
Striatal infusion of cholesterol promotes 
dose-dependent behavioral benefitsand 
exerts disease-modifying effects in 
Huntington’s disease mice
Giulia Birolini, Marta Valenza, Eleonora Di Paolo, Elena Vezzoli, Francesca Talpo, Claudia 
Maniezzi, Claudio Caccia, Valerio Leoni, Franco Taroni, Vit toria Bocchi, Paola Confort i, Elisa 
Sogne, Lara Petricca, Crist ina Cariulo, Margherit a Verani, Andrea Caricasole, Andrea Falqui, 
Gerardo Biella, and Elena Cat taneo
DOI: 10.15252/emmm.202012519

Corresponding authors: Marta Valenza (marta.valenza@unimi.it) , Elena Cattaneo
(elena.cattaneo@unimi.it), 

Review Timeline: Submission Date: 15th Apr 20
Editorial Decision: 6th May 20
Revision Received: 21st Jul 20
Editorial Decision: 7th Aug 20
Revision Received: 13th Aug 20
Accepted: 26th Aug 20

Editor: Zeljko Durdevic

Transaction Report:
(Note: With the except ion of the correct ion of typographical or spelling errors that could be a source
of ambiguity, let ters and reports are not edited. Depending on transfer agreements, referee reports
obtained elsewhere may or may not be included in this compilat ion. Referee reports are anonymous
unless the Referee chooses to sign their reports.)



6th May 20201st Editorial Decision

6th May 2020 

Dear Prof. Cattaneo, 

Thank you for the submission of your manuscript  to EMBO Molecular Medicine. We have now heard
back from the three referees who agreed to evaluate your manuscript . As you will see from the
reports below, the referees acknowledge the interest  of the study. However, they raise some
concerns that should be addressed in a major revision of the present manuscript . Addressing the
reviewers' concerns in full will be necessary for further considering the manuscript  in our journal. 

Acceptance of the manuscript  will entail a second round of review. Please note that EMBO
Molecular Medicine encourages a single round of revision only and therefore, acceptance or
reject ion of the manuscript  will depend on the completeness of your responses included in the next,
final version of the manuscript . For this reason, and to save you from any frustrat ions in the end, I
would strongly advise against  returning an incomplete revision. 

We realize that the current situat ion is except ional on the account of the COVID-19/SARS-CoV-2
pandemic. Therefore, please let  us know if you need more than three months to revise the
manuscript . 

I look forward to receiving your revised manuscript . 

***** Reviewer's comments ***** 

Referee #1 (Remarks for Author): 

Previous work from this group demonstrated that the systemic administrat ion of brain permeable,
cholesterol-loaded, nanopart icles resulted in a posit ive outcome (rescue/prevent ion of phenotype)
in a mouse model of HD. In this work, the authors direct ly injected cholesterol in the striatum. By
taking this type of approach the authors wanted to: a) ident ify an appropriate t reatment (dose)
regime, and b) gain mechanist ic insights 



Regarding the first  object ive, the data presented are, at  the dose and t ime of exposure
invest igated, clear and easy to interpret : the four week long treatment had a posit ive outcome in
several of the HD-like deficits, motor, cognit ive, at  the electrophysiological level and in terms of
certain cell biological variables (number of synapt ic vesicles, gabaergic terminals). Despite these
interest ing results, there are a number of quest ions that I would need the authors to answer before
I can support  the publicat ion of this work in EMBO Mol. Med. 

1) Does this t reatment remain effect ive when applied for longer periods? This is of relevance as a)
pat ients may need chronic t reatment, and b) chronic exposure to cholesterol may be toxic to cells,
especially if it  accumulates in lysosomes. This last  point  brings me to the next quest ion:

2) Where does the exogenous cholesterol part it ion?. Authors should at tempt to determine the
membrane/intracellular localisat ion of the exogenous cholesterol (Bodipy-labelled cholesterol
followed by LM?, biot inylated, non-cytolyt ic Perfringolysin O followed by EM?). It  would be quite
important to have more informat ion on the localisat ion, especially to demonstrate that the
exogenous cholesterol is present in the cellular domains where the endogenous cholesterol
localises (plasma membrane, t rans Golgi, late endosomes) and absent in ER and lysosomes,
organelles where cholesterol accumulat ion is known to impair funct ion.

3) Would the doses ut ilised in 7 week-old mice be equally effect ive in older mice? I am aware this
quest ion cannot be addressed experimentally with this strain of mice so I just  ask authors to
comment on this. This quest ion is in my opinion pert inent for the simple reason that the average
onset of this disease in humans is 40 years of age, which in the strain of mice ut ilised here would
imply 10-14 month-old mice (not the 2 month-old mice used here).

4) How long do the beneficial effects remain after infusion is terminated? This is an important
aspect to be considered for future plans of applicability of this approach: cont inuous or
discont inuous infusion ? Did authors not allow some mice to live longer after the end of the 4 weeks
of t reatment?

I also have some quest ions concerning the second object ive of this work, on the mechanism
involved in the improved phenotype. 

1) What is the contribut ion of increased endogenous cholesterol synthesis to the improved
phenotype, compared to the effect  of exogenous cholesterol? Co-infusion with an inhibitor of
cholesterol synthesis (or a viral part icle-mediated localised knockdown of SREBP2) could help to
address this quest ion. Although the (improved) phenotype due to cholesterol infusion is clear I
consider important to address the contribut ion of the exogenous and endogenous cholesterol. The
observat ion that exogenous cholesterol (Bodipy signal) colocalises with LAPM1 does not prove that
exogenous cholesterol is responsible for the improved phenotype (see below).

2) How does increased biosynthesis occur in a high cholesterol content milieu? Authors assume
that increased synthesis is due to high 24S hydroxycholesterol (from the exogenous cholesterol), in
turn leading to SREPB2 act ivat ion in glial cells. An alternat ive view, even a simpler view, is that
increased synthesis is the consequence of a further reduct ion of endogenous cholesterol due to
cyclodextrin that becomes "free" in the injected area (once in the membrane cholesterol moves out
of cyclodextring ring), or direct  act ivat ion of (endogenous) cholesterol catabolic act ivity
(endogenous 24S OH Cholesterol) due to the presence of an ectopic (external) pool. Both



condit ions can result  in reduced endogenous cholesterol (the increase 24 S hydroxyclonesterol is
from the endogenous pool) and consequent ly act ivat ion of SREBP2 pathway, which would be
consistent with the canonical pathway of SREPB2 act ivat ion. 

3) It  would be quite unique if cholesterol accumulat ion in lysosomes improves its degradat ive
funct ion: the Niemann Pick type C is a clear example of neurological (in addit ion to systemic)
disorder due to accumulat ion of cholesterol in lysosomes. Therefore, the accumulat ion of
cholesterol in LAMP1 organelles reported here is more likely synonym of lysosomal dysfunct ion. On
the other hand, the result  of reduced aggregated Hunt ingt in is clear, implying that improved
degradat ion could be due to better degradat ive act ivity by the proteasome and/or
phagosome.Authors should do more to determine how exogenous cholesterol increases
degradat ion (does the increase in lanosterol enhance mTORC1 act ivity?). Authors should be very
caut ious associat ing improved lysosomal funct ion with cholesterol accumulat ion (quot ing authors:
Colocalizat ion of LAMP1 and bodipy in the striatum of R6/2 mice (Fig 6E) suggests that cholesterol
may act  direct ly on lysosomes to enhance muHTT clearance)

Referee #2 (Remarks for Author): 

This is an interest ing and thorough manuscript  done by an expert  team. The experiments are well
designed and the conclusions are meaningful. I have a number of concerns regarding
interpretat ions and conclusions which should be addressed. 

Figure 1D: I am concerned with the baseline Rotarod performance of the mice at  5 weeks
(preimplantat ion). Although not stat ist ically significant ly different, the baseline performance of the
mice dest ined to be in the high dose group is greater than the control R6/2 mice at  a magnitude
which approximately persisted throughout the t rial. What were the start ing weights of the R6/2
mice in the different groups at  the outset and through the trial? Were they the same sex? Were
there any differences in end-stage or mortality? 

