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Abstract in English 

Cholesterol is a multifaceted membrane component particularly enriched in 
neurons and it is essential for brain function. In the adult brain, cholesterol is 
locally produced by astrocytes and transferred to neurons. Disruption of brain 
cholesterol pathways has been linked to several neurological diseases, including 
Huntington’s disease (HD). HD is a genetic, neurodegenerative disorder caused 
by a CAG expansion in the gene encoding the huntingtin protein leading to 
EHKDYLRUDO� GH¿FLWV�� V\QDSWLF� G\VIXQFWLRQ�� DQG� QHXURQDO� ORVV�� %UDLQ� FKROHVWHURO�
biosynthesis and content are reduced in several HD models due to reduced 
DFWLYLW\�RI�65(%3���WKH�WUDQVFULSWLRQ�IDFWRU�WKDW�UHJXODWHV�FKROHVWHURO�V\QWKHVLV��
Abnormalities in brain cholesterol homeostasis are also detectable in HD patients 
VLQFH����K\GUR[\�FKROHVWHURO��D�FKROHVWHURO�FDWDEROLWH� WKDW� LV�EUDLQ�VSHFL¿F�DQG�
DEOH� WR�FURVV� WKH�EORRG�EUDLQ�EDUULHU�� LV�SURJUHVVLYHO\� UHGXFHG� LQ� WKHLU�SODVPD��
Of note, the delivery of cholesterol to the HD brain via systemic administration of 
EUDLQ�SHUPHDEOH�SRO\PHULF�QDQRSDUWLFOHV� �J��13V�FKROB�����RU�GLUHFWO\� LQWR� WKH�
VWULDWXP�XVLQJ�RVPRWLF�PLQLSXPSV�UHVFXHG�NH\�IHDWXUHV�RI�WKH�GLVHDVH��
Here, to transform these results into a testable therapeutic strategy for humans, 
we characterized in vivo�VHFRQG�JHQHUDWLRQ�J��13V��J��13V�FKROB������ZLWK�DQ�
HQKDQFHG�FKROHVWHURO�ORDGLQJ�FDSDFLW\�FRPSDUHG�WR�J��13V�FKROB�����WR�GHOLYHU�
WKH�SURSHU�DPRXQW�RI�FKROHVWHURO�WR�WKH�EUDLQ�ZLWKRXW�VLGH�HႇHFWV��)XUWKHUPRUH��
ZH�VKRZHG�WKDW�PXOWLSOH�F\FOHV�RI�J��13V�FKROB����WUHDWPHQWV�OHDG�WR�FRPSOHWH�
DQG�ORQJ�WHUP�EHKDYLRUDO�DPHOLRUDWLRQ��
)LQDOO\��WR�WHVW�WKH�LPSDFW�RI�IRUFHG�65(%3��H[SUHVVLRQ�ZLWKLQ�+'�EUDLQ��ZH�XVHG�
$$9���� WR� GHOLYHU�65(%3�� LQ� DVWURF\WHV��:H� IRXQG� WKDW� H[RJHQRXV�65(%3��
stimulates the transcription of cholesterol biosynthesis genes resulting in 
UHVWRUDWLRQ�RI�V\QDSWLF�WUDQVPLVVLRQ�DQG�UHVFXH�RI�EHKDYLRUDO�GH¿FLWV�
These results suggested that providing exogenous cholesterol or stimulating its 
ELRV\QWKHVLV� LQ�+'� EUDLQ� KDV� D� SRVLWLYH� HႇHFW� RQ� EHKDYLRUDO� GHFOLQH� DQG�+'�
UHODWHG�SKHQRW\SHV��KLJKOLJKWLQJ�WKH�WUDQVODWLRQDO�SRWHQWLDO�RI�FKROHVWHURO�EDVHG�
strategies for this tremendous disease.
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Abstract in Italian 

