. 7A). Under these conditions, we found that cavl
expression was redcued by roughly 75% relative to untreated
HD72 neurons after 10 DIC (Fig. 7D, Cavl N20), whereas
mhtt expression was not significantly altered (Fig. 7D, htt).
Remarkably, we observed that neurons transfected by siCavl
failed to accumulate cholesterol relative to their untreated
HD72 counterparts (Fig. 7B, C and E) or to wild-type FVB
control neurons (data not shown). Moreover, rescue of the
cholesterol trafficking defect by incubation with siCavl was
accompanied by restoration of LacCer endocytosis (Fig. 7F
and H). Treatment with siCavl did not alter Tfn endocytosis,
which was normal in HD72 neurons (Fig. 7G). Thus, loss or
reduction of cavl reversed the defects in caveolar-related
functions of endocytosis and intracellular cholesterol traffick-
ing, despite the fact that the mhtt expression was maintained at
equivalent levels.

DISCUSSION

Although, htt and mhtt interact with a number of clathrin coat pro-
teins, we show here that mhtt does not inhibit clathrin-dependent
endocytosis. Rather, our data indicate that inhibition occurs
through a non-clathrin, caveolar-related pathway. This con-
clusion is supported by three key findings. In primary neurons,
we find that mhtt inhibits internalization of LacCer, a marker
for caveolar endocytosis, and impairs intracellular trafficking of
cholesterol, a known caveolar-related function. The latter two
effects occur in the brain tissues of whole animals as well as in
dispersed cultured primary neurons from those animals. Inhi-
bition of LacCer internalization and cholesterol accumulation
appear to depend on the presence of both mhtt and cav1; choles-
terol accumulation does not occur in cav1 expressing cells in the
absence of mhtt, induction of mhtt in cavl expressing cells casues
both defects, and loss of cavl in mhtt expressing cells restores
normal function. In all of these cases, we observed little to no
effect on internalization of classic clathrin-mediated cargo such
as Tfn and EGF. Although the latter observation was unexpected,
the results suggest plausible models.

First, an inhibitory role of mhtt on caveolar-related trafficking
does not exclude a role of htt in clathrin-mediated endocytosis.
In agreement with this notion, we find that loss of htt in striatal
neurons inhibits Tfn uptake (Trushina et al., unpublished data).
Second, the effects of mhtt on clathrin-mediated trafficking may
occur, but not at the plasma membrane. HIP1 is a clathrin-coat
protein also known to modulate endocytosis of GABA receptors
and regulate inhibitory transmission (27). However, loss of
HIP1 (and presumably loss of the htt/HIPI interaction) does
not influence Tfn entry into the cell (26). These data raise the
possibility that the effects of mhtt on clathrin-mediated vesicu-
lar transport may be site-specific. Most htt interacting partners
have been identified in yeast two-hybrid screens, which
provide little information on when and where mhtt interactions
might occur. However, even early work suggested that htt might
operate at multiple intermediate steps in vesicle maturation
(49,50). Overexpression of truncated HIP1 causes formation
of large perinuclear vesicle-like structures containing HIPI,
htt, clathrin and internalized transferrin (50). Thus, htt might
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Figure 6. Cavl interacts with both wild-type and mutant htt in striatal neurons
and striatal tissue. (A) Htt and mhtt colocalize with cavl in primary striatal
neurons in cell body and neurites. Co-localization in control neurons is
shown. Confocal images were taken using LSM 510 microscope with 63 x
(1.4 n.a.) DIC oil objective, focal plane was set to ~0.5 wm. Scale bar,
10 wm. Htt is green (monoclonal 2166), cavl is red (polyclonal Ab). No differ-
ences were found in co-localization in HD72 neurons. (B) Cavl antibody
immunoprecipitated htt (lanes 4 and 6) and mhtt (lane 6, star) from brain
extracts of control and HD72 mice. As a control, the 2170 htt antibody immu-
noprecipitated htt from control mouse brain (lane 2). Immunoprecipitates were
detected by western blotting with htt 2166 Ab. (—) Protein-G beads without
antibody (lanes 1, 3, 5), (+) protein-G beads crosslinked to htt Ab (lane 2)
or cavl Ab (lanes 4 and 6). HA is a control-unrelated antibody. (C) Both wild-
type and mhtt interact with GST-fusion protein containing the full-length cavl
molecule. No interaction in the extracts from striatal tissue of HD72 mice was
observed with GST alone (lane 1). Lane 2 represents positive control from
striatal tissue of HD72 mice; double band corresponds to mhtt (upper band)
and wild-type htt (lower band) as detected with htt 2166 antibody. GST—
cavl pull-down from both tissue lysates (lanes 3 and 5) and cell lysates
(lanes 4 and 6) from control (FVB/N) and HD72 mice suggest that htt and
mhtt interact with cavl. Equivalent amounts of GST and GST—cav1 were uti-
lized as the substrate for binding.