Figure 2A-B: From the methods, the cannula was inserted in the right  hemisphere and the studies
were done on the right  side. Given the remarkable effects noted on figure 1, a quest ion is why the
magnitude of the behavioral data was as profound as it  was while the infusion and biochemical
effects were only unilateral? It  appears from the data in supplementary figure 3 that there is no
increase in cholesterol levels in the contralateral hemisphere. How do the authors explain the
remarkable impact given that HD is a bilateral disease and the therapy and the biochemical
changes are unilateral? 

Figure 2C: Please clarify in the figure to which group is the middle bar different, WT and/or high
Chol? 

Figure 4f The morphology of stained cells appear potent ially as neuronal. Please perform stain with
neuronal and astrocyt ic marker in these slices. The cells demonstrat ing nuclear t ranslocat ion look
more like the cells in 4H than the ones in 4I. Please show what a WT control slice looks like. What
would a WT slice look with cholesterol infusion (i.e. t ranslocat ion)? 

The data in figure 5 is confusing. EM48 staining is reduced in the infused region. It  is my



understanding that the pattern of EM48 staining represents the mHTT aggregates. The data in
figure 5N and O points to the soluble as the mHTT species that is impacted. Please explain and
clarify in the text . 

As noted in the discussion, demonstrat ing a link between the therapy and mTORC1 would add
mechanist ic insight to the study. 

Referee #3 (Remarks for Author): 

This study examined the effects of infusion of cholesterol into the striatum of HD R6/2 mice to
determine if cholesterol deficits and phenotypes could be altered. The authors found increase in
cholesterol synthesis, improvement in cognit ive and motor behaviors and synapt ic act ivity, and
reduct ion in aggregates and mutant hunt ingt in levels. The work builds on earlier findings by some of
the authors, is very carefully executed, and very nicely presented. These data in mice have
considerable significance for considering cholesterol supplementat ion as a potent ial therapy for HD
pat ients and will be of a great interest  to a wide scient ific community. The interpretat ion of some
results is weak as pointed out below. The underlying mechanisms for how elevated cholesterol in
astrocytes improves neuronal funct ion in different subcellular compartments is loosely connected. 

Fig 1.The behavioral benefits of cholesterol infusion were achieved using ipsilateral delivery to the
striatum. This is somewhat surprising. The authors should comment on why unilateral infusion was
sufficient  and if bilateral infusion would have allowed for a lower dose to be used for many of the
studies. 

Fig. 1 Corpus callosum contains some fluorescent cholesterol and cortex was also infused. How do
the benefits at t ributed to striatum relate to improved cort icostriatal connect ivity part icularly
excitatory act ivity? Were other brain areas also fluorescent? 

Fig 2 G. The total number of excitatory synapses based on FIB-SEM was not changed by
cholesterol infusion. 
Fig 2 H-1. The analysis of synapt ic vesicle deplet ion in HD and increase of synapt ic vesicles after
cholesterol infusion should consider other variables. Did the authors take into account the total
number of synapt ic vesicles, length of the synapt ic contact  and the number of vesicles at  non
synapt ic membranes in the terminal as well? 
If these are excitatory synapses, the synapt ic contact  should look asymmetric. The R6/2 example
(upper right) does not look asymmetric in the EM image as it  is depicted in the adjacent drawing. 
The scale bar for H and I seems off and should be checked. Synapt ic vesicles are typically about 30-
50 nm. 

Results for Fig 2 G, Fig 3, Fig 4, and Fig 5 are not dose dependent and therefore somewhat
misleading given the t it le of the paper. 

Fig 4. It  is not clear how increase in cholesterol in astrocytes affects neurons. 
The legend and labeling do not agree. DARPP32 is not labeled in the figure. 

Fig 5 F Astrocyte size and branching looks increased in the image of the high cholesterol infused
side. Are the cells react ive? Has cholesterol increased GFAP levels? Are microglia react ive? 



Fig 5H legend describes EM 48 in the striatal neuropil but  only cell bodies are shown. 

In the R62 ACSF treatment in left  column images -the fibrous structure described near the nuclear
membrane is not clear but underneath that labeling fibrillar structure is more apparent. 

Fig 5N. There is no change in aggregate load with TR FRET 4C9-4C9 aggregate assay with high
dose cholesterol infusions compared to marked reduct ion in aggregates seen by immunostaining.
What accounts for this apparent discrepancy? Small sample size or the assay itself? 

Fig 6. The presence of perinuclear Lamp1 lysosomes is interpreted as clearance by lysosomes. It  is
not clear what they are clearing. The authors should consider the other possibility that  the HD
mutat ion impairs anterograde transport  that  results in retrograde accumulat ion of lysosomes.
Deplet ion of synapt ic vesicles may also be due to impaired anterograde transport . 

High dose cholesterol did not rescue myelin deplet ion in the R62 mice. Were oligodendroglia
markers checked? 

Authors suggest from their data that there is increased availability of cholesterol in glial cells. 
How does this in turn enhance neuronal funct ion? Could the cholesterol upload by glia be a
react ive/phagocyt ic response?
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We are grateful to the reviewers for their comments/suggestions and for giving us the opportunity to re-

submit a new version of the manuscript. Please find below our response to the 34 points raised by the three 

reviewers.    

We hope that the revised version of this manuscript will now be judged suitable for publication to EMBO 

Molecular Medicine.  

Best, Elena Cattaneo and Marta Valenza 

REFEREE #1 (REMARKS FOR AUTHOR): 

Previous work from this group demonstrated that the systemic administration of brain permeable, 

cholesterol-loaded, nanoparticles resulted in a positive outcome (rescue/prevention of phenotype) in a 

mouse model of HD. In this work, the authors directly injected cholesterol in the striatum. By taking 

this type of approach the authors wanted to: a) identify an appropriate treatment (dose) regime, and 

b) gain mechanistic insights

Regarding the first objective, the data presented are, at the dose and time of exposure investigated,

clear and easy to interpret: the four week long treatment had a positive outcome in several of the HD-

like deficits, motor, cognitive, at the electrophysiological level and in terms of certain cell biological

variables (number of synaptic vesicles, gabaergic terminals).

We thank the referee for his/her comments.

1) Despite these interesting results, there are a number of questions that I would need the authors to

answer before I can support the publication of this work in EMBO Mol. Med.

Does this treatment remain effective when applied for longer periods? This is of relevance as a)

patients may need chronic treatment, and b) chronic exposure to cholesterol may be toxic to cells,

especially if it accumulates in lysosomes.

We agree with the reviewer. In this work we used a transgenic mouse model of HD (i.g. R6/2 mice) with a

strong and fast phenotype and an average life expectancy of around 13 weeks. In spite of the aggressivity of

the model we show that the cholesterol treatment is efficacious. However, because of its rapid decline and

death this mouse model does not allow to test chronic treatments. Furthermore, mini-pumps are not designed

for very long treatments as the normal duration of infusion for ALZET pumps ranges from one day to six

weeks, depending on the pump model, and replacement of the pump through a new surgical operation would

be inappropriate in an animal that will not survive longer than 13 weeks.

Despite these limitations, we fully agree on the importance of this issue. For this reason, with the aim of 

translating cholesterol delivery to the clinic, we have been working for years on nanoparticles-mediated 

cholesterol delivery to the brain. Compared to our previous strategies (Valenza et al. 2015, EMBO Mol Med) 

we are now testing new nanoparticles (Belletti et al. 2018, Int J Pharm) with a higher cholesterol carrying 

capacity and capable of delivering a quantity of cholesterol to the brain similar to the most effective dose 

21st Jul 20201st Authors' Response to Reviewers
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identified with the mini-pump in this work. Hence, this presented work is a step forward in the direction of 

the long-term treatment requested by the reviewer. Furthermore, our ongoing trials with the new 

nanoparticles are performed in a knock-in animal model with a longer lifespan (12 months) and slower 

disease progression. We expect that having defined, in this current study, the dose of cholesterol needed to 

rescue HD phenotypes in R6/2 mice, the new study with nanoparticles in knock-in mice will fully achieve 

the target set by the reviewer and our studies. 