Il colesterolo cerebrale, prodotto localmente dagli astrociti, è un componente 
essenziale per l’attività neuronale. Difetti del metabolismo del colesterolo cerebrale 
sono spesso stati collegati a malattie neurologiche, tra cui la Corea di Huntington 
(MH), una malattia genetica neurodegenerativa causata dall’espansione del tratto 
&$*�QHO�JHQH�FKH�FRGL¿FD�SHU�OD�SURWHLQD�+XQWLQJWLQD��/D�0+�q�FDUDWWHUL]]DWD�
GD� GLVWXUEL� FRPSRUWDPHQWDOL�� VLQDSWLFL� H� PRUWH� QHXURQDOH�� /D� VLQWHVL� H�� GL�
conseguenza, i livelli di colesterolo sono ridotti nel cervello di numerosi modelli 
DQLPDOL�0+�D�FDXVD�GHOOD�ULGRWWD�DWWLYLWj�GL�65(%3���LO�IDWWRUH�GL�WUDVFUL]LRQH�FKH�
ne regola la sintesi. Anomalie nel metabolismo del colesterolo cerebrale sono 
misurabili anche nei pazienti MH. 
/D� VRPPLQLVWUD]LRQH� GL� FROHVWHUROR� DO� FHUYHOOR� GL� DQLPDOL� 0+� DWWUDYHUVR�
QDQRSDUWLFHOOH� SROLPHULFKH� LQ� JUDGR� GL� DWWUDYHUVDUH� OD� %((� �J��13V�FKROB�����
R� GLUHWWDPHQWH� QHOOR� VWULDWR� WUDPLWH� PLQL�SRPSH� RVPRWLFKH� KD� SRUWDWR� DG� XQ�
miglioramento di una serie di difetti tipici della malattia. 
Con l’obiettivo di traslare questi risultati in una strategia terapeutica per l’uomo, 
VRQR�VWDWH�VYLOXSSDWH�QDQRSDUWLFHOOH�GL�VHFRQGD�JHQHUD]LRQH��J��13V�FKROB�����
LQ�JUDGR�GL�YHLFRODUH�SL��FROHVWHUROR�ULVSHWWR�DOOH�J��13V�FKROB�����7DOL�13V�VRQR�
state testate in vivo� SHU� YHUL¿FDUQH� O¶HႈFDFLD� H� O¶HYHQWXDOH� SUHVHQ]D� GL� HႇHWWL�
FROODWHUDOL��,QROWUH��q�VWDWR�GLPRVWUDWR�FKH�WUDWWDPHQWL�FLFOLFL�FRQ�J��13V�FKROB����
portano ad un completo miglioramento comportamentale a lungo termine.
,Q¿QH��SHU�VWXGLDUH�LO�UXROR�GL�65(%3�� in vivo��DEELDPR�VRYUD�HVSUHVVR�TXHVWR�
fattore trascrizionale negli astrociti per aumentare la sintesi endogena del 
FROHVWHUROR� QHOOR� VWULDWR� GL� WRSL� 0+�� /¶RYHU�HVSUHVVLRQH� GL� 65(%3�� PHGLDWD�
GD�$$9���� KD� SRUWDWR� DG� XQ� DXPHQWR� VLJQL¿FDWLYR� GHOOD� VLQWHVL� HQGRJHQD� GHO�
colesterolo cerebrale con conseguente ripristino della trasmissione sinaptica e 
UHFXSHUR�GHL�GH¿FLW�FRPSRUWDPHQWDOL�
Questi risultati suggeriscono che strategie terapeutiche atte a ripristinare 
l’omeostasi del colesterolo nel cervello possono migliorare i fenotipi correlati alla 
MH.
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Aim 

An increasing number of studies highlights the importance of cholesterol 
homeostasis for brain function. Accordingly, disruption of brain cholesterol 
V\QWKHVLV�DQG�RU�FDWDEROLVP�KDV�EHHQ� OLQNHG�WR�VHYHUDO�QHXURORJLFDO�GLVRUGHUV��
including Huntington’s disease (HD). In particular, it has been shown that 
FKROHVWHURO�ELRV\QWKHVLV���DV�MXGJHG�E\�WKH�PHDVXUHPHQW�RI�FKROHVWHURO�SUHFXUVRUV�
E\�PHDQV�RI�LVRWRSLF�GLOXWLRQ�PDVV�VSHFWURPHWU\��,'�06����LV�UHGXFHG�LQ�WKH�EUDLQ�
RI�GLႇHUHQW�+'�URGHQW�PRGHOV�VLQFH�SUH�V\PSWRPDWLF�VWDJHV�RI�WKH�GLVHDVH��$V�D�
consequence, cholesterol content is reduced at later stages of the disease, likely 
contributing to impair cognition and synaptic transmission. Interestingly, it has 
EHHQ�VKRZQ�WKDW�WKH�GHOLYHU\�RI�FKROHVWHURO�WR�WKH�EUDLQ�WKURXJK�EUDLQ�SHUPHDEOH�
SRO\PHULF� QDQRSDUWLFOHV� �J��13V�FKROB����� UHYHUVHG� V\QDSWLF� DOWHUDWLRQV� DQG�
SUHYHQWHG�FRJQLWLYH�GHIHFWV�LQ�5����PLFH��D�WUDQVJHQLF�+'�PRXVH�PRGHO�ZLWK�D�
VWURQJ� DQG� IDVW�GHYHORSLQJ� SKHQRW\SH��0RUHRYHU�� XVLQJ� RVPRWLF�PLQLSXPSV� WR�
LQIXVH�FKROHVWHURO�GLUHFWO\� LQWR� WKH�VWULDWXP�RI�5����PLFH�� WKH� WKHUDSHXWLF�GRVH�
able to rescue synaptic morphology and transmission, revers mutant Huntingtin 
DJJUHJDWLRQ��DQG�SUHYHQW�ERWK�FRJQLWLYH�DQG�PRWRU�GHIHFWV�KDV�EHHQ�LGHQWL¿HG�

%DVHG�RQ�WKHVH�HYLGHQFHV��WKH�DLPV�RI�P\�WKHVLV�ZHUH�WR�
���WHVW�in vivo the translational potential of cholesterol delivery to the brain in two 
GLႇHUHQW�+'�PRXVH�PRGHOV�WKURXJK�VHFRQG�JHQHUDWLRQ�QDQRSDUWLFOHV��J��13V�
FKROB�����DV�D�IXWXUH�WKHUDSHXWLF�DSSURDFK�LQ�+'�
��� LQYHVWLJDWH� WKH� UHOHYDQFH� in vivo of the molecular mechanism underlying 
FKROHVWHURO� G\VIXQFWLRQ� LQ� +'� DQG� WKH� UROH� RI� FKROHVWHURO� FURVV�WDON� EHWZHHQ�
astrocytes and neurons in HD mice through viral delivery of the active form of 
65(%3���WKH�WUDQVFULSWLRQ�IDFWRU�WKDW�DFWLYDWHV�FKROHVWHURO�ELRV\QWKHVLV�JHQHV��
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1. Introduction 

1.1 Brain cholesterol in 
physiological condition
1.1.1 Cholesterol roles in the brain
7KRXJK� DFFRXQWLQJ� IRU� RQO\� ��� RI�
body weight, the brain is the most 
FKROHVWHURO�ULFK�RUJDQ��ZLWK�DERXW�����
RI�WKH�ZKROH�ERG\¶V�FKROHVWHURO���������
The amount of cholesterol within the 
EUDLQ� LV� ��±���PJ�J� WLVVXH�� ZKHUHDV�
WKH� DYHUDJH� LQ� RWKHU� WLVVXHV� LV� �±��
PJ�J������
%UDLQ� FKROHVWHURO� LV� HVVHQWLDOO\�
XQHVWHUL¿HG��!�������DQG�LW�LV�ORFDWHG�
LQ�P\HOLQ� VKHDWKV� �!����� DQG� DW� WKH�
plasma membranes of astrocytes 
DQG�QHXURQV���������6PDOO�DPRXQWV�RI�
desmosterol and cholesteryl ester are 
DOVR�SUHVHQW������
Circulating or dietary cholesterol 
FDQ� QRW� FURVV� WKH� EORRG�EUDLQ�
EDUULHU� �%%%�� ����� VR� DOPRVW� DOO� EUDLQ�
cholesterol depends on endogenous 
biosynthesis (6). Although brain 
cholesterol homeostasis is maintained 
constant during the entire life by the 
equilibrium among de novo synthesis, 
transport, storage, removal, and 
recycle, the concentration of total 
cholesterol varies markedly during 
those periods of development when 
brain size and degree of myelination 
are also rapidly changing. In mice, 
the highest cholesterol synthesis 
UDWH� RFFXUV� GXULQJ� WKH� ¿UVW� SRVWQDWDO�
weeks, concomitantly with the peak of 

