
A R T I C L E S

Huntington disease is an autosomal dominant neurodegenerative con-

dition caused by a (CAG)n expansion mutation (n > 35), which is

translated into an abnormally long polyglutamine tract at the N termi-

nus of huntingtin. There is no effective treatment for Huntington dis-

ease. Huntington disease and related diseases associated with

polyglutamine expansions (spinocerebellar ataxia types 1, 2, 3, 6, 7

and 17; spinobulbar muscular atrophy and dentatorubral-palli-

doluysian atrophy) are probably caused by gain-of-function mecha-

nisms. The mutant proteins causing these diseases accumulate in

intraneuronal aggregates (also called inclusions)1. Some propose that

aggregates are deleterious, but others argue that aggregates are protec-

tive, which accounts for the partial discordance between the presence

of aggregates in neuronal subtypes and the specific brain regions

affected in Huntington disease2–4. No protective mechanisms for

aggregates have been reported.

Polyglutamine-expanded proteins interact with various targets,

including several transcription factors or cofactors, leading to dysreg-

ulation of certain transcriptional pathways. Polyglutamine diseases

may be ‘transcriptionopathies’, but the transcriptional pathways

affected may differ in specific diseases5–7.

Mutant huntingtin is cleaved to form N-terminal fragments com-

prising the first 100–150 residues containing the polyglutamine

repeats, which are believed to be the toxic species found in aggregates1.

Accordingly, the pathogenesis of Huntington disease is frequently

modeled with exon 1 fragments, which cause toxicity and aggregate in

cell models and in vivo.

The turnover of mutant huntingtin fragments and other aggregate-

prone proteins is impaired by inhibitors of the autophagy-lysosome

pathway in cell lines8,9. To test whether induction of autophagy pro-

tected against the toxicity of mutant huntingtin, we previously treated

cells with rapamycin, a specific inhibitor of mTOR10. mTOR is a

kinase that regulates important cellular processes10 (Supplementary

Fig. 1 online), and its activity inhibits autophagy in cells from yeast to

human10. Treatment with rapamycin for 15 h, starting 9 h after trans-

fection with mutant huntingtin exon 1, reduced aggregate formation

and cell death, consistent with the induction of autophagy. But cells

had many more aggregates 33 h after transfection than 9 h after trans-

fection with the same constructs, and treatment with rapamycin for

15 h starting at 33 h after transfection did not decrease aggregation or

cell death. Thus, we concluded that the ability of rapamycin to inhibit

mTOR activity might be impaired after prolonged huntingtin expres-

sion or increased aggregate formation8. Therefore, early treatment

with rapamycin may attenuate Huntington disease in vivo, as

rapamycin (and its analogs) are lipophilic, show good blood-brain

barrier penetration11–14 and are designed for long-term use in

humans11.
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Inhibition of mTOR induces autophagy and reduces
toxicity of polyglutamine expansions in fly and mouse
models of Huntington disease
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Huntington disease is one of nine inherited neurodegenerative disorders caused by a polyglutamine tract expansion. Expanded
polyglutamine proteins accumulate abnormally in intracellular aggregates. Here we show that mammalian target of rapamycin
(mTOR) is sequestered in polyglutamine aggregates in cell models, transgenic mice and human brains. Sequestration of mTOR
impairs its kinase activity and induces autophagy, a key clearance pathway for mutant huntingtin fragments. This protects against
polyglutamine toxicity, as the specific mTOR inhibitor rapamycin attenuates huntingtin accumulation and cell death in cell models
of Huntington disease, and inhibition of autophagy has the converse effects. Furthermore, rapamycin protects against
neurodegeneration in a fly model of Huntington disease, and the rapamycin analog CCI-779 improved performance on four
different behavioral tasks and decreased aggregate formation in a mouse model of Huntington disease. Our data provide proof-of-
principle for the potential of inducing autophagy to treat Huntington disease.
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RESULTS
mTOR is sequestered into huntingtin aggregates
We speculated that the ability of rapamycin to inhibit mTOR activity

might become impaired after prolonged huntingtin expression if aggre-

gates sequester and inactivate mTOR. mTOR was diffusely distributed in

untransfected cells, in cells expressing wild-type protein (Gln23; Fig. 1a)

and in cells expressing mutant protein (Gln74) without aggregates but

colocalized with both cytoplasmic and nuclear aggregates in >98% of

mutant cells with aggregates (Fig. 1a and Supplementary Fig. 2 online).

This degree of mTOR colocalization is much greater than observed with

most other proteins previously analyzed15. We never observed mTOR

aggregation in the absence of huntingtin aggregates (data not shown).

Sequestration of mTOR was not an artefact of protein overexpression or

aggregation, as we found no colocalization of certain upstream mTOR

regulators or unrelated proteins (Akt, Pdk1, Pten) with mutant hunt-

ingtin aggregates (data not shown). mTOR was also sequestered in hunt-

ingtin aggregates in brains of transgenic mice expressing N-terminal

mutant huntingtin fragments16 (Fig. 1b) and of individuals with

Huntington disease (Fig. 1c), but not in brains of controls.

Western blots of whole-cell lysates showed that a substantial amount

of mTOR (normally a 289-kDa protein) was present in the form of an

abnormally slowly migrating, high-molecular-mass product in the

stacking gel (characteristic of aggregates) in mutant but not wild-type

cells (Fig. 1d,e). The presence of mutant huntingtin in the stacking gel

is frequently considered to be indicative of its insolubility17. We also

detected this high-molecular-mass product in the stacking gel using

antibodies to phosphorylated mTOR (Fig. 1e) and to green fluores-

cent protein (GFP) directed to the huntingtin transgene (Fig. 1e).

Substantial amounts of endogenous mTOR in the mutant lines were

sequestered into the insoluble fraction (Fig. 1d). We blotted lysates

from these cell lines with numerous antibodies (>20), including anti-

bodies to hsp70, hdj1, CBP and other proteins that colocalize with

aggregates, and never observed such as obvious accumulation of these

proteins in the stacking gels (data not shown). Therefore, this interac-

tion might be very tight.