2) This last point brings me to the next question: Where does the exogenous cholesterol partition?

Authors should attempt to determine the membrane/intracellular localisation of the exogenous

cholesterol (Bodipy-labelled cholesterol followed by LM?, biotinylated, non-cytolytic Perfringolysin O

followed by EM?). It would be quite important to have more information on the localisation, especially

to demonstrate that the exogenous cholesterol is present in the cellular domains where the endogenous

cholesterol localises (plasma membrane, trans Golgi, late endosomes) and absent in ER and lysosomes,

organelles where cholesterol accumulation is known to impair function.

This point is also important. In the original manuscript we have shown that exogenous bodipy-cholesterol

infused with mini-pumps co-localizes with LAMP1, a marker for lysosomes, suggesting that exogenous

cholesterol reaches these organelles. To gain more information about cholesterol partition, as suggested by

the referee, we performed immunofluorescence analyses on coronal brain slices from R6/2 mice infused with

bodipy-cholesterol to study the membrane/intracellular localization of the exogenous cholesterol. We used

antibodies against TGN46, calnexin, Rab9A and PMCA-ATPase as markers for Golgi Apparatus,

Endoplasmic Reticulum (ER), late endosomes and plasma membrane respectively. In the revised Figure

EV1I-O, we now show that bodipy-cholesterol does not localize with ER and Golgi but it partially co-

localizes with late endosomes and plasma membrane.

We also evaluated the possibility to perform biotinylated, non-cytolytic perfringolysin O followed by EM, as

suggested by the referee. However, to our understanding, this technique which is described in Mobius et al.
2002, doesn’t guarantee the preservation of the ultrastructure of the tissue, while it works well in cells.

Moreover, setting up the conditions for this experiment would require a very long time and a very precise

expertise that unfortunately we do not have available.

3) Would the doses utilised in 7 week-old mice be equally effective in older mice? I am aware this

question cannot be addressed experimentally with this strain of mice so I just ask authors to comment

on this. This question is in my opinion pertinent for the simple reason that the average onset of this

disease in humans is 40 years of age, which in the strain of mice utilised here would imply 10-14

month-old mice (not the 2 month-old mice used here).

As the referee pointed, with this HD mouse model we cannot test the efficacy of our strategy in older mice

(please see our response in point 1). However, there are evidences in the literature indicating that aging is

accompanied by the loss of cholesterol in the hippocampus leading to cognitive decline and altered short-

term memory and learning (Martin et al. 2014, EMBO Mol Med; Martin et al. 2014, EMBO Rep). In the

same studies, it was shown that the delivery of a very low dose of cholesterol in old mice through osmotic

mini-pumps rescues the reduced hippocampal LTD associated with aging and improves hippocampal-

dependent learning and memory in the water maze test (Martin et al. 2014, EMBO Mol Med). Finally,

preventing cholesterol loss in old mice rescues BDNF transcription and improves cognition (Palomer et al.
2016, Cell Rep). We are therefore very hopeful that the dose used in this study will be equally effective in

older mice and we are working exactly in this direction with the cholesterol-loaded nanoparticles (see point

1).

4) How long do the beneficial effects remain after infusion is terminated? This is an important aspect

to be considered for future plans of applicability of this approach: continuous or discontinuous

infusion? Did authors not allow some mice to live longer after the end of the 4 weeks of treatment?
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As known to the reviewer and mentioned in point 1, R6/2 mice have a very severe phenotype and therefore 

we decided to avoid survival experiments. Moreover, leaving expired pumps in situ is not recommended as

these pumps will swell and can leak concentrated salt solutions. We were also discouraged by our animal 

welfare body to remove the pumps at some point during the treatment as removal includes a surgical 

procedure in anesthetized animals and these animals are suffering. However, we agree with the referee that 

the duration of the beneficial effects after cholesterol supplementation is a crucial point. We believe that we 

will be able to address this point with the current study in knock-in mice described in point 1. 

5) I also have some questions concerning the second objective of this work, on the mechanism involved

in the improved phenotype. What is the contribution of increased endogenous cholesterol synthesis to

the improved phenotype, compared to the effect of exogenous cholesterol? Co-infusion with an

inhibitor of cholesterol synthesis (or a viral particle-mediated localised knockdown of SREBP2) could

help to address this question. Although the (improved) phenotype due to cholesterol infusion is clear I

consider important to address the contribution of the exogenous and endogenous cholesterol.

We thank the reviewer for the advice. The suggested experiment is very nice since it would allow to

discriminate the effect of cholesterol infusion arising from the increased synthesis of the endogenous

cholesterol from the contribution of the administered exogenous one. However, we have to consider that as

synthesis of cholesterol in the brain of R6/2 mice is already strongly decreased, a further reduction of glial

cholesterol production to levels below what is normally found in R6/2, may be too detrimental for HD

neurons.

As a further comment, as shown in Figure 4B-E and Figure EV5, only the high dose of cholesterol led to an

increase of 24S-OHC level (indirect measure of cholesterol catabolism) and of cholesterol precursors

(indirect measure of cholesterol synthesis). Although all the tested doses of cholesterol equally prevented

cognitive decline of R6/2 mice, suggesting a direct role of exogenous cholesterol on this parameter, motor

defects were rescued only by the high dose, suggesting that a further stimulation of the endogenous synthesis

of cholesterol and/or an increase of 24S-OHC level may be needed to have a beneficial effect on motor-

related features.

6) The observation that exogenous cholesterol (Bodipy signal) colocalises with LAMP1 does not prove

that exogenous cholesterol is responsible for the improved phenotype (see below).

We agree with the reviewer and we have now modified the text accordingly (see Discussion, pag. 22). We

have now clarified that co-localization of LAMP1 and bodipy-cholesterol in the striatum of R6/2 mice

(Figure EV1O) suggests that exogenous cholesterol reaches lysosomes and may act on these organelles to

enhance muHTT clearance.

7) How does increased biosynthesis occur in a high cholesterol content milieu? Authors assume that

increased synthesis is due to high 24S hydroxycholesterol (from the exogenous cholesterol), in turn

leading to SREPB2 activation in glial cells. An alternative view, even a simpler view, is that increased

synthesis is the consequence of a further reduction of endogenous cholesterol due to cyclodextrin that

becomes "free" in the injected area (once in the membrane cholesterol moves out of cyclodextrin ring),

or direct activation of (endogenous) cholesterol catabolic activity (endogenous 24S OH Cholesterol)

due to the presence of an ectopic (external) pool. Both conditions can result in reduced endogenous

cholesterol (the increase 24 S hydroxyclonesterol is from the endogenous pool) and consequently

activation of SREBP2 pathway, which would be consistent with the canonical pathway of SREPB2

activation.

We thank the referee for these suggestions. The observation of an increased biosynthesis of cholesterol

following the delivery of a high dose of cholesterol itself seems in fact counterintuitive. To test the

hypothesis represented by the reviewer, we used isotopic dilution mass spectrometry (ID-MS) to measure

the amount of cholesterol, lanosterol, lathosterol, desmosterol and 24S-OHC in the striatum of R6/2 mice

treated with ACSF or methyl-β-cyclodextrin (MβCD) and previously tested for motor and cognitive tasks.
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As shown in Figure EV2G-M, the level of cholesterol, cholesterol precursors and 24S-OHC, are not 

significantly changed in R6/2 mice following MβCD administration, indicating that MβCD, in this 

experimental paradigm, has no local effect on the endogenous synthesis/catabolism of cholesterol. 

In our view, the most likely explanation is that an excess of exogenous cholesterol is metabolized to 24S-

OHC which in turn leads to SREPB2 activation in glial cells via LXR stimulation and increased cholesterol 

biosynthesis. Cholesterol catabolism and synthesis are in fact closely related not only in healthy but also in 

diseased state: that is, more catabolism is accompanied by a greater synthesis (Shankaran et al., 2017,

Neurobiol Dis; Bossicault et al., 2016, Brain). However, we can’t exclude that other mechanisms may be at

place. We modified the text in order to represent this level of uncertainty (see Discussion, pag 21). 