regulate early to late endosome fusion events. Moreover, HIP1
organizes clathrin-coat proteins and stimulates their assembly
through its conserved C-terminal domain, known as the
I/LWEQ module (23-25). The /LWEQ module of HIP1
promotes both its dimerization with HIP1R and its association
with the plasma membrane via HIP1R binding to F-actin (51).
Recently, it has been reported that HEAT domains directly
bind membranes through electrostatic interactions with acidic
phospholipids such as phosphatidylinositol 4,5-bisphosphate
(52). As an interacting partner of HIP1R, htt might also act at
the interface between actin filaments and the lipids of the
plasma membrane. Thus, htt or mhtt interactions with clathrin
and other trafficking machinery appear to be dynamic and
multi-faceted, and the effects of mhtt at the initial events of
endocytosis may be, at least, partially separable from down-
stream events.

Cholesterol is essential for promoting synapse formation
and maintaining membrane integrity in CNS neurons
(53,54). Moreover, defects in caveolae and/or perturbation of
cholesterol homeostasis have been increasingly implicated in

Human Molecular Genetics, 2006, Vol. 15, No. 24 3585

toxic mechanisms for Alzheimer’s disease (AD), Parkinson’s
disease, Niemann—Pick Type C and other lipid storage dis-
eases (55-60). Our discovery that mhtt inhibits caveolar-
related endocytosis and causes accumulation of cholesterol
potentially links HD and other neurodegenerative diseases.
In rodent brain, depletion or accumulation of cholesterol can
cause neurodegeneration with AD-like symptoms (55). In
prion disease, glycosylphosphatidylinositol anchoring of
prion protein (PrP) in the endoplasmic reticulum directs the
PrP to the Golgi into cholesterol-rich caveolae-like domains.
In caveolae, degradation of PrP slows and appears to be
cholesterol sensitive (61). On the basis of these data, Prusiner
and coworkers have raised the possibility that caveolaec may be
the sites of PrP misfolding facilitating its conversion to the
aggregated, pathogenic form (61).

Our in vitro and in vivo data demonstrate that inhibition of
caveolar-related endocytosis and consequent cholesterol
accumulation arises directly from mhtt expression. In other
reports, microarray data indicate that transcription of choles-
terol biosynthetic enzymes is diminished in human postmortem
HD brain (62) and that cholesterol is low in the brains of R6/2
mice (63). Thus, both sets of data agree that cholesterol homeo-
stasis is perturbed by mhtt expression. Unlike HD72 animals,
however, toxicity in R6/2 mice is acute and these animals die
by 12 weeks. Thus, accumulation of cholesterol may occur
early when symptoms are minimal, as in HD72 animals, but syn-
thesis is impaired at later stages in the disease progression as
animals or humans approach death. In any case, defects in
caveolar-related trafficking and cholesterol accumulation are
likely to be relevant to the pathophysiology of HD.

MATERIALS AND METHODS
Animals

All procedures involving animals were approved by the
Institutional Animal Care and Use Committee. The following
mouse models were used: control FVB/N (28) with seven
glutamines in mouse endogenous htt homolog, homozygous
transgenic with full-length human HD cDNA containing 72
(HD72) (29) CAG repeats (model was constructed using
FVB/N mouse strain), cavl null mice (CavKO) (41) and its
parental strain C57BL/6J (B16).