We confirmed the interaction between mutant huntingtin and mTOR

by coimmunoprecipitation of mTOR with mutant huntingtin exon 1

from PC12 and COS-7 cells, mostly as high-molecular-mass aggregates

in the stack (Fig. 1f). The difference in the mobility of these high-mole-

cular-mass immunoprecipitates in PC12 and

COS-7 cells may reflect greater heterogeneity

in aggregates in the transiently transfected cells

versus the stable inducible cells. This is not a

generic feature of mutant huntingtin, as simi-

lar immunoprecipitations did not pull down
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Figure 1 mTOR is sequestered in mutant

huntingtin aggregates in cell models, transgenic

mice and human brain. (a) COS-7 cells

expressing EGFP-tagged wild-type (Gln23; Q23)

or mutant (Gln74; Q74) huntingtin exon 1 (green)

for 48 h stained for endogenous mTOR (red)

show mTOR in mutant aggregates. (b) Double-

labeling immunohistochemistry of huntingtin

(EM48; green) and mTOR (red) in brain tissue of

mice expressing mutant huntingtin16.

(c) Immunohistochemistry of brain tissue from

individuals with grade III Huntington disease or

unaffected controls using antibody to mTOR.

(d) Western blot of lysates from stable inducible

PC12 cells 48 h after expression of wild-type

(Gln23; Q23) or mutant (Gln74; Q74) huntingtin

showing mTOR in the stacking gel (mTOR

insoluble) in cells expressing mutant huntingtin.

(e) High-molecular-mass aggregates of mTOR in

both PC12 (i) and COS-7 (ii) cells expressing

mutant (Gln74; Q74) huntingtin. Blots of cell

lysates from PC12 cells were probed with

antibodies to phosphorylated mTOR (Ser2448;

p-mTOR; iii) and to GFP (iv); both showed

insoluble material in the stack. (f) Cell lysates

from stable inducible PC12 cells and transiently

transfected COS-7 cells expressing wild-type

(Gln23; Q23) or mutant (Gln74; Q74) huntingtin

for 48 h were immunoprecipitated using

antibody to GFP and immunoblotted with

antibody to mTOR. Uninduced PC12 cells with

mutant huntingtin (UI) and untransfected COS-7

cells (UT) were controls. (g) Brain lysates from

mice expressing mutant huntingtin (Tg)16 or

control (Cont) littermates were

immunoprecipitated with antibody to mTOR and

immunodetected with an antibody recognizing

the polyglutamine tract (IC2). Htt, huntingtin.
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proteins such as S6 kinase-1 (S6K1) and eIF-4E binding protein (4E-

BP1; data not shown). This interaction requires expanded polygluta-

mines, as wild-type huntingtin did not associate with mTOR. The

mutant huntingtin fragment from brain lysates of transgenic mice also

immunoprecipitated with antibody to mTOR (Fig. 1g).

Sequestration of mTOR to aggregates was associated with reduced

amounts of soluble mTOR (relative to tubulin) in stable inducible cell

lines expressing mutant versus wild-type huntingtin (Figs. 1d and 2a)

and in brain lysates of mice expressing mutant huntingtin16 (Fig. 2b)

versus control littermates. mTOR sequestration would impair nucleo-

cytoplasmic shuttling of mTOR, which is crucial for its activity18.

Polyglutamine expansion impairs mTOR kinase activity
mTOR phosphorylates 4E-BP1 and ribosomal protein S6K1 (ref. 19),

important regulators of cap-dependent and terminal oligopyrimidine

tract (TOP)-dependent translation, respectively. 4E-BP1 was diffusely

distributed in wild-type cells (Fig. 2c) but colocalized with aggregates in

∼30% of mutant cells with aggregates (Fig. 2c) and was seen in nuclear

inclusions of brains of individuals with Huntington disease (Fig. 2d).

4E-BP1 was not immunoprecipitated by

mutant huntingtin, and so these interactions

may be weak or transient. Unfortunately, we

could not test whether S6K1 was localized to

aggregates because the S6K1 antibody gave no

specific immunocytochemical staining above

background in wild-type cells, with either immunofluorescence or ABC

detection methods.

We first assessed mTOR activity under controlled conditions in

PC12 stable inducible cell lines, which experienced no enhanced cell

death or mitochondrial dysfunction for at least 3 d after induction of

expression of the mutated transgene (although increased toxicity was

apparent 6 d after induction20). 48 h after induction of expression of

the transgene, when we carried out the following experiments, there

was no evidence of endoplasmic reticulum stress in wild-type or

mutant lines, as judged by BiP levels on western blots (data not shown).

mTOR kinase activity can be inferred from levels of phosphorylation of

S6K1 and 4E-BP1 (ref. 10). We found reduced endogenous phosphory-

lated versus total S6K1 (Fig. 2e) and 4E-BP1 (Fig. 2f) in mutant cell lines

relative to wild-type cell lines. The ability of mTOR to phosphorylate

transiently transfected FLAG-tagged 4E-BP1 (ref. 21) was also impaired

in mutant cells relative to wild-type cells (Fig. 2g). The polyglutamine

expansion did not alter levels of phosphorylated Akt, suggesting that

there is no generic kinase inhibition (data not shown).
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Figure 2 Reduced levels of soluble mTOR and

impaired mTOR-dependent phosphorylation of its

substrates S6K1 and 4E-BP1 in Huntington

disease. (a) Reduced levels of soluble mTOR (as a

function of tubulin) in stable inducible PC12 cells

expressing mutant (Gln74; Q74) huntingtin

compared with those expressing wild-type (Gln23;

Q23) huntingtin (four independent experiments; P

< 0.0001; unpaired t-test). (b) Reduced levels of

soluble mTOR in brain lysates from mice

expressing mutant huntingtin16 (M1, M2; n = 9)

compared with age-matched wild-type littermates

(C1, C2; n = 9; P < 0.001, unpaired t-test).

(c) COS-7 cells transiently transfected with wild-

type (Gln23; Q23) or mutant (Gln74; Q74)

huntingtin (green) labeled for endogenous 4E-BP1

(red). (d) Immunohistochemistry of brain tissue

from individuals with grade III Huntington disease

showed 4E-BP1 in intranuclear inclusions. No 4E-

BP1-stained inclusions were seen in controls (data

not shown). (e) Western blot of cell lysates from

stable inducible PC12 cells transfected with wild-

type (Gln23; Q23) or mutant (Gln74; Q74)

huntingtin shows that cells expressing mutant

huntingtin had 31% (± 4.3% s.e.) less

phosphorylated S6K1 (top) relative to total S6K1

(bottom) than cells expressing wild-type

huntingtin. (f) Similarly, cells expressing mutant

(Gln74; Q74) huntingtin had 30% (± 4.5% s.d.)