8) It would be quite unique if cholesterol accumulation in lysosomes improves its degradative function:

the Niemann Pick type C is a clear example of neurological (in addition to systemic) disorder due to

accumulation of cholesterol in lysosomes. Therefore, the accumulation of cholesterol in LAMP1

organelles reported here is more likely synonym of lysosomal dysfunction. On the other hand, the

result of reduced aggregated Huntingtin is clear, implying that improved degradation could be due to

better degradative activity by the proteasome and/or phagosome.

It was not our intention to claim that cholesterol accumulation in lysosomes influences its function but only

to report that (i) we do see cholesterol accumulation in lysosomes and that (ii) we do see reduced aggregated

HTT as also highlighted by the reviewer. On this basis we can only hypothesize that the delivery of

exogenous cholesterol, by reaching also the lysosomes, may contribute to stimulate/renormalize the

autophagic flux likely by unblocking lysosomal accumulation.

There is extensive literature supporting this view and here we would like to mention only few of these

reports. First, there is increased perinuclear accumulation of lysosomes in HD, which then leads to altered

lysosomal-dependent functions and impaired autophagy (Jeong et al. 2010, Cell; Erie et al. 2015, Eur J

Neurosci). Second, therapeutic strategies aimed at reducing lysosomal accumulation are able to reverse

mutant HTT aggregation (Liang et al. 2011, Mol Neurodegeneration). Third, the chaperone-mediated

autophagy (CMA), the mechanism responsible for protein degradation in lysosomes, resides in

microdomains of the lysosomal membrane enriched in cholesterol and glycosphingolipids (Kaushik et al.
2006, The EMBO Journal). Fourth, lysosomal membranes from 18QHtt and 111QHtt knock-in HD mice

show a significant reduction in cholesterol in the HD genotype (Koga et al. 2011, J. Neurosci). Thus,

strategies aimed at restoring concentration/distribution of cholesterol in lysosomes may have a positive effect

on the activity of key lysosomal proteins and on the clearance of aggregated proteins.

We also agree with the reviewer that activation of proteasome and/or phagosome may contribute to increase

mutant Huntingtin clearance.

9) Authors should do more to determine how exogenous cholesterol increases degradation (does the

increase in lanosterol enhance mTORC1 activity?).

We understand well the point raised by the reviewer. However, we believe that exploring the link between

mTORC1 and cholesterol will require several months of new experiments that would imply a totally new

project. We are now testing this link in neurons differentiated from human induced pluripotent stem cells

carrying HTT with 21Q or 109Q. We treated wt and HD neurons for 5 days (from day25 to day30) with 10

µg/mL of cholesterol followed by western blot analysis to evaluate the activity of mTORC1. By analyzing

the ratio between phosphorylated ribosomal protein (pS6) and S6, we see that mTORC1 activity is decreased

in HD neurons and that this phenotype is reversed by cholesterol supplementation. 
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1) Figure 1D: I am concerned with the baseline Rotarod performance of the mice at 5 weeks

(preimplantation). Although not statistically significantly different, the baseline performance of the

mice destined to be in the high dose group is greater than the control R6/2 mice at a magnitude which

approximately persisted throughout the trial. What were the starting weights of the R6/2 mice in the

different groups at the outset and through the trial? Were they the same sex? Were there any

differences in end-stage or mortality?

We thank the referee for this observation. We had noted that the baseline Rotarod performance of the mice

destined to be in the high-chol group is greater than the control R6/2 mice. We think that these differences,

that are not statistically significant, may be due to chance and to some variability of the animals at this early

time point. Importantly, no differences have been measured in the rotarod performance at 5 weeks of age

between wt and all the R6/2 mice groups, indicating that this is still a pre-symptomatic time point.

With respect to starting weights and sex of the mice in the different groups, in the revised version of the

manuscript (Figure EV3) we have now included the body weight of all mice used in the behavioral trials. In

all trials the animals were assigned randomly, and sex was balanced in the various experimental groups. The

body weight was similar across groups at 7 weeks of age, before surgery (Figure EV3D-E). However, at 12

weeks of age, all R6/2 males showed a reduced body weight compared to wt, with the only exception of the

R6/2 chol-high group whose body weight was similar to that of wt mice.

2) Figure 2A-B: From the methods, the cannula was inserted in the right hemisphere and the studies

were done on the right side. Given the remarkable effects noted on figure 1, a question is why the

magnitude of the behavioral data was as profound as it was while the infusion and biochemical effects

were only unilateral? It appears from the data in supplementary figure 3 that there is no increase in
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with a previous paper demonstrating that mTORC1 activity is reduced in the striatum of HD mice and its 

activation enhances cholesterol biosynthesis genes and counteracts muHTT aggregation by stimulating 

clearance pathways (Lee et al. 2015, Neuron).

10) Authors should be very cautious associating improved lysosomal function with cholesterol

accumulation (quoting authors: Colocalization of LAMP1 and bodipy in the striatum of R6/2 mice

(Fig 6E) suggests that cholesterol may act directly on lysosomes to enhance muHTT clearance)

We take the point raised and have modified the text accordingly (see Discussion, pag 22). We also would

like to stress that we did not demonstrate that there is accumulation of exogenous cholesterol in lysosomes,

but that exogenous cholesterol localizes with LAMP1, a marker of these organelles (see Figure EV1O),

where it can have some function.

REFEREE #2 (REMARKS FOR AUTHOR): 

This is an interesting and thorough manuscript done by an expert team. The experiments are well 

designed and the conclusions are meaningful. I have a number of concerns regarding interpretations 

and conclusions which should be addressed.  

We thank the reviewer for his/her comments. 

Although promising, we believe that further studies are needed to confirm this result and deeply explore the 

link between cholesterol and mTORC1 in an HD background. Of note, these findings are also in agreement 
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cholesterol levels in the contralateral hemisphere. How do the authors explain the remarkable impact 

given that HD is a bilateral disease and the therapy and the biochemical changes are unilateral? 

We asked ourselves as well about this point since exogenous cholesterol clearly remains only in the infused 

hemisphere. We hypothesize that functional rescue of neural circuits in the unilaterally infused striatum of 

R6/2-chol mice is sufficient to perform some tasks correctly. This is evident in the NOR test, in which the 

ability to recognize a new object compared to a familiar one may under unilateral control and the restoration 

of circuits in one hemisphere may therefore compensate for global (bilateral) deficits. In other words, it is 

reasonable to expect that the correct information of memory recognition processed by the infused striatum of 

HD mice and the further elaboration of this information in the decisional areas of the ipsi-lateral prefrontal 

cortex may be sufficient to have a positive outcome of the NOR test. 

There are examples of this unilateral recovery also for motor system. For example, in Parkinson Disease 

animal models unilateral manipulations of one nigrostriatal system was found to affect contralateral 

dopamine turnover, indicating a functional and compensatory inter-dependence of the two nigrostriatal 

systems (Blesa et al., 2011 Front. Syst. Neurosci.). And it is on this basis that the success of unilateral

injection of fetal ventral mesencephalon-based cell therapy in Parkinson’s Disease patients can be explained 

(Li et al., 2016 PNAS). The improvement we see in motor tasks with the higher cholesterol dose may fall

into the condition in which a certain level of a unilateral therapy may induce global improvement. However, 

we acknowledge that more work is needed in order to fully address this point. 

3) Figure 2C: Please clarify in the figure to which group is the middle bar different, WT and/or high

Chol?

Apologies but we do not understand this comment. In Figure 2C there are no differences between the groups.

4) Figure 4F: The morphology of stained cells appear potentially as neuronal. Please perform stain

with neuronal and astrocytic marker in these slices. The cells demonstrating nuclear translocation

look more like the cells in 4H than the ones in 4I. Please show what a WT control slice looks like.

We thank the referee for this note. The localization of SREBP2 is peri-nuclear (as inactive form) and nuclear

(as active form), thus it is very difficult to discriminate between neurons and astrocytes without a specific

cell marker. As suggested by the reviewer, we performed staining for SREBP2 with neuronal and astrocytic

markers (NeuN and GFAP respectively) in coronal brain slices from R6/2 mice treated with the high dose of

cholesterol. In the original Figure 4F, we used an old aliquot of SREBP2 antibody obtained from Dr. T.