Antibodies and immunocytochemistry

Primary antibodies were: mouse monoclonal cavl (1:50, BD
Transduction Laboratories, KY, USA), rabbit polyclonal cavl
H-97 (1:200) and N-20 (1:200, Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA), rabbit polyclonal cavl (1:100,
BD Transduction Laboratories), rabbit polyclonal a-synapsin
(1:500, gift from Dr P. McPherson), rabbit anti-GABA
('y-aminobutyric acid) (1:12 000, Sigma, St Louis, MO, USA),
mouse anti-BIII tubulin (Promega, Madison, WI, USA),
mouse anti-GFAP Cy3 conjugated (1:400, Sigma). Secondary
antibodies were: goat anti-mouse Cy 5 (1:1500, Amersham),
goat anti-mouse TMR (1:400), goat anti-rabbit Cy5 (1:1500)
and goat anti-rabbit TMR (1:50, Molecular Probes, Eugene,
OR, USA). For blocking experiments, cavl monoclonal or
polyclonal antibodies were preincubated with specific blocking
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peptides overnight according to manufacture’s protocol.
Co-localization of htt and cavl was examined using mouse
anti-htt monoclonal antibody 2166 (1:300, Chemicon, CA,
USA) and rabbit polyclonal cavl H-97 (1:200). Immunostain-
ing was performed as described previously (13,30).

Preparation of neuronal cell cultures

Preparation and culturing of primary striatal neurons were
performed as described previously (13 in Supplementary
Material). Briefly, mice were anesthetized with ether on gesta-
tional day 17 and fetuses were rapidly removed. Fetal brains
were extracted and placed in sterile HEPES-buffered saline
(HBS) (pH 7.3). The ventral part of the medial ganglionic emi-
nence (the developmental precursor to the striatum) was dis-
sected under a microscope. Tissue was placed in 1 mg/1 ml
papain (Warthington, NJ, USA) in HBS for 20 min at 37°C.
After two washes in HBS, the dissociated tissue was triturated
in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% Ham’s F12 with glutamine (Gibco/BRL, Grand Island,
NY, USA), 10% heat inactivated fetal calf serum (Hyclone
Laboratories Logan, UT, USA) and 1x pen/strep antibiotic
mixture. Cells were counted, diluted to 3 x 10° cells/ml, and
2 ml of this stock was placed in each well of a six-well dish
containing glass cover slips coated with poly-L-ornithine
(1 mg/2 ml sterile borate buffer, pH 8.4). Plated cells were
maintained in an incubator with 5% CO, at 37°C. After 72 h
in culture, medium containing serum was replaced with a
serum-free neurobasal (NB)-based medium (without gluta-
mine, Gibco/BRL, Grand Island) containing 1x pen/strep
antibiotic mixture and 1x B27 supplement (Gibco/BRL,
Grand Island) (64). Quantification of neurons and glia using
specific antibody staining (GFAP for astrocytes and neuron-
specific BIII-tubulin) demonstrates that neurons represent
95% of cells present on the cover slip. In cases where exper-
iments required especially pure neuronal cultures, cells were