less phosphorylated 4E-BP1 (top) relative to total

4E-BP1 (bottom) than cells expressing wild-type

(Gln23; Q23) huntingtin. Expression of wild-type

and mutant huntingtin was induced for 48 h

(e,f). (g) Cells expressing mutant (Gln74; Q74)

huntingtin also had lower levels of phosphorylated

forms of transiently transfected FLAG-tagged 4E-

BP1 than cells expressing wild-type (Gln23; Q23)

huntingtin. The multiple bands in 4E-BP1 (f,g) are

due to its different phosphorylated species.
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We next tested whether phosphorylation of the ribosomal protein

S6, the target of activated, phosphorylated S6K1, was specifically

reduced in cells with aggregates, by immunofluorescence21. We found

that ∼26% (± 2.6% s.e.) of mutant cells with aggregates did not show

staining for phosphorylated S6, compared with 8.5% (± 1.2% s.e.) and

3.8% (± 0.5% s.e.) of wild-type cells and mutant cells without aggre-

gates, respectively (Fig. 3a). We observed similar trends using hunt-

ingtin exon 1 constructs with 25 (Gln25) or 103 (Gln103) glutamine

repeats (Supplementary Fig. 3 online) and in brains of mice express-

ing mutant huntingtin versus control mice, where cells with aggregates

had less staining for phosphorylated S6 than cells without aggregates

(Fig. 3b). In mouse brains, ∼60% of cells with aggregates had

markedly less immunoreactivity to phosphorylated S6, whereas brains

of control mice had no obvious reductions (<2% of cells).

Polyglutamine expansion impairs mTOR-dependent translation
Phosphorylation of S6 by S6K1 positively regulates the initiation of

translation of mRNAs containing 5′ TOPs, such as ribosomal proteins

and translation elongation factors. We used a validated luciferase

reporter assay to measure mTOR-dependent TOP translation18,22 in the

presence or absence of rapamycin in order to assess the amount of func-

tional cellular mTOR that can be inhibited. Rapamycin significantly

reduced TOP-dependent (+TOP) luciferase expression in wild-type

(Gln23) PC12 cells after serum stimulation by ∼18% (Fig. 3c), similar to

results of previous studies with this assay in normal cells18,22. This effect

is modest because mTOR only partially controls this process18.

Rapamycin had no such inhibitory effect in mutant (Gln74) cells. As

expected, rapamycin did not inhibit luciferase activity in wild-type cells

transfected with an otherwise identical control-luciferase construct

without the TOP sequence (–TOP; Fig. 3c). These data suggest that

rapamycin cannot reduce mTOR activity in mutant cells because it is

already impaired, consistent with the raw luciferase data with the +TOP

constructs showing lower values in mutant cells in the absence of

rapamycin than in wild-type cells (Supplementary Fig. 4 online). The

increase in TOP-independent translation in the mutant lines (Fig. 3c) is

compatible with data from previous assays18,22, in which it was attrib-

uted to competition between different classes of mRNA for the cellular

translation machinery18. But the key issue is the TOP-dependent trans-

lation. We confirmed the TOP-dependent effects (Fig. 3c) in COS-7 cells

transiently transfected with wild-type or mutant huntingtin along with
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Figure 3 Impaired phosphorylation of ribosomal

protein S6 and dysregulation of TOP-dependent

translation. (a) COS-7 cells expressing wild-type

(Gln23; Q23) or mutant (Gln74; Q74) huntingtin

(green) were labeled for S6 phosphorylated at

Ser235 and Ser236 (red). Percentages of cells

expressing wild-type or mutant huntingtin that did

(+agg) or did not (–agg) contain aggregates were

scored for negative staining for phosphorylated S6

(p-S6). (b) Brain sections from control (WT) and

mice expressing mutant huntingtin16 (HD) were

stained for phosphorylated S6 (red) and with

antibody to huntingtin (EM48; green).

(c,d) Impaired mTOR-dependent TOP translation in

cells expressing mutant huntingtin. (c) PC12 cells

expressing wild-type (Gln23; Q23) or mutant

(Gln74; Q74) huntingtin were transfected with

luciferase constructs containing 5′ untranslated

sequence with22 (+) or without (–) a TOP sequence

along with β-gal. Each bar represents the

difference between the luciferase activities in the

presence versus the absence of rapamycin. Data

shown are from one representative experiment (of

three) done in sextuplicate (error bars represent

s.e.; raw data are given in Supplementary Fig. 4

online). (d) COS-7 cells were cotransfected with

wild-type or mutant huntingtin, a nontypical TOP or

control luciferase vector18 and β-gal. The

experiment was done and analyzed as in c (raw

data are given in Supplementary Fig. 4 online)

(e–g) Relevance of mTOR sequestration to other

polyglutamine expansion diseases (e) COS-7 cells

expressing Xpress-tagged ataxin-1 with 92

polyglutamine repeats (Q92) for 48 h were doubly

labeled with antibodies to Xpress (green) and to

mTOR (red). (f) mTOR immunohistochemistry in

brains of individuals with dentatorubral-

pallidoluysian atrophy (DRPLA) and

spinocerebellar ataxia types 2, 3 and 7 (SCA2,

SCA3 and SCA7). (g) Staining for phosphorylated

S6 (red) in COS-7 cells transiently transfected with

mutant (ataxin Q92; green) or wild-type (ataxin Q2)

ataxin-1 constructs. Results were significant and

similar to those in a. Arrows in a, b, e and g show

cells containing aggregates.
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another set of luciferase reporter constructs with a nontypical TOP

sequence, whose translation is also normally inhibited by rapamycin

treatment18 (Fig. 3d). Cells transfected with wild-type huntingtin

showed a rapamycin-dependent reduction (23%) in luciferase activity

that was similar to that previously described18, but we observed no such

effect in cells transfected with mutant huntingtin, which behaved like

cells expressing nonfunctional mTOR mutants18. Again, we noted that

the raw luciferase data (Fig. 3d) with the +TOP constructs showed lower

values in mutant cells in the absence of rapamycin than in wild-type cells

(Supplementary Fig. 4 online). These data suggest that mutant hunt-

ingtin causes translational dysregulation by impairing mTOR signaling

to its downstream effectors.

Decreased mTOR activity in other polyglutamine diseases
The huntingtin exon 1 constructs that we used previously formed

mostly cytoplasmic aggregates (90% of aggregates in mutant Gln74

cells and 98% of aggregates in mutant Gln103 cells). But mTOR was

also sequestered by intranuclear ataxin-1 aggregates (Fig. 3e), aggre-

gates formed by isolated polyglutamine stretches fused to GFP (Gln81;

Supplementary Fig. 5 online) and aggregates in brains of individuals

with spinocerebellar ataxia types 2, 3 and 7 and dentatorubral-palli-

doluysian atrophy (Fig. 3f). We also observed

less staining of phosphorylated S6 staining in

aggregate-containing COS-7 cells expressing

ataxin-1 (Fig. 3g) and mutant Gln81 hunt-

ingtin (Supplementary Fig. 5 online), sug-

gesting that mTOR sequestration and

inhibition might be polyglutamine-depen-

dent irrespective of location.