Osborne (Johns Hopkins University, Baltimore, Maryland, USA; described in Seo, Cell Metabolism 2012).

This antibody works well but it is not commercially available. In august 2019, we obtained from Dr. Osborne

another aliquot of the same antibody and performed immunostaining for SREBP2 with NeuN and GFAP. We

showed the different localization of SREBP2 in astrocytes (GFAP) and neurons (NeuN) in R6/2-chol mice.

However, the staining was suboptimal.

To confirm further the perinuclear/nuclear staining of SREBP2, we decided to use another antibody. We first

tested four commercial antibodies in brain slices of wt mice (R&D, AF7119; Abcam, ab30682; LsBio,

rabbit, LS-S4695; LsBio, mouse, LS-C179708). The latter (LsBio, mouse, LS-C179708) was the most

promising and, with this antibody, we performed immunofluorescence staining of SREBP2 in brain slices of

wt, R6/2 and R6/2-chol mice. Accordingly, we modified Figure 4 by replacing the old images with those

obtained with the new antibody from LsBio. As shown in the revised Figure 4, SREBP2 localization is

nuclear and perinuclear in the striatum of wt mice (Figure 4F-G). On the contrary, SREBP2 nuclear

localization is reduced in the striatum of untreated R6/2 mice (Figure 4F-G) compared to wt mice. Of note,

nuclear translocation of SREBP2 is increased in the infused striatum (Figure 4H-I) compared to the

contralateral striatum of R6/2-chol mice (Figure 4H-I), confirming the findings obtained with the previous

antibody gifted by Dr. Osborne.

We also performed co-staining of SREBP2 with neuronal (NeuN) and astrocytic (GFAP) markers in the

infused striatum of R6/2-chol mice. The morphology of cells stained with SREBP2 antibody is similar;

however, the nuclear localization of SREBP2 is appreciable only in astrocytes (Figure 4L-M), in agreement
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with the notion that in the adult brain cholesterol synthesis (and nuclear distribution of SREBP2) occurs 

mainly in this cell type (Mauch et al. 2001, Science; Camargo et al. 2012, Faseb; Ferris et al. 2017, PNAS).

5) What would a WT slice look with cholesterol infusion (i.e. translocation)?

Unfortunately, we do not have coronal brain slices from wt mice treated with cholesterol. As we did not see

differences in terms of behavior, we collected tissues only to perform mass spectrometry analysis. However,

as we found an increase of cholesterol precursors and 24S-OHC also in wt mice treated with the high dose of

cholesterol (Figure EV5A, C, E, G), we can speculate that striatal infusion of cholesterol would lead to an

increase of SREBP2 nuclear translocation also in the healthy brain. Of note, the behavior in wt mice is not

influenced by cholesterol treatment (Figure EV1A-F) suggesting that compensatory mechanisms occur to not

influence motor or cognitive performance. In HD mice, where cholesterol synthesis and catabolism are

reduced, the striatal infusion of cholesterol likely stimulates the same compensatory mechanisms that lead, in

this case, to a normalization of these pathways with a positive benefit on the behavior.

6) The data in figure 5 is confusing. EM48 staining is reduced in the infused region. It is my

understanding that the pattern of EM48 staining represents the mHTT aggregates. The data in figure

5N and O points to the soluble as the mHTT species that is impacted. Please explain and clarify in the

text.

Mutant Huntingtin (muHTT) aggregation occurs with a complex and multi-step mechanisms as the protein

undergoes post-translational modifications, leading to abnormal conformations. Mutant Huntingtin forms

oligomer intermediates that then give rise to globular intermediates from which protofibrils are generated.

Protofibril intermediates associate to produce amyloid-like structures, resulting in macro-aggregates or

inclusions. There are different assays to measure and analyze different stages of mutant Huntingtin

aggregation and different muHTT species. Here are the ones we have used:

First, immunofluorescence staining on brain sections by using the EM48 antibody, which is specific for the

expanded polyQ tract prone to aggregate, allow to measure macro-aggregates of around 2 μm. With this

assay, we revealed that the number and the size of muHTT aggregates is reduced in the infused striatum of

chol-high mice compared to control (Figure 5A).

Second, electron microscopy allows to obtain additional information about the morphology of muHTT

aggregates and explore muHTT species that aggregate as protofibril-like structures of about 300 nm or

dispersed in the cytoplasm and nucleus of striatal neurons from HD mice (as we also see in R6/2-ACSF

mice). In contrast, muHTT was found dispersed and never composed in a fibril network in striatal neurons

from R6/2 chol-high animals (Figure 5H).

Finally, time-resolved Förster resonance energy transfer (TR-FRET)-based immunoassay (Figure 5I) is

helpful to explore the early phases of aggregation process as it allows quantification of muHTT oligomers

that tend to aggregate at the beginning of the aggregation process. The use of 4C9-4C9 combination of

antibodies against HTT allows to discriminate muHTT oligomers from muHTT that includes soluble muHTT

and other muHTT species (detected with the 2B7-MW1 combination).

Our findings indicate that exogenous cholesterol (i) influences different “late” stages but not the “early”

stages of aggregation process (as levels of muHTT oligomers are not changed) and (ii) reduces muHTT

aggregates by increasing the clearance of the protein rather than by dissolving the various aggregated forms

of the protein. We have modified the text to clarify this point (see Results, pag. 17).

7) As noted in the discussion, demonstrating a link between the therapy and mTORC1 would add

mechanistic insight to the study.

Please see our response to referee #1 (point 9). We do believe this is an important issue. However, we think

that several experiments are required to explore this link.

REFEREE #3 (REMARKS FOR AUTHOR): 
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This study examined the effects of infusion of cholesterol into the striatum of HD R6/2 mice to 

determine if cholesterol deficits and phenotypes could be altered. The authors found increase in 

cholesterol synthesis, improvement in cognitive and motor behaviors and synaptic activity, and 

reduction in aggregates and mutant huntingtin levels. The work builds on earlier findings by some of 

the authors, is very carefully executed, and very nicely presented. These data in mice have 

considerable significance for considering cholesterol supplementation as a potential therapy for HD 

patients and will be of a great interest to a wide scientific community.  

We thank the referee and we appreciate these comments.  

1) The interpretation of some results is weak as pointed out below. The underlying mechanisms for

how elevated cholesterol in astrocytes improves neuronal function in different subcellular

compartments is loosely connected.

We apologize for not being clear. We added more information in the text to clarify this point (see

Introduction, pag. 3 and Discussion, pag. 21).

2) Fig 1. The behavioral benefits of cholesterol infusion were achieved using ipsilateral delivery to the

striatum. This is somewhat surprising. The authors should comment on why unilateral infusion was

sufficient and if bilateral infusion would have allowed for a lower dose to be used for many of the

studies.

Please, see our response to referee #2 (point 2).

It is definitely possible that the use of bilateral infusion of cholesterol would have allowed to reach the same

benefit with lower doses of cholesterol. We avoided bilateral infusion, which can be achieved by connecting

a single ALZET pump to a Y connector, because the caveat of using the such connector is that even

distribution of the solution between the two outputs is not guaranteed. To ensure accurate and even bilateral

distribution, the guidelines of ALZET recommend implanting two pumps simultaneously, with each pump

connected to a catheter leading to each target site at the corresponding brain hemisphere. However,

implanting more than one ALZET pump is only feasible in animals large enough to accommodate the

additional size and weight of multiple pumps and this approach is not recommended in R6/2 mice.

3) Fig. 1 Corpus callosum contains some fluorescent cholesterol and cortex was also infused. How do

the benefits attributed to striatum relate to improved corticostriatal connectivity particularly

excitatory activity? Were other brain areas also fluorescent?