Figure 7. siRNA knockdown of cavl blocks cholesterol accumulation and
restores LacCer endocytosis in striatal neurons from HD72 animals.
(A) High efficiency of siRNA transfection in primary neurons. (Top) Trans-
mission image of primary neurons transfected with siGLO. Red indicates
the cytoplasmic localization of fluorescently (Cy3) labeled siGLO RISC-free
non-targeting siRNA. Nearly all neurons are transfected using DharmaFECT
3 transfection reagent; (middle) fluorescence image siGLO-positive neurons
(from image at the top). (Bottom) Representative confocal images of
neurons transfected with siGLO. Optical sectioning demonstrates that siGLO
resides inside cells in the cytoplasm. Scale bar, 10 wm. (B) Filipin (blue) stain-
ing in neurons cultured for the indicated number of days (d). Culturing neurons
for 10 days in the presence of siCavl blocks cholesterol accumulation. Scale
bar, 5 pwm. (C) Magnified image of 10d + siCav1 neuron from B co-localizing
siGLO and Filipin. Cells taking up siCavl do not accumulate cholesterol. Flu-
orescence (top) and transmission (middle) images of transfected cells (marked
by siGLO, red); transfected neuron have reduced cholesterol (bottom). Scale
bar, 5 pm. (D) Western blot of proteins from untreated and siCavl-treated
HD72 neurons probed with specific antibodies for cavl (N-20), a-tubulin or
huntingtin, as indicated. Cavl is knocked down roughly 75% of untreated
cells. (E) Quantification of data from (B). (F) Internalization of BODIPY-
LacCer (green) in primary neurons 10 DIC. FVB controls (top), HD72
(middle) and HD72 neurons treated with siCavl. Red is siGLO. (G) Endocy-
tosis of Tfn is unaffected by siCavl treatment in HD72 neurons; (left) trans-
mission image; (right) fluorescence image of Alexa Fluor 594-labeled Ttn.
(H) Quantification of LacCer uptake data from (F). Analysis represents com-
bined data from three independent experiments where at least 10 cells were
imaged. *P < 0.001.
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treated with cytosine B-D-arabinofuranoside (Ara-C, Sigma) to
a final concentration of 2 wMm after 3 and 5 DIC to suppress
proliferation of the glia cells. Such conditions allowed obtain-
ing fully developed pure striatal neurons exhibiting synaptic
activity as judged by staining with synapsin antibody (9)
and EM examination of synaptic contacts. All experiments
were performed in neurons 6-—7 DIC unless specifically
stated. The purity of the neuronal preparations was established
using a panel of specific antibodies. Neurofilamnet and GFAP
intensity was used to establish that ~90% of cultures were
medium spiny GABAergic projection neurons (30) with
~50% being enkephalin positive (31). Expression of cavl by
western blot was detected using rabbit polyclonal N20 cavl
antibody (1:3000, Santa Cruz). Monoclonal mouse GAPDH
antibody was used for loading control (1:6000; Chemicon).

Inhibitors and fluorescent markers of endocytosis

Cs-BODIPY-fatty acid labeled analog of LacCer was
synthesized and purified as described previously (65). Alexa
Fluor 594-labeled albumin, Tfn and EGF were from Molecular
Probes. Striatal neurons plated on poly-L-ornithine-coated
glass cover slips were washed with HEPES-buffered MEM
(10mm HMEM) at room temperature and then incubated
with BODIPY-LacCer for 10 min at 37°C in the incubator
with 5% CO, to induce endocytosis. After incubation, the
medium was replaced with ice-cold HMEM without glucose,
and the culture dishes were transferred to a 10°C bath. Fluor-
escent lipid present at the cell surface was removed by incu-
bating the cells (six times, 10 min each) with 5% fatty acid
free BSA in HMEM without glucose at 10°C. For other exper-
iments, cells were incubated with 7.5 pg/ml Alexa Fluor
594-labeled albumin, Tfn and EGF for 10 min at 37°C.
Excess of fluorescent markers at the cell surface was
removed by acid stripping (33). Primary neurons were
treated with various inhibitors to differentiate clathrin-
dependent from clathrin-independent endocytosis as described
(66). For inhibition of clathrin-dependent endocytosis,
samples were pretreated with 8 pg/ml CPZ; for disruption of
caveolar endocytosis, cells were pretreated with 25 g/ml nys-
tatin. Cells were also preincubated in HMEM containing PP2
(10 nm) or Genistein (50 pMm) for 1 h at 37°C. Inhibitors were
present in all subsequent steps of experiments. The specificity
of each inhibitor treatment was evaluated by monitoring the
internalization of fluorescent LacCer and Tfn as endocytic
markers. Cell viability was >90% for each inhibitor treatment
as judged by Trypan blue staining.

Fluorescence and confocal microscopy

Fluorescence microscopy using an Olympus [X70 fluorescence
microscope and quantitative image analysis were performed
using 100x oil DIC objective as described (33). Cells were
imaged using confocal laser scanning microscope LSM 510
(Carl Zeiss) with 100x or 63x oil DIC objective (1.4 n.a.)
with optical section set to ~0.5 wm as described (13).