Polyglutamine expansion induces
autophagy
mTOR inhibition induces autophagy, which

has been previously reported in brains of

individuals with Huntington disease, in

transgenic mice expressing mutant hunt-

ingtin fragments and in a cell model of

Huntington disease, using morphological

criteria23,24. It has been difficult to differenti-

ate autophagosomes from other vesicles in

the absence of specific autophagosome mark-

ers. This issue is simplified by the identifica-

tion of LC3-II, a form of

microtubule-associated protein-1 light

chain-3 (MAP-LC3) associated with mam-

malian autophagosomes25. Levels of LC3-II

(relative to actin), which correlate with

autophagosome number25, were higher in

mutant (Gln74) than in wild-type (Gln23) cell

lines (Fig. 4a). Although this effect was sub-

tle, it was consistent and reproducible in four

independent experiments. Furthermore, lev-

els of LC3-II increased after expression of

mutant huntingtin was induced in stable

PC12 cells (data not shown), whereas no dif-

ference was seen upon induction of expres-

sion of wild-type huntingtin. Autophagic

activity also correlates with the number of

LC3-stained vesicles25, which increased after

serum starvation or treatment with

rapamycin (known to stimulate autophagy)

and in aggregate-containing cells expressing mutant Gln74 or Gln103

huntingtin but not in cells expressing wild-type Gln23 or Gln25 hunt-

ingtin (Fig. 4b and Supplementary Fig. 6 online). The small size of

PC12 cells made visualization of LC3-stained vesicles indistinct both

in control cells and in cells treated with rapamycin.

The association of mTOR with polyglutamine aggregates and the

impairment of mTOR signaling are not due to cell death. We observed

these phenomena in mutant PC12 cells at times where cell death was

negligible20, and cell death was not obvious in the mice expressing

mutant huntingtin that we studied16. In addition, we observed seques-

tration of mTOR to mutant huntingtin aggregates in association with

decreased S6 phosphorylation and increased autophagy in aggregate-

containing cells with nonapoptotic nuclear morphologies and in cells

treated with the pan-caspase inhibitor z-VAD-fmk (Supplementary

Figs. 7–9 online).

Increasing mTOR activity enhances polyglutamine toxicity
Our hypothesis that inhibition of mTOR protects cells with

polyglutamine expansion predicts that activation of mTOR

would enhance aggregation and toxicity of mutant huntingtin.

This cannot be investigated in wild-type cells by overexpressing
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Figure 4 Polyglutamine expansion induces autophagy. (a) LC3-II levels, which closely correlate with

autophagic activity, were higher in mutant lines (expressing Gln74 huntingtin; Q74; lanes 3 and 4) than

in wild-type lines (expressing Gln23 huntingtin; Q23; lanes 1 and 2). Actin was used as a loading

control. Data are shown for two independent clonal lines expressing mutant or wild-type huntingtin.

Quantification of the band intensity is shown in the right panel. (b) Immunofluorescence analysis of

COS-7 cells expressing wild-type (Gln23; Q23) or mutant (Gln74; Q74) huntingtin with antibody to LC3

showed more autophagic vacuoles in cells expressing mutant huntingtin that had aggregates (arrow).

COS-7 cells without the primary antibody (negative) and COS-7 cells without any treatment (untreated)

stained for LC3 are also shown. The numbers of EGFP-positive cells expressing wild-type or mutant

huntingtin with (+agg) and without (–agg) aggregates that had higher numbers of autophagic vacuoles

(>15–20 vesicles per cell) is shown in the graph. COS-7 cells grown in starvation medium (starvation)

or treated with rapamycin (Rap) for 4 h to induce autophagy had more autophagic vacuoles (arrows).
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mTOR, because mTOR overexpression in flies results in phenotypes

similar to those caused by mTOR deficiency26. Overexpression of

the small G protein rheb, which greatly enhances mTOR signaling27,

however, markedly increased both aggregate formation and cell

death caused by mutant huntingtin (Fig. 5a and Supplementary

Fig. 10 online).

Rapamycin reduces neurodegeneration in a fly model
We first tested the therapeutic potential of rapamycin in vivo using

fruit flies expressing the first 171 residues of huntingtin with 120 glu-

tamines (Gln120) in photoreceptors28. The fly’s compound eye com-

prises many ommatidia, each containing eight photoreceptor

neurons with light-gathering parts called rhabdomeres, seven of

which can be visualized using the pseudopupil technique29. The

number of visible rhabdomeres in each ommatidium decreases over

time in flies expressing mutant Gln120 huntingtin but not in trans-

genic flies expressing wild-type (Gln23) huntingtin28. Flies expressing

mutant huntingtin that were treated with rapamycin (which was pre-

viously shown to effectively inhibit TOR function in flies30) experi-

enced markedly slower neurodegeneration than those treated with

the carrier dimethylsulfoxide (DMSO; used as a control; Fig. 5b,c and

Supplementary Fig. 11 online).

CCI-779 relieves symptoms in a mouse model
Rapamycin has poor water solubility and stability in aqueous solu-

tion. The rapamycin ester CCI-779 (ref. 31) has more favorable

pharmaceutical properties, induces only mild side effects in

humans and is undergoing evaluation in phase 2 and phase 3 clini-

cal trials for treatment of cancer32. We confirmed that CCI-779

enhanced clearance of mutant huntingtin exon 1 fragments in a cell

model (Supplementary Fig. 12 online) and then used it to treat

mice expressing mutant huntingtin. We used Ross/Borchelt mice

expressing mutant huntingtin16 instead of the more commonly

used R6/2 model33 for the following reasons. First, rapamycin may

be most potent when used before disease onset8. R6/2 mice develop

pathological signs at 3.5 weeks (ref. 34). Because we intended to

start our trial after weaning the mice (around 4 weeks), the later

onset in the Ross/Borchelt model made it more suitable. Second,

the Ross/Borchelt transgene driven by the mouse prion protein

promoter has almost exclusively neuronal expression16. R6/2 mice

develop inclusions in many peripheral tissues and have muscle

atrophy35; it is not clear how these peripheral pathologies affect

performance on motor-dependent tasks, such as rotarod tests, that

are routinely used to assess treatment responses. If the treatment

compounds improve muscle (or other peripheral) pathologies in

the R6/2 mice but do not cross the blood-brain barrier or act in

neurons, these tests could yield misleading

positive results.