As visualized by the bodipy-cholesterol spread, exogenous cholesterol remains only in the infused

hemisphere. Only few cells of the cortex in the ipsi-lateral hemisphere were found fluorescent (probably

because of cholesterol spread out the cannula during the insertion in the striatum) and no other brain areas

were fluorescent. However, by quantifying cholesterol content by mass spectrometry, we found a significant

increase of cholesterol also in the ipsi-lateral cortex of HD mice (Figure EV3A), suggesting that cortical

neurons containing cholesterol may also contribute to the functional recovery of striatal target cells. Of note,

the electrophysiological analysis was performed throughout the entire right striatum, so the probability to

record a specific striatal cell that is connected to a specific positive cortical neuron is very low. In light of

this consideration, it is more likely to assume that cholesterol exerts most of its benefits directly in the

striatum, and in particular at the level of the synaptic contacts between the axon of a cortical neuron and a

striatal MSN - even if we cannot exclude also a direct effect of cholesterol in a small subpopulation of

cortical neurons.

4) Fig 2G. The total number of excitatory synapses based on FIB-SEM was not changed by cholesterol

infusion.

Correct
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5) Fig 2H-I. The analysis of synaptic vesicle depletion in HD and increase of synaptic vesicles after

cholesterol infusion should consider other variables. Did the authors take into account the total

number of synaptic vesicles, length of the synaptic contact and the number of vesicles at non synaptic

membranes in the terminal as well?

We apologize for not being clear in our original manuscript and for the missing information. We have now

improved this part of the study by performing new analysis. We quantified the pre-synaptic area (µm²) and

the active zone length (µm). Analysis of presynaptic structures did not reveal differences in terms of bouton

morphology between wild-type and R6/2 mice with or without cholesterol treatment. We have now included

this analysis in Figure EV4C, D and we modified the text accordingly (see Results, pag 11).

Regarding the analysis of the total number of synaptic vesicles we thank the reviewer for his/her observation.

We reported the analysis of the density of the synaptic vesicles (SVs) in figure 2L in the original manuscript.

We quantified the SVs density as the total number of SVs divided by the pre-synapse area (µm²).  We

apologize if this was not clear; we have added now a sentence in the Results (pag. 11) and in the Material

and Methods (pag. 33) to stress this point.

6) If these are excitatory synapses, the synaptic contact should look asymmetric. The R6/2 example

(upper right) does not look asymmetric in the EM image as it is depicted in the adjacent drawing.

We thank the reviewer for his/her suggestion. Accordingly, the R6/2 images in Figure 2H-I have been

changed in the revised version of the manuscript.

7) The scale bar for H and I seems off and should be checked. Synaptic vesicles are typically about 30-

50 nm.

We thank the reviewer for his/her observation. We corrected the scale bar in Figure 2H-I.

8) Results for Fig 2 G, Fig 3, Fig 4, and Fig 5 are not dose dependent and therefore somewhat

misleading given the title of the paper.

We do agree with the reviewer. Accordingly, we changed the title to “Striatal infusion of cholesterol

promotes dose-dependent behavioral benefits and exerts disease-modifying effects in Huntington’s disease

mice”

9) Fig 4. It is not clear how increase in cholesterol in astrocytes affects neurons.

We apologize for not being clear. We added more information in the Introduction to clarify this point (pag.

3).

In the adult brain, cholesterol is produced by astrocytes and supplied to neurons for their activities (Pfrieger

& Ungerer 2011, Prog. Lipid. Res). This mechanism is impaired in vitro in the presence of the mutation.

Accordingly, in CSF from HD mice ApoE was associated with smaller lipoprotein particles (Valenza et al.
2010, J. Neurosci), suggesting that HD astrocytes display reduced cholesterol biosynthesis and efflux

(Valenza et al. 2010). Furthermore, it has been shown that glia-conditioned medium (GCM) from wt

astrocytes rescued neurite outgrowth defect in HD neurons. This beneficial effect of wt GCM was abolished

by disrupting cholesterol production in wt astrocytes (Valenza et al. 2015, Cell & Death Differentation). On

the contrary, GCM derived from HD astrocytes failed to support neurite outgrowth in HD neurons. However,

the stimulation of cholesterol synthesis in HD astrocytes led to increased ApoE/cholesterol release in the

medium reversing neurite outgrowth and synaptic defects in HD neurons (Valenza et al. 2015, Cell & Death

Differentiation).

10) The legend and labeling do not agree. DARPP32 is not labeled in the figure.

Corrected. Thanks.

11) Fig 5 F Astrocyte size and branching looks increased in the image of the high cholesterol infused

side. Are the cells reactive? Has cholesterol increased GFAP levels? Are microglia reactive?
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As the reviewer highlighted, astrocytes in the infused striatum seems to be active. Probably, the brain 

infusion kit connected to the mini-pumps created a small damage that led to astrogliosis. Since this 

phenomenon does not affect the behavior and the health status of R6/2 mice, we did not check GFAP levels 

and the microglia reactivity.   

12) Fig 5H legend describes EM 48 in the striatal neuropil but only cell bodies are shown.

We agree. We have now clarified this point in the legend of Figure 5H as suggested.

13) In the R6/2 ACSF treatment in left column images -the fibrous structure described near the

nuclear membrane is not clear but underneath that labeling fibrillar structure is more apparent.

We apologize for not being clear in our original manuscript. We added a sentence in the legend of Figure 5H.

14) Fig 5N. There is no change in aggregate load with TR FRET 4C9-4C9 aggregate assay with high

dose cholesterol infusions compared to marked reduction in aggregates seen by immunostaining. What

accounts for this apparent discrepancy? Small sample size or the assay itself?

As described above (see point 6 to referee #2), muHTT aggregation occurs via a multi-step mechanism and

different assays are available to measure and analyze different muHTT species at different stages of

aggregation. Accordingly, TR-FRET (4C9-4C9) assay detects and quantifies muHTT oligomers prone to

aggregate at the beginning of the aggregation process, which are not detectable with EM48 immunostaining.

As the referee highlighted, with this assay we did not see changes in aggregated muHTT suggesting that

exogenous cholesterol does not influence the early stages of aggregation process (Figure 5N) while it is able

to influence the other aggregated forms of the mutant protein (Figure 5A-H).

15) Fig 6. The presence of perinuclear Lamp1 lysosomes is interpreted as clearance by lysosomes. It is

not clear what they are clearing. The authors should consider the other possibility that the HD

mutation impairs anterograde transport that results in retrograde accumulation of lysosomes.

Depletion of synaptic vesicles may also be due to impaired anterograde transport.

We thank the referee for her/his comment. We modified the text to consider also this possibility (see

Discussion, pag. 22).

16) High dose cholesterol did not rescue myelin depletion in the R62 mice. Were oligodendroglia

markers checked?

We did not check oligodendroglia markers. Myelination occurs in a very early stage of the life. Furthermore,

in the brain of P14 R6/2 mouse model there is a significant decrease in MBP staining intensity in the corpus

callosum and also in the striatum (Xiang et al. 2011, J. Neurosci). In mice, the highest cholesterol synthesis

rate occurs during the first postnatal weeks, concomitantly with the peak of the myelination process. After

myelination, the metabolism of cholesterol in the adult brain is characterized by a very low turnover, with

estimated half-life of 2–6 months in rodents and 5 years in humans (Jurevics & Morell 1995, J. Neurochem;

Bjorkhem et al. 1998, J. Lipid Res). Probably, in our experiments the delivery of cholesterol in adult mice

(from 7 weeks of age) occurs too late to counteract this defect.

17) Authors suggest from their data that there is increased availability of cholesterol in glial cells. How

does this in turn enhance neuronal function? Could the cholesterol upload by glia be a

reactive/phagocytic response?

In this work, we demonstrated that the delivery of a high dose of cholesterol leads to increased levels of 24S-

OHC, the neuronal-specific metabolite of cholesterol. It is known from the literature that neuronal 24S-OHC

induces apoE transcription, protein synthesis, and secretion in a dose- and time-dependent manner to supply

cholesterol to neurons (Abildayeva et al JBC 2006). We hypothesize that in R6/2-chol mice, the increased

level of 24S-OHC stimulates cholesterol efflux from HD astrocytes, that, in turn, increases endogenous

cholesterol synthesis. However, we can’t exclude that other mechanisms are involved.
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Of note, our previous findings showed that even if cholesterol synthesis is reduced in HD astrocytes, this cell 

type is still able to maintain similar level of intracellular cholesterol compared to wt astrocytes by 

diminishing cholesterol efflux (Valenza et al. 2010, J. Neurosci; Valenza et al. 2015, Cell & Death

Differentiation). This suggests that HD astrocytes may be able to manage cholesterol upload in the absence 

of reactive/phagocytic response. 