Human Molecular Genetics, 2006, Vol. 15, No. 24 3587

Immunoprecipitation

Htt monoclonal antibody 2170 (Chemicon, Inc.), cavl
antibody (N20, Santa Cruz Biotechnology, Inc.) and HA tag
antibody (Y-11, Santa Cruz Biotechnology, Inc.) were used.
Antibodies were absorbed to Protein A/G Agarose Plus
(Santa Cruz Biotechnology, Inc.) for 1 h at room temperature.
Agarose beads were washed three times with 1 ml of 0.1 M
sodium phosphate buffer, pH 7.0 and twice with 1 ml of
0.2 M triethanolamine, pH 8.2. Antibodies were crosslinked
to the agarose by addition of freshly prepared 20 mm
dimethylpimelimidate x 2HCI in 0.2 M triethanolamine, pH
8.2. After incubation for 30 min at room temperature, beads
were collected and washed with 1 ml of 50 mm Tris, pH 7.5
for 15 min, then washed three times with PBS-T [PBS contain-
ing 0.1% polyoxyethylenesorbitan monolaurate (Tween-20)].
Conjugates were stored in PBS-T at 4°C. For IP, freshly iso-
lated mouse forebrain was placed in 10 ml/gm of lysis
buffer (10 mm Tris, pH 7.5, 150 mm NaCl, 1 mm EDTA,
I mm EGTA, 1% Triton X-100, 0.5% NP-40, 0.2 mm
sodium orthovanadate, 2 wg/ml aprotinin, 2 pg/ml leupeptin,
1 pg/ml pepstatin, 1 mm PMSF). Tissue was homogenized
with 5—10 s pulses from a sonicator (Sonifier, Branson), incu-
bated on ice for 20 min, then clarified at 12 000g for 20 min at
4°C. Supernatant was adjusted to 10% glycerol and stored
at —20°C. Protein was quantified with the Advanced Protein
Reagent (Cytoskeleton, Inc.). Two-hundred and forty micro-
grams of extract was brought to 1 ml with lysis buffer and
15 ul of 2166 or 10wl of cavl agarose conjugate was
added. To control for non-specific absorption to the agarose,
mock conjugated A/G Plus Agarose was added to the lysate.
Reactions were incubated for 19—22 h with rocking at 4°C.
Agarose was collected by microcentrifugation at 8160 g for
30 s. Supernatants were removed and agarose was washed
three times with TNT buffer (10 mm Tris, pH 8.0; 140 mMm
NaCl; 0.1% Triton X-100), once with TN buffer (10 mm
Tris, pH 8.0; 140 mm NaCl) and once with 50 mm Tris, pH
6.8. Agarose was resuspended in 40 pl of SDS sample
buffer (58.3mmMm Tris pH 6.8; 1.67% SDS; 5% glycerol;
2.5% 2-mercaptoethanol; 0.002% Bromophenol blue) and
heated at 55°C for 10 min. The agarose along with the
lysate was loaded onto SDS—PAGE gels for immunoblotting.
Htt was detected with monoclonal antibody 2166 and cavl
was detected with polyclonal antibody N-20.

Interaction of wild-type or mutant htt with
GST-cavl fusion proteins

GST-cavl fusion proteins were constructed and purified by
affinity chromatography using glutathione-agarose as described
(48). A total of 50 g of GST or GST fusion proteins purified
from Escherichia coli strain BL21 (DE3) LysS were bound to
20 .l of glutathione—Sepharose beads (Amersham Pharmacia
Biotech) and incubated with 300 pl (~1 mg) of protein prepared
from a lysis buffer containing 50 mm Tris (pH 7.5), 1% NP-40,
0.1% SDS, 0.1% sodium deoxycholate, 0.1 mm EGTA and
0.1 mm EDTA (with protease inhibitors), at 4°C for 2 h or over-
night. Extracts from striatal tissue or pure striatal neurons (E17)
from control (FVB/N) or transgenic HD72 mice have been used.
To ensure complete separation of neurons from glia cells,
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neurons after dissociation were preplated on the plastic 100 mm
tissue culture dish for 3—5 h at 37°C and 5% CO,. Such pro-
cedure allows glial cells to attach to the dish, whereas neurons
will remain in suspension (neurons do not attach to the plastic
unless a specific coating substrate such as poly-ornithine is
used). Neurons were collected, spun down and frozen.