We identified four tasks or phenotypes

that reliably discriminate between the Ross/

Borchelt mice and their wild-type litter-

mates: rotarod test, grip strength test, wire
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Figure 5 mTOR activity regulates polyglutamine

toxicity in cells and flies. (a) Activation of mTOR

activity with rheb increases aggregation and toxicity

of mutant (Gln74; Q74) huntingtin. COS-7 cells

were cotransfected with a mammalian expression

vector encoding rheb (or empty vector control) and

mutant huntingtin for 48 h at a 3:1 mass ratio

(rheb or empty vector to huntingtin) to ensure that

almost all cells expressing huntingtin also

expressed rheb. The percentages of EGFP-positive

cells with aggregates or apoptotic nuclear

morphology (as described previously15) were

markedly higher when rheb was overexpressed.

Control cells express mutant huntingtin (green)

without rheb. The middle panels show images

captured at the same comparatively low gain to

distinguish aggregates from soluble EGFP. The left

panels show the same fields at a similar higher

gain to indicate the total number of EGFP-positive

cells (this shows that the effect seen in the middle

panels is not due to loss of cells). Nuclear staining

with DAPI (blue) is shown in the right panels.

***P < 0.0001. Error bars represent s.e. for a

representative triplicate experiment.

(b,c) Treatment with rapamycin rescues huntingtin-

induced degeneration in flies 2 d after eclosion.

Photographs of ommatidia of flies expressing

mutant (Gln120; Q120) huntingtin28 treated with

DMSO or rapamycin from the larval stage into

adulthood. More rhabdomeres are visible in the

ommatidia of flies treated with rapamycin. This

effect is significant (P < 0.0001; Mann-Whitney U

test). At 2 d after eclosion, there is no reduction in

the number of visible rhabdomeres in wild-type

untreated flies (data not shown).
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maneuver test and tremors36. Ross/Borchelt mice treated with CCI-

779 performed significantly better on each of these tasks than their

Ross/Borchelt littermates treated with a placebo (Fig. 6 and

Supplementary Fig. 13 online). Although weight loss is associated

with disease in Ross/Borchelt mice, weight is not a meaningful mea-

sure of response to treatment with rapamycin or CCI-779, because

CCI-779 reduces weight gain in wild-type mice (Fig. 7a), compatible

with previous observations in rodents37. These effects may be more

severe in mice up to 5 months of age when they are normally gaining

weight, as weight loss is not a prominent complication of treatment

with rapamycin or CCI-779 in adult humans38. Brain weight was

reduced in Ross/Borchelt mice treated with CCI-779 compared with

Ross/Borchelt mice treated with a placebo (Fig. 7b), but brain weight

corrected for body weight was not reduced by this treatment and

tended to be higher in the group treated with CCI-779 (Fig. 7c).

There were fewer aggregates in the striatum of mice treated with

CCI-779 that in that of mice treated with a placebo. Furthermore, the

aggregates of mice treated with CCI-779 were smaller and more diffi-

cult to see than those of mice treated with a placebo (Fig. 8a). The dif-

ference in aggregate density induced by CCI-779 is probably greater

than it appears, as the overall brain mass (and therefore volume) of

mice treated with CCI-779 was significantly lower than that of control

mice treated with a placebo. These changes are compatible with the

idea that CCI-779 impairs mTOR activity and induces autophagy. We

confirmed that CCI-779 reduced mTOR signaling in the brains of

treated mice, using an antibody specific for phosphorylated S6, as

described previously14,21 (Fig. 8b).

DISCUSSION
Our data show that mutant huntingtin interacts with mTOR, which it

sequesters in inclusions, leading to decreased mTOR activity. In cells

with mutant huntingtin aggregates, mTOR activity was not further

reduced by rapamycin treatment. This may explain why rapamycin did

not efficiently reduce huntingtin aggregate levels (by autophagy of

mutant huntingtin fragments) in populations in which ∼30% of cells

contained aggregates but did reduce aggregates in populations in

which 10% of cells contained aggregates8.

The lower activity of mTOR in mutant cells is probably due to its

tight sequestration in aggregates, leading to reduced soluble mTOR.

mTOR may be sequestered by aggregates that are large and visible or

smaller and not visible by light microscopy, as mTOR associates with

huntingtin that enters stacking or resolving gels. Because there was

more total (soluble plus aggregated) mTOR in mutant cells than in

wild-type cells (Fig. 1d) and we observed decreased mTOR function in
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Figure 6 CCI-779 improves behavior and

motor performance in a mouse model of

Huntington disease16. Open bars, mice treated

with a placebo; filled bars, mice treated with

CCI-779. (a–c) Behavioral tests in mice

expressing mutant huntingtin16 after

treatment at 16 weeks (CCI-779, n = 14;

placebo, n = 14), 18 weeks (CCI-779, n = 10;

placebo, n = 9), 20 weeks (CCI-779, n = 9;

placebo, n = 7) and 22 weeks (CCI-779, n =

5; placebo, n = 6) of age. Scores are explained

in Methods. Data for all time points are given

in Supplementary Figure 13 online. (a) Tremors.

Overall effect from all treated time points:

P = 0.0006, odds ratio (OR) = 0.21, 95%

confidence interval (95% c.i.) = 0.098–0.45.

16 weeks, P = 0.01; 18 weeks, P = 0.08; 20

weeks, P = 0.14; 22 weeks, P = 0.07. (b) Wire

maneuver. Overall effect from all treated time

points: P = 0.02, OR = 0.51, 95% c.i. =

0.29–0.92. 16 weeks, P = 0.29; 18 weeks,

P = 0.40; 20 weeks, P = 0.003; 22 weeks,

P = 0.008. (c) Grip strength. Overall effect

from all treated time points: P < 0.0001

OR = 12.73, 95% c.i. = 4.35–37.2. 16

weeks, P = 0.1827; 18 weeks, P = 0.0412;

20 weeks, P = 0.0021; 22 weeks,

P = 0.0285. (d) Accelerating rotarod tests in

mice expressing mutant huntingtin16 after

treatment at 4 weeks, (CCI-779, n = 16;

placebo, n = 17), 14 weeks (CCI-779, n = 11;

placebo, n = 10), 16 weeks (CCI-779, n = 14;

placebo, n = 14) and 18 weeks (CCI-779,

n = 10; placebo, n = 9) of age. Overall effect

from all treated time points: P = 0.035.

4 weeks, P = 0.227; 14 weeks, P = 0.012;

16 weeks, P = 0.0025; 18 weeks, P = 0.057.