7th Aug 20201st Revision - Editorial Decision

7th Aug 2020 

Dear Dr. Valenza, 

Thank you for the submission of your revised manuscript  to EMBO Molecular Medicine. We have
now received the enclosed reports from the referees that were asked to re-assess it . As you will
see the reviewers are now globally support ive and I am pleased to inform you that we will be able to
accept your manuscript  pending the following final amendments: 

***** Reviewer's comments ***** 

Referee #1 (Remarks for Author): 

For the majority, authors have responded sat isfactorily to my comments and suggest ions. My
recommendat ion is that  some aspects of the answers to comments 1 and 3 are included in the
discussion of this work. The very short  reference to the second generat ion of nanopart icles at  the
end of discussion should be used to reinforce the idea that this might be a strategy to use in the
future, in long-term therapeut ic approximat ions. 
On the other hand, the authors should re-consider their idea that phenotype improvement is due to
higher cholesterol content in lysosomes. The results of these authors and many others leave lit t le
doubt that  HD phenotype improves by improving lysosomal funct ion. However, this does not imply
that the improvement in phenotype shown in this work is due to higher levels of cholestyerol in
lysosomes. I am sure the authors know very well that  the presence of lipids such as SM, cholesterol
or ceramide in the lysosomal membrane interferes with the act ivity of saponising enzymes and
therefore the degradat ion/uncoupling of cargo/es. And that in order to guarantee that endocyt ic
material reaches the lysosomes with a minimum of cholesterol endocyt ic vesicles / organelles carry
cholesterol-removing enzymes: NPC1, NPC2, ABCA1. I repeat: the authors should be more open to
the possibility that  the beneficial effect  of increasing cholesterol is through a mechanism other than
the accumulat ion of cholesterol in lysosomes.... (on this line, I recommend to consider
removing/replacing the sentence " Of note, we showed here that exogenous cholesterol localizes in
lysosomes and may reduce lysosome accumulat ion, leading to muHTT clearance". I find this
conclusion too far fetched, not supported by the data. 

Referee #2 (Remarks for Author): 

I appreciate the thorough revision, clarificat ions and new informat ion. Excit ing manuscript . 

Referee #3 (Remarks for Author): 

This reviewers concerns have been sat isfactorily addressed.
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13th Aug 20202nd Authors' Response to Reviewers

Referee #1 (Remarks for Author): 

For the majority, authors have responded satisfactorily to my comments and suggestions. My 

recommendation is that some aspects of the answers to comments 1 and 3 are included in the 

discussion of this work. The very short reference to the second generation of nanoparticles at the end 

of discussion should be used to reinforce the idea that this might be a strategy to use in the future, in 

long-term therapeutic approximations. 

On the other hand, the authors should re-consider their idea that phenotype improvement is due to 

higher cholesterol content in lysosomes. The results of these authors and many others leave little doubt 

that HD phenotype improves by improving lysosomal function. However, this does not imply that the 

improvement in phenotype shown in this work is due to higher levels of cholestyerol in lysosomes. I am 

sure the authors know very well that the presence of lipids such as SM, cholesterol or ceramide in the 

lysosomal membrane interferes with the activity of saponising enzymes and therefore the 

degradation/uncoupling of cargo/es. And that in order to guarantee that endocytic material reaches 

the lysosomes with a minimum of cholesterol endocytic vesicles / organelles carry cholesterol-removing 

enzymes: NPC1, NPC2, ABCA1. I repeat: the authors should be more open to the possibility that the 

beneficial effect of increasing cholesterol is through a mechanism other than the accumulation of 

cholesterol in lysosomes.... (on this line, I recommend to consider removing/replacing the sentence " Of 

note, we showed here that exogenous cholesterol localizes in lysosomes and may reduce lysosome 

accumulation, leading to muHTT clearance". I find this conclusion too far fetched, not supported by 

the data. 

We thank the referee for the suggestions. We modified the last paragraph of the discussion in order to 

include briefly answers to comments 1 and 3: “Further studies will explore the potential for long-term 

cholesterol release in HD animal models with a longer lifespan and slower disease progression, enabling 

chronic treatment in older, symptomatic mice. In addition, with the aim of translating the delivery of 

cholesterol to the clinic, new brain-permeable nanoparticles have been developed (Belletti et al, 2018) that 

enable the controlled release of a higher cholesterol content to the brain. This advance may facilitate progress 

toward the goal of achieving the therapeutic dose identified here by systemic injection”. As suggested, we 

also modified the discussion paragraph by removing the sentence "Of note, we showed here that exogenous 

cholesterol localizes in lysosomes and may reduce lysosome accumulation, leading to muHTT clearance". 

Referee #2 (Remarks for Author): 

I appreciate the thorough revision, clarifications and new information. Exciting manuscript. 

We thank the referee #2.  

Referee #3 (Remarks for Author): 

This reviewer concerns have been satisfactorily addressed. 

We thank the referee #3. 
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The authors performed the requested changes.



USEFUL LINKS FOR COMPLETING THIS FORM

http://www.antibodypedia.com
http://1degreebio.org
http://www.equator-network.org/reporting-guidelines/improving-bioscience-research-reporting-the-arrive-guidelines-for-reporting-animal-research/

http://grants.nih.gov/grants/olaw/olaw.htm
http://www.mrc.ac.uk/Ourresearch/Ethicsresearchguidance/Useofanimals/index.htm
http://ClinicalTrials.gov
http://www.consort-statement.org
http://www.consort-statement.org/checklists/view/32-consort/66-title

è
http://www.equator-network.org/reporting-guidelines/reporting-recommendations-for-tumour-marker-prognostic-studies-remark/

è
http://datadryad.org

è
http://figshare.com

è
http://www.ncbi.nlm.nih.gov/gap

è
http://www.ebi.ac.uk/ega

http://biomodels.net/

http://biomodels.net/miriam/
è http://jjj.biochem.sun.ac.za
è http://oba.od.nih.gov/biosecurity/biosecurity_documents.html
è http://www.selectagents.gov/
è

è
è

è
è

� common tests, such as t-test (please specify whether paired vs. unpaired), simple χ2 tests, Wilcoxon and Mann-Whitney 
tests, can be unambiguously identified by name only, but more complex techniques should be described in the methods 
section;

� are tests one-sided or two-sided?
� are there adjustments for multiple comparisons?
� exact statistical test results, e.g., P values = x but not P values < x;
� definition of ‘center values’ as median or average;
� definition of error bars as s.d. or s.e.m. 

1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size?

1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used.

2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre-
established?

3. Were any steps taken to minimize the effects of subjective bias when allocating animals/samples to treatment (e.g. 
randomization procedure)? If yes, please describe. 

For animal studies, include a statement about randomization even if no randomization was used.

4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results 
(e.g. blinding of the investigator)? If yes please describe.

4.b. For animal studies, include a statement about blinding even if no blinding was done

5. For every figure, are statistical tests justified as appropriate?

Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it.

Is there an estimate of variation within each group of data?

To pre-determine sample sizes, we used G-power analysis based on pilot or previous studies 
(M&M, statistics, pag 38).

Grubbs’ test was applied to identify outliers (M&M, statistics, pag 38). Regarding the novel object 
recognition test, mice exploring less than 7 seconds were excluded from the analysis due to their 
inability to perform the task (M&M, Novel Object Recognition Test, pag 27).

R6/2 mice and their wt littermates were assigned randomly and sex was balanced in the various 
experimental groups.  All the behavioral analyses were performed in blind (M&M, statistics, pag 
38). 

Manuscript Number: EMM-2020-12519  

Yes. 