Unbound proteins were removed by five washes with a
buffer containing 50 mm Tris (pH 7.7), 200 mm NaCl and
0.1 mm EDTA (with protease inhibitors). The specific bound
proteins were released by resuspending beads in 30—50 pl
of 2x SDS loading buffer and subjected to SDS—PAGE
(4-20% polyacrylamide gel) and western blot analysis with
mouse anti-htt 2166 (1:3000, Chemicon), rabbit anti-cavl
(1:1000, BD Transduction Laboratories) and anti-GST
(1:2000, BD Pharmingen) specific antibodies. Horseradish
peroxidase-conjugated anti-mouse (1:24 000) or anti-rabbit
(1:2000, Chemicon) secondary antibodies were used to visual-
ize bound proteins.

siRNA experiments

All reagents were from Dharmacon, Inc. Primary mouse
striatal neurons were first evaluated for transfection efficiency
using siGLO RISC-free non-targeting siRNA with fluorescent
label (Cy3) and DharmaFECT 3 transfection reagent. Briefly,
neurons from control and HD72 mice were plated on cover
slips as described previously and cultured for 2 days in serum-
containing medium. On day 3, the medium was substituted
with NB-based serum-free, antibiotic-free medium. Twenty
micromolar siGLO RNA in 1x siRNA buffer was used as a
stock solution to prepare the final 100 nm siRNA solution in
antibiotic-free, serum-free medium. To transfect three
35 mm dishes, we used the following protocol. In Tube 1,
17.5 w1 of 20 pM siRNA was added to 612.5 pl of serum-free
medium. In Tube 2, 14 pl of DharmaFECT 3 was added to
56 wl of serum-free medium. Contents of Tubes 1 and 2
were gently mixed and incubated at room temperature for
5 min. After that, Tubes 1 and 2 were mixed together, incu-
bated 20 min at room temperature, 2.8 ml of fresh medium
was added to bring the total volume to 3.5 ml. An aliquot of
1.0 ml of the transfection mixture was added to the neurons,
and cells were observed under fluorescent microscope every
other day up to 14 days. Cells were fed with fresh antibiotic-
and serum-free medium every third day after transfection by
adding 1 ml of medium to the dish. The identical protocol
was used to introduce mouse cavl ON-TARGETplus
SMARTpool siRNA into neurons. Part of the experiments
was performed with cavl siRNA alone, part using siGLO
siRNA as a co-transfection reagent with cavl siRNA to ident-
ify transfected neurons in experiments using filipin staining.
Additional neurons were transfected with cavl siRNA to
evaluate the suppression of cavl expression by western blot.
All experiments were performed in triplicates and repeated
with two different platings.

Filipin staining in neurons and mouse brain sections

Striatal neurons from control and HD72 mice were plated on
poly-ornithine-covered glass cover slips in six-well culture
dishes in the serum containing medium and cultured for

3 days. Medium was switched to NB (cholesterol-free)
medium, and cells were cultured for additional 12 days.
Every third day after switch, 1 ml of medium in the cell
culture dish was replaced with 1 ml of fresh NB medium.
Cells were fixed with 4% paraformaldehyde (PFA) on days
3, 6, 9 and 12 after switch. Cover slips were washed three
times with PBS, incubated 30 min with glycine (75 mg in
100 ml of PBS) and filipin solution (100 pg/ml, Polysciences,
Inc., Warrington, PA, USA) was applied for 30 min at room
temperature. Cells were washed in PBS and immediately
observed under the fluorescence microscope using 100x
magnification.