CCI-779 had no discernable effects on the

performance of nontransgenic mice on any of

these behavioral tests (data not shown). There

was no difference in the male:female ratios of

the groups treated with placebo or with

CCI-779.
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mutant cells, the aggregated mTOR is probably inactivated. This is

consistent with nuclear-cytoplasmic shuttling being required for

mTOR activity18 and is sufficient to explain the decreased activity in

cells with polyglutamine expansion. The greater total amounts of

mTOR are consistent with the predicted slower turnover of aggregated

versus soluble protein.

The overall effect of aggregates may be toxic1, but inclusions probably

modulate numerous pathways, some toxic and some that reduce polyglu-

tamine toxicity. Impaired mTOR signaling that induces autophagy pro-

vides the first molecular basis for a protective pathway induced by

polyglutamine aggregates. This may contribute to the typical late onset of

Huntington disease and help account for the many surviving cells with

aggregates in brains of individuals with Huntington disease4,39. Despite

the induction of autophagy, aggregates will accumulate if their produc-

tion exceeds their clearance. Although aggregates visible by light

microscopy are probably too large to be cleared by autophagosomes (typ-

ically up to 1.5 µm in diameter), microaggregates and soluble huntingtin

are compatible in size with these vesicles40.

Chronically impaired mTOR activity may also explain neuronal

shrinkage, which contributes to much of the brain atrophy seen in

Huntington disease1. The mTOR target S6K1, which has reduced

phosphorylation and activity in cells with mutant huntingtin, is a key

regulator of cell volume10.

Our data suggest that mTOR inhibition by mutant polygluta-

mine expansions also affects translation regulated by S6K1 and

4E-BP1 (ref. 43). Because the dependence of gene translation on

mTOR activity depends on the sequence and structure of the 5′
untranslated region, this effect will vary from gene to gene41. This

effect might theoretically contribute to some of the memory

defects in Huntington disease and to the defects in long-term

potentiation seen in mouse models of polyglutamine disease42–44,

because long-term potentiation requires mTOR-dependent pro-

tein synthesis at synapses45. But we are not aware of memory or

cognitive problems developing in humans using rapamycin or its

analogs in the long term.

Our trials with rapamycin and CCI-779 in fly and mouse models

of Huntington disease suggest that the therapeutic potential of

mTOR inhibition deserves serious consideration. Rapamycin seems

to be more protective than other compounds tested in flies (e.g.,

SAHA46). Mice treated with rapamycin experience improvements in

four different phenotypes attributable to neurological dysfunction.

We did not observe a significant improvement in lifespan

(Supplementary Fig. 14 online), but lifespan measurements were

confounded by several factors. First, our license to carry out experi-

ments on mice requires that we euthanize mice when their disease

exceeds defined, moderately severe, humane end points. Because

∼50% of mice in each group required euthanasia and because the

mice that died spontaneously frequently died without warning, obvi-

ous reason or correlation to apparent disease severity16, the death

data we obtained was not as precise as it would have been if all mice

were allowed to die naturally. This circumstance precluded detection

of small effects on lifespan. Second, Ross/Borchelt mice have more

variable lifespans than R6/2 mice47. Third, the cause of death in the

Ross/Borchelt mice is unknown and may be more dependent on

weight loss than any true Huntington disease–related neurological

pathology. Rapamycin markedly reduces weight gain in both trans-

genic mice and nontransgenic littermates, which may counterbal-

ance the effects of reducing mutant huntingtin levels in the

transgenic mice. Because weight loss is not a common complication

of rapamycin therapy in adult humans, however, this effect may dif-

fer between adult humans and developing mice. Accordingly, we do

not believe that the absence of a definite effect on lifespan reduces

the potential therapeutic value of rapamycin or CCI-779. Other

researchers also do not use lifespan as an indicator in therapeutic tri-

als in mice, which they euthanize at humane end points48.

Theoretically, the rapamycin or CCI-779 strategy has some advan-

tages over approaches that aim to attenuate Huntington disease by
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Figure 7  CCI-779 reduces weight gain in mice. (a) Weights of mice

expressing mutant huntingtin (Tg) and nontransgenic (NT) littermates

treated with CCI-779 or with a placebo. (b) Brain weights of mice expressing

mutant huntingtin treated with CCI-779 (black bars) or with a placebo

(white bars) and nontransgenic untreated littermates (gray bars) at 8 weeks

(CCI-779, n = 3; placebo, n = 3; nontransgenic, n = 7; CCI-779 versus

placebo, P = 0.023), 12 weeks (CCI-779, n = 2; placebo, n = 3;

nontransgenic, n = 5; CCI-779 versus placebo, P = 0.90) and 16 weeks

(CCI-779, n = 2; placebo, n = 3; nontransgenic, n = 2; CCI-779 versus

placebo, P = 0.22) of age. (c) Ratio of brain weight to body weight of mice

expressing mutant huntingtin treated with CCI-779 (black bars) or with a

placebo (white bars) and nontransgenic untreated littermates (gray bars) at 8

weeks (CCI-779, n = 3; placebo, n = 3; nontransgenic, n = 7; CCI-779

versus placebo, P = 0.06), 12 weeks (CCI-779, n = 2; placebo, n = 3;

nontransgenic, n = 5; CCI-779 versus placebo, P = 0.38) and 16 weeks

(CCI-779, n = 2; placebo, n = 3; nontransgenic, n = 2; CCI-779 versus

placebo, P = 0.56) of age.
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acting on downstream targets such as apoptosis, reactive oxygen

species or transcriptional dysregulation (reviewed in ref. 1).

Polyglutamine expansion may induce deleterious changes in many

parallel and distinct pathways. Therefore, it may be more effective

to treat Huntington disease by reducing levels of the toxic mutant

protein rather than by rescuing each pathway that is perturbed

(particularly as many of these may be unknown). This approach is

simplified by the fact that hemizygous loss of function of hunt-

ingtin does not cause overt deleterious effects in humans or mice

(reviewed in ref. 1). Although rapamycin or CCI-779 may lose effi-

cacy after aggregate pathology is well developed, this does not pre-

clude its use to treat Huntington disease. The median age at onset

of Huntington disease is at least 40 years, and almost all cases have

family histories. Because polyglutamine expansion status can be

assessed before symptoms appear, one possible treatment strategy

would be to delay disease onset with therapy initiated at the earliest

feasible age. If disease onset could be delayed beyond normal life

expectancy, then one would effectively cure many cases. Because

CCI-779 and rapamycin are designed for long-term use in humans,

they deserve serious consideration; the benefits of delaying onset of

Huntington disease would outweigh the side effects of these drugs.