For each set of data to be compared, we determined whether data were normally distributed or 
not to select parametric or not parametric statistical tests. The specific statistical test used is 
indicated in the legend of all results figures. Differences were considered statistically if the p-value 
was less than 0.05 (M&M, statistics, pag 38). 

Yes, the standard error of the mean indicate the variation within each group as reported in figure 
legends.

Animals from the same litter were divided in different experimental groups (M&M, statistics, pag 
38). 

Data were collected and processed randomly with blinding of the investigator (M&M, statistics, 
pag 38). 

Methods for group allocation, data collection and all related analyses were predetermined. 
Blinding was applied to in vivo procedures and all data collection (M&M, statistics, pag 38).

1. Data

the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the 
experiments in an accurate and unbiased manner.
figure panels include only data points, measurements or observations that can be compared to each other in a scientifically 
meaningful way.

The data shown in figures should satisfy the following conditions:

Source Data should be included to report the data underlying graphs. Please follow the guidelines set out in the author ship 
guidelines on Data Presentation.

Please fill out these boxes ê (Do not worry if you cannot see all your text once you press return)

a specification of the experimental system investigated (eg cell line, species name).

To pre-determine sample sizes, we used G-power analysis based on pilot or previous studies 
(M&M, statistics, pag 38).

graphs include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should 
not be shown for technical replicates.
if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be 
justified

the exact sample size (n) for each experimental group/condition, given as a number, not a range;

Each figure caption should contain the following information, for each panel where they are relevant:

2. Captions

B- Statistics and general methods

the assay(s) and method(s) used to carry out the reported observations and measurements 
an explicit mention of the biological and chemical entity(ies) that are being measured.
an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.

a statement of how many times the experiment shown was independently replicated in the laboratory.

Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.

In the pink boxes below, please ensure that the answers to the following questions are reported in the manuscript itself. 
Every question should be answered. If the question is not relevant to your research, please write NA (non applicable).  
We encourage you to include a specific subsection in the methods section for statistics, reagents, animal models and human 
subjects.  

definitions of statistical methods and measures:

a description of the sample collection allowing the reader to understand whether the samples represent technical or 
biological replicates (including how many animals, litters, cultures, etc.).
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Is the variance similar between the groups that are being statistically compared?

6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog
number and/or clone number, supplementary information or reference to an antibody validation profile. e.g., 
Antibodypedia (see link list at top right), 1DegreeBio (see link list at top right).

7. Identify the source of cell lines and report if they were recently authenticated (e.g., by STR profiling) and tested for
mycoplasma contamination.

* for all hyperlinks, please see the table at the top right of the document

8. Report species, strain, gender, age of animals and genetic modification status where applicable. Please detail housing
and husbandry conditions and the source of animals.

9. For experiments involving live vertebrates, include a statement of compliance with ethical regulations and identify the
committee(s) approving the experiments.

10. We recommend consulting the ARRIVE guidelines (see link list at top right) (PLoS Biol. 8(6), e1000412, 2010) to ensure 
that other relevant aspects of animal studies are adequately reported. See author guidelines, under ‘Reporting 
Guidelines’. See also: NIH (see link list at top right) and MRC (see link list at top right) recommendations.  Please confirm 
compliance.

11. Identify the committee(s) approving the study protocol.

12. Include a statement confirming that informed consent was obtained from all subjects and that the experiments 
conformed to the principles set out in the WMA Declaration of Helsinki and the Department of Health and Human 
Services Belmont Report.

13. For publication of patient photos, include a statement confirming that consent to publish was obtained.

14. Report any restrictions on the availability (and/or on the use) of human data or samples.

15. Report the clinical trial registration number (at ClinicalTrials.gov or equivalent), where applicable.

16. For phase II and III randomized controlled trials, please refer to the CONSORT flow diagram (see link list at top right) 
and submit the CONSORT checklist (see link list at top right) with your submission. See author guidelines, under ‘Reporting
Guidelines’. Please confirm you have submitted this list.

17. For tumor marker prognostic studies, we recommend that you follow the REMARK reporting guidelines (see link list at 
top right). See author guidelines, under ‘Reporting Guidelines’. Please confirm you have followed these guidelines.

18: Provide a “Data Availability” section at the end of the Materials & Methods, listing the accession codes for data 
generated in this study and deposited in a public database (e.g. RNA-Seq data: Gene Expression Omnibus GSE39462, 
Proteomics data: PRIDE PXD000208 etc.) Please refer to our author guidelines for ‘Data Deposition’.

Data deposition in a public repository is mandatory for: 
a. Protein, DNA and RNA sequences 
b. Macromolecular structures 
c. Crystallographic data for small molecules 
d. Functional genomics data
e. Proteomics and molecular interactions

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the
journal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of datasets 
in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ or in unstructured 
repositories such as Dryad (see link list at top right) or Figshare (see link list at top right).
20. Access to human clinical and genomic datasets should be provided with as few restrictions as possible while respecting 
ethical obligations to the patients and relevant medical and legal issues. If practically possible and compatible with the 
individual consent agreement used in the study, such data should be deposited in one of the major public access-
controlled repositories such as dbGAP (see link list at top right) or EGA (see link list at top right).
21. Computational models that are central and integral to a study should be shared without restrictions and provided in a
machine-readable form.  The relevant accession numbers or links should be provided. When possible, standardized format 
(SBML, CellML) should be used instead of scripts (e.g. MATLAB). Authors are strongly encouraged to follow the MIRIAM 
guidelines (see link list at top right) and deposit their model in a public database such as Biomodels (see link list at top 
right) or JWS Online (see link list at top right). If computer source code is provided with the paper, it should be deposited 
in a public repository or included in supplementary information.

22. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top 
right) and list of select agents and toxins (APHIS/CDC) (see link list at top right). According to our biosecurity guidelines, 
provide a statement only if it could.

NA

NA

NA

NA

NA

NA

NA

NA

NA

Our R6/2 colony lifespan was approximately of 13 weeks and it was maintained through the male 
line exclusively. Mice were weaned and then genotyped at 3 weeks of age (+/- 3 days). Transgenic 
R6/2 males were paired with non-carrier females (B6CBAF1/J, purchased from Charles River). CAG 
repeat length and changes that could affect strain productivity, general behavior, litter size, pup 
survival, genotype frequency, phenotype were constantly monitored with a range between 200-250 
CAGs. Mice were housed under standard conditions (22 ± 1°C, 60% relative humidity, 12 hours 
light/dark schedule, 3–4 mice/cage, with free access to food and water) (M&M, Colony 
management, pag 24).

All the in vivo experiments were carried out in accordance with Italian Governing Law (D.lgs 
26/2014; Authorization n.324/2015-PR issued May 6, 2015 by Ministry of Health); the NIH Guide for 
the Care and Use of Laboratory Animals (2011 edition) and EU directives and guidelines (EEC 
Council Directive 2010/63/UE) (M&M, Colony management, pag 24).

Yes, we used ARRIVE guidlines.

G- Dual use research of concern

F- Data Accessibility

NA

NA

NA

No cell lines were used.

Yes. When the variances were different, we used the Welch t test that allows for unequal variance 
(see Appendix S3).

Primary antibodies: rabbit anti-SREBP2 (1:2000; gift by T. Osborne) (Seo et al, 2011), mouse anti-
SREBP2 (1:100; Ls-Bio, LS-C179708), rabbit anti-DARPP32 (1:100; Cell Signalling, 2306), mouse anti-
NeuN (1:100; Millipore, MAB377), rabbit anti-NeuN (1:500; Abcam, AB104225), rabbit anti-GFAP 
(1:250; Dako, Z0334), mouse anti-Huntingtin clone EM48 (1:100; Millipore, MAB5374), rabbit anti-
p62 (1:100; Abcam, AB109012) or rat anti-LAMP1 (1:50; Santa Cruz, SC19992), rabbit anti-TGN46 
(1:60; Abcam, ab16059), rabbit anti-Rab9A (1:50; Euroclone, BK5118S-CST), rabbit anti-calnexin 
(1:100; Life technologies, PA534754), mouse anti PMCA-ATPase (1:500; ThermoFisher Scientific, 
MA3-914). (M&M, Immunohistochemistry analysis, pag 30 and 31).
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