To evaluate the cholesterol levels in the brain, three control
and three HD72 2-, 6- and 12-month-old female mice were
deeply anesthetized with injection of 10 ul of 8 mg/ml
Ketamine/l1 mg/ml Xylazine per gram of the body weight.
Brains were removed after mice were cardioperfused with
freshly prepared 4% PFA. Sections were cut through
caudate/putamen in frontal plane at 30 pm thick with an
Oxford Vibratome. Sections were stained with filipin as
described earlier. Filipin was detected using UV illumination
(360—370 nm excitation, 420—460 nm emission) with an
Olympus AX70 microscope under 10x magnification. To
eliminate photobleaching while focussing and selecting cells
or brain area for imaging, 90% neutrodensity filter with shat-
tering system was used. For every mouse, cholesterol levels
were acquired form six consecutive brain slices (12 hemi-
spheres). Experiments in cells were repeated at least three
times, 15—-20 cells were examined for every time point.
Statistical significance was determined using Student’s 7-test.

Cholesterol extraction from the brain tissue

Brain tissue from normal and HD72 mice was homogenized in
1 ml of PBS. About 100 w1 of this suspension was used for
protein estimation and remaining 900 wl was used for quantifi-
cation of cholesterol. Cholesterol was extracted as described
(45), and the lower organic phase containing lipids was
collected and dried under N,. The extracted lipids were then
separated by TLC using CHCI3/C,H5s0C,Hs/CH;COOH,
65:15:1 (v/v/v) as the developing solvent for cholesterol. TLC
plates were dried and then stained overnight with iodine.
Cholesterol was quantified by densitometry and comparison
with cholesterol standards run on the same TLC plate. Choles-
terol content was normalized with protein and expressed as
pg/mg of tissue.

Inducible PC-12 cell lines

PC-12 cells were stably transformed with ‘reverse’
Tet-regulated transcriptional activator (rtTA) construct that
activates transcription of Tet-regulated genes in the presence
of doxycycline (dox). Full-length human huntingtin cDNAs
with 26 (control) and 82 (pathologic) glutamines were used
to generate stable Tet-On cell lines. The huntingtin cDNAs
were subcloned into the Notl site of the pTRE-HA vector
(BD Biosciences Clontech) after the vector was modified by
replacing the region between the Sfil and HindlIll restriction
sites with a linker oligo containing a BsiW1 restriction
sequence. Proper orientation, frame and CAG length was con-
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firmed by DNA sequencing. PC-12 cells stably transformed
with reverse 1tTA (BD Biosciences Clonetech) were
co-transfected with the pTRE-Htt plasmids (4.7 pg) and
pTK-Hyg (0.3 g) (BD Biosciences Clonetech) for selection
with hygromycin (100 pwg/ml). Individual colonies were
collected and analyzed for background expression and induci-
bility by doxycycline. Six wild-type and four mutant clonal
lines were kept. Cells were maintained at 10% CO,/37°C/
100% humidity in DMEM supplemented with 10% horse
serum, 5% fetal calf serum (Tet approved, Clontech),
100 pg/ml geneticin, 75 pwg/ml hygromycin, 10 U/ml penicil-
lin, 100 pg/ml streptomycin. For induction, PC-12 cells
were plated on poly-ornithine-covered glass cover slips in
DMEM with 5% fetal bovine serum and 10% horse serum.
Cells were differentiated for 14 days by daily addition of
NGF (100 ng/ml). Medium was changed to NB, and dox
was added for 2 days at final concentration 100 ng/ml. After
2 days, dox was removed, and cells were allowed to stay in
culture for 3 weeks. Cell at different time points after addition
of dox were collected, and whole cell extracts were subjected
to western blotting with htt 2168 monoclonal antibody that
specifically recognized human htt (1:5000, Chemicon).
Parental PC-12 cells and cells expressing 26Q and 82Q were
fixed at different time points after dox addition and stained
with filipin as described previously. Internalization of
Cs-BODIPY-LacCer and Alexa Fluor 594-labeled Tfn was
performed as described above for neurons with one exception.
Since PC-12 cells at late time intervals very easily disattached
from the cover slips upon washing or other manipulations, the
removal of fluorescent lipid present at the cell surface was
done by incubating the cells only three times 20 min each
with 5% fatty acid free BSA in HMEM without glucose at
10°. This could explain residual fluorescence at the plasma
membrane of the cells.

Statistical analysis

Data were analyzed using Student’s #-test. P << 0.0l was
considered statistically significant.
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