In addition to Huntington disease, we believe that treatment with

rapamycin or CCI-779 might be effective for other neurodegenera-

tive diseases, as rapamycin enhances the clearance of cytosolic

model aggregate-prone proteins with either

polyglutamine or polyalanine expansions as

well as various forms of α-synuclein associ-

ated with Parkinson disease and synucle-

inopathies in cell models8,9.

METHODS
Mammalian cell culture and transfection. We grew African green monkey

kidney cells (COS-7) in Dulbecco’s modified Eagle medium (Sigma) supple-

mented with 10% fetal bovine serum, 100 U ml–1 of penicillin/streptomycin,

2 mM L-glutamine and 1 mM sodium pyruvate at 37 °C in 5% carbon dioxide.

We maintained the PC12 stable cells with 75 µg ml–1 of hygromycin in standard

medium consisting of high-glucose Dulbecco’s modified Eagle medium

(Sigma) with 100 U ml–1 of penicillin/streptomycin, 2 mM L-glutamine

(Invitrogen), 10% heat-inactivated horse serum (Invitrogen), 5% Tet-approved

fetal bovine serum (Clontech) and 100 µg ml–1 of G418 (Invitrogen) at 37 °C in

10% carbon dioxide. We seeded 1–2 × 105 cells per well in six-well plates and

induced them with 1 µg ml–1 of doxycycline (Sigma). We carried out transient

transfection using LipofectAMINE reagent (Invitrogen) using the manufac-

turer’s protocol. CCI-779 was provided by Wyeth Pharmaceuticals. For tissue

culture experiments, we prepared a stock solution of 1M in ethanol on the day

of experiment and diluted it in the appropriate medium. We confirmed all data

reported in this paper in the stable inducible PC12 cells in two independent sets

of wild-type (Gln23) and mutant (Gln74) clonal lines.

Western-blot analysis. We carried out western-blot analysis using standard

techniques with ECL or ECL Plus detection kit (Amersham). Primary antibod-

ies included antibodies to GFP (Clontech), mTOR, phosphorylated mTOR

(Ser2448), S6K1, phosphorylated S6K1 (Thr389; 1A5), 4E-BP1 and phospho-

rylated 4E-BP1 (Thr37) from Cell Signaling Technology; antibody to hunt-

ingtin (EM48, Chemicon); and antibody to tubulin (Sigma). We used brains

from nine mice expressing mutant huntingtin (N-terminal 171 amino acids
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Figure 8 CCI-779 reduces mTOR activity and

aggregate load in mice expressing mutant

huntingtin. (a) CCI-779 reduces aggregate load

in mice expressing mutant huntingtin.

Peroxidase immunohistochemistry of brains of

mice expressing mutant huntingtin at 16 weeks

of age. Mice treated with CCI-779 had fewer

aggregates per unit area in the striatum than

mice treated with a placebo. Overall cell staining

in the tissues of mice treated with CCI-779 was

weaker than in those treated with a placebo and

in nontransgenic untreated littermates (data not

shown). Aggregates, when visible, were smaller

in mice treated with CCI-779 than in those

treated with a placebo, as apparent in the higher

magnification images of single cells with

aggregate (bottom panels). Six coronal sections

per mouse were analyzed; these corresponded to

the bregma ± 1 mm. We counted aggregates in

five different high-power fields (60× objective)

per slide on each side of the brain, sampling

fields from the dorsal to the ventral part of the

striatum just underneath the external capsule.

The striata of mice treated with CCI-779 had

70% fewer aggregates than the striata of mice

treated with a placebo (P = 0.0001, two-tailed t-

test). (b) CCI-779 blocks mTOR signaling in vivo.

Immunohistochemistry of mice with Huntington

disease at 16 weeks of age with antibody to

phosphorylated S6, in the cortical area and

striatum. Levels of phosphorylated S6 were lower

in mice treated with CCI-779 than in those

treated with a placebo.
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with 82 glutamine repeats)16 and age-matched wild-type littermate controls.

We added 2.5× volume of buffer B (50 mM Tris (pH 7.5), 10% glycerol, 5 mM

magnesium acetate, 0.2 mM EDTA, 0.5 mM dithiothreitol and protease

inhibitor) to sliced brain tissue and homogenized it at 4 °C. We centrifuged the

homogenate at 12,000 r.p.m. at 4 °C. We removed the supernatant and used it

for western blotting. For immunoprecipitation, we lysed cells in RIPA buffer

(1× phosphate-buffered saline, 1% Nonidet P-40, 0.5% sodium deoxycholate

and 0.1% SDS) and immunoprecipitated them using relevant antibodies. We

carried out densitometry analysis using Scion Image Beta 4.02 software.

Assay of exogenous 4E-BP1 phosphorylation. We transiently transfected PC12

cells stably expressing wild-type (Gln23) or mutant (Gln74) huntingtin with

FLAG-tagged 4E-BP1 for 72 h and simultaneously induced the transgene. We

maintained the cells in normal growth medium for 48 h and then transferred

them to starvation medium for 24 h. At this time point >99% of the mutant PC12

cells formed insoluble mutant aggregates20. We then stimulated mTOR activity

with 10% fetal bovine serum for 1 h and processed the cells for immunoprecipi-

tation. We immunoprecipitated cells with antibody to FLAG and immunoblotted

them with both antibody to 4E-BP1 (Thr36/37) and antibody to FLAG.

Immunocytochemistry and immunohistochemistry. We carried out immuno-

cytochemistry in COS-7 cells fixed with 4% paraformaldehyde (Sigma). For his-

tochemical analysis, we used free-floating brain sections from mice expressing

mutant huntingtin16 and control mice and paraffin-embedded brain slices from

humans with grade III Huntington disease and unaffected humans, spanning the

caudate and putamen regions. Primary antibodies included antibodies to mTOR,

phosphorylated mTOR (Ser2448), 4E-BP1, phosphorylated S6 (Ser235/236; Cell

Signaling Technologies), LC3 (gift from T. Yoshimori, National Institute of

Genetics, Japan), huntingtin and ubiquitin (both from Chemicon). We carried

out immunohistochemical analysis by standard fluorescence methods or peroxi-

dase labeling using the Vectastain Avidin: Biotinylated enzyme Complex (ABC)

kit. We analyzed relevant negative controls without the primary antibodies

alongside all experiments.

Luciferase assay. We transfected PC12 cells stably expressing wild-type (Gln23)

or mutant (Gln74) huntingtin with a luciferase construct that contained a 5′

untranslated region from the eEF2 gene with or without the TOP sequence

along with β-galactosidase (β-gal; to control transfection efficiency)22. We

maintained transfected cells in serum-free medium with doxycycline for 36 h

and then stimulated the cells with 15% serum with or without rapamycin for

3 h. We then lysed cells and carried out luciferase assays according to standard

protocol. We cotransfected COS-7 cells with wild-type or mutant huntingtin

and with the control or TOP luciferase constructs along with β-gal for 48 h and

carried out experiments as described above. In addition to the classical TOP

construct, we also used a construct with a nonclassical TOP sequence that is sen-

sitive to rapamycin and an appropriate control construct18. As both control and

TOP luciferase constructs have the same promoters and transfection is con-

trolled for with β-gal construct, the rapamycin-sensitive reduction in luciferase

activity that is specific to the TOP construct is considered an indication of the

dependency of the translation of the TOP construct of mTOR regulation18,22.

We carried out experiments in sextuplicate and repeated them several times.

Treatment of flies with rapamycin. We obtained a Drosophila melanogaster

yw;gmr-Q120 line from G. Jackson (University of California Los Angeles, USA)

and crossed it to a w[1118] stock isogenized for the X chromosome and two

major autosomes, which has been characterized for a number of behaviors and

used as the genetic background for the European Drosophila Deletion Kit

(DrosDel Consortium). The crossed flies were allowed to mate on normal food

for 2–3 d and then transferred to food containing 1 µM rapamycin (Sigma) or

DMSO. After eclosion, we placed the flies on food containing 1 µM rapamycin

or DMSO. We transferred the flies to newly prepared food every day.

Pseudopupil analysis of flies. We removed the heads of adult male flies and then

mounted them onto microscope slides using nail polish. We carried out

pseudopupil analysis with an optical microscope using a 60× objective with the

observer blinded to the identity of the slides. We evaluated ∼75 ommatidia for

each group (∼15 ommatidia from five individuals). Each experiment was done

twice. The frequency of ommatidia with different numbers of visible rhab-

domeres was based on all visible photoreceptor neurons, irrespective of their

shape or brightness. We raised the flies at 25 °C with 12-h light:12-h dark cycle in

70% humidity.

Mice and behavioral tests. All studies and procedures were done under the

jurisdiction of appropriate Home Office Project and Personal animal licenses

and with local ethical committee approval. We genotyped HD-N171-N82Q

mice16 expressing the first 171 amino acids of human huntingtin under the

expression of a mouse PrP promoter at 3 weeks of age by PCR (primer

sequences are available on request). We prepared CCI-779 in ethanol as a stock

solution at 50 mg ml–1 on the day of experiment and diluted it to 2 mg ml–1 in

0.15 M NaCl, 5% Tween 20 and 5% PEG 400 immediately before injection. We

compared transgenic mice with nontransgenic littermates. We coded mice with

alphanumeric identities that provided no clues to their genotype or treatment

status, and treated and untreated mice were not housed in separate cages. Thus,

observers were blind to their treatment and genetic status during testing. There

were no significant differences in test performances in the mice assigned to the

treatment and placebo groups at 4 weeks and no differences in the sex ratios in

the groups. We weighed mice three times per week and then injected them

intraperitoneally with a 1% v/w solution of CCI-779 (20 mg per kg body

weight) or placebo (equivalent solution without CCI-779). We did three injec-

tions every week from the ages of 4–16 weeks, and then did this every other

week until they reached 21 weeks of age. We monitored mice daily.

We assessed motor performance at 4, 14, 16 and 18 weeks of age with a

rotarod apparatus (Accelerating Model, Ugo Basile, Biological Research

Apparatus); our license limited rotarod assessments to four testing time points.

The mice were given three training sessions per day for two consecutive days to

adapt to the apparatus. On the third day, the mice were given six separate trials.

On the training and testing days, we set the speed of the rotarod to increase

from 4 r.p.m. to 40 r.p.m. in 250 s; we kept the mice on the rotarod for no more

than 300 s. We did not inject mice during the weeks that they were tested on the

rotarod to avoid any confounding effects of the injections.

Grip strength, wire maneuver and tremor monitoring are part of the

SHIRPA battery of behavioral tests36. We assessed performance on these tests in

mice at 4, 14, 16, 18, 20 and 22 weeks of age. To assess grip strength, mice were

allowed to hold a metal grid with their forelimbs, lifted by the tail so that the

hindlimbs were not in contact with the grid and gently pulled backwards by the

tail until they could no longer hold the grid. Grip strength was scored as fol-

lows: 0, none; 1, slight grip, semi-effective; 2, moderate grip, effective; 3, active

grip, effective. For tremors, the mice were placed on a grid in a clear Perspex

cylinder for 5 min. We recorded tremors for the last 2 min and scored the mice

as follows: 0, none; 1, mild; 2, marked. For the wire maneuver, mice were held

above a horizontal wire by the tail and lowered to allow the forelimbs to grip the

wire. The mice were held in extension, rotated around to the horizontal and

released. We scored them as follows: 0, active grip with hind legs; 1, difficulty

grasping with hind legs; 2, unable to grasp with hind legs; 3, unable to lift hind

legs, falls within 10 s; 4, falls immediately.

Statistics. We determined significance levels for comparisons between groups

using t-tests, repeated-measures or factorial ANOVA, as appropriate, for para-

metric data and using Mann-Whitney U tests for nonparametric data, using the

STATVIEW software, version 4.53 (Abacus Concepts). For mouse behavioral

data that were nonparametric and analyzed at multiple time points (tremors,

grip strength and wire maneuver), we used the following strategy to provide a

measure of the significance of the pooled data across all the treated time points.

We compared scores between the treated and control groups using a logistic

regression approach. We assessed the effect size in terms of the odds ratio per

unit change in score. To allow for the fact that the same mice were observed

repeatedly, we assessed significance levels by simulation. To do this, the treat-

ment groups were randomly permuted among the mice 10,000 times, and the

significance level was determined as the proportion of simulations for which

the Z score for the treatment effect from the logistic regression exceeded the

observed value. We obtained 95% confidence limits for the odds ratio by using

the robust variance approach. We did all calculations in Stata, version 7.0

(StataCorp). We analyzed nonparametric mouse data at individual time points

by Mann-Whitney and rotarod by repeated-measures ANOVA.

594 VOLUME 36 | NUMBER 6 | JUNE 2004 NATURE GENETICS



A R T I C L E S

Note: Supplementary information is available on the Nature Genetics website.
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