myelination process. After myelination, 
brain cholesterol metabolism is 
characterized by a very low turnover, 
ZLWK�HVWLPDWHG�KDOI�OLIH�RI��±��PRQWKV�
LQ�URGHQWV�DQG���\HDUV� LQ�KXPDQV�����
���
Cholesterol plays many fundamental 
UROHV�LQ�WKH�&16���L��XS�WR�����RI�EUDLQ�
cholesterol serves as a structural 
component of cellular membranes 
DQG�P\HOLQ�������LL��LW�LV�WKH�SUHFXUVRU�RI�
steroid hormones, which are involved 
in the modulation of receptor activity 
and in the regulation of myelination, 
and growth of axons and dendrites 
���� ���� �LLL�� LW� LV� HVVHQWLDO� IRU� QRUPDO�
brain development by promoting 
V\QDSWRJHQHVLV�� GLႇHUHQWLDWLRQ� RI�
dendrites and stability of presynaptic 
WUDQVPLWWHU�UHOHDVH����������������LY��LW�LV�
a structural component of membranes 
in neurons and glial cells and it acts 
E\� UHGXFLQJ� PHPEUDQH� ÀXLGLW\��
thus providing a better permeability 
barrier, hindering membrane protein 
GLႇXVLRQ� ������ �Y�� LW� LV� UHTXLUHG� IRU�
QHXURWUDQVPLWWHU�UHOHDVH���������������
and for axonal guidance.
)RU� WKHVH� UHDVRQV�� FKROHVWHURO�
depletion leads to synaptic and 
dendritic spine degeneration, failed 
neurotransmission, and decreased 
V\QDSWLF�SODVWLFLW\������
Thus, cholesterol homeostasis must 
EH� ¿QHO\� UHJXODWHG� DQG� FKROHVWHURO�
synthesis and metabolism must be in 
equilibrium.
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1.1.2 Cholesterol synthesis in the brain
The pathway responsible for 
cholesterol synthesis occurs in the 
endoplasmic reticulum (ER) and it is 
GHVFULEHG�LQ�)LJ������

There are two cholesterologenic 
SDWKZD\V�LQ�WKH�EUDLQ��WKH�.DQGXWVFK�

Russel cholesterol synthetic pathway, 
DQG�WKH�%ORFK�SDWKZD\��,Q�WKH�SDVW��WKH�
two ways were thought to be typical of 
neurons and astrocytes respectively 
����� ����� 5HFHQWO\�� E\� XVLQJ� VWDEOH�
isotope labeling and isotopomer 
DQDO\VLV� WR� WUDFH� VWHURO� ÀX[� WKURXJK�
the two pathways in mice, it has been 
FOHDUO\�VKRZQ�WKDW�XVH�RI�WKH�%ORFK�DQG�
.DQGXWVFK�5XVVHO�SDWKZD\V� LV�KLJKO\�
YDULDEOH�DQG�GHSHQGV�RQ�WLVVXHV������
Transcriptional regulation of 
cholesterol synthesis depends on the 
transcription factors sterol regulatory 
HOHPHQW� ELQGLQJ� SURWHLQV� �65(%3V��
����� ����� ,Q� KXPDQV�� WKUHH� GLႇHUHQW�
65(%3� LVRIRUPV� ZHUH� LGHQWL¿HG��
65(%3�$�� 65(%3�&� DQG� 65(%3���
65(%3�$� LV� FRQVWLWXWLYHO\� H[SUHVVHG�
and it targets all genes containing 
VWHURO� UHVSRQVH� HOHPHQWV� �65(��� %\�
FRQWUDVW�� 65(%3�&� DQG� 65(%3��
are responsible for the expression 
RI� JHQHV� LQYROYHG� LQ� IDWW\�DFLG� DQG�
cholesterol metabolism respectively 
������ 65(%3V� DUH� V\QWKHVL]HG� DV�
transcriptionally inactive precursors in 
WKH� (5�� :KHQ� FKROHVWHURO� OHYHOV� DUH�
ORZ�� 65(%3�� LV� FOHDYHG� E\� 65(%3�
FOHDYDJH� DFWLYDWLRQ� SURWHLQ� �6&$3���
OHDGLQJ� WR� 65(%3�� DFWLYDWLRQ� DQG�
translocation from the ER to the Golgi 
DSSDUDWXV��:LWKLQ�WKH�*ROJL��65(%3��
LV� FOHDYHG� E\� WZR� SURWHDVHV�� VLWH� ��
�6�3��DQG�VLWH��� �6�3��� UHVXOWLQJ� LQWR�
DQ�DFWLYH����N'D�1�WHUPLQDO�IUDJPHQW�
that moves to the nucleus, binds SRE 
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Figure 1.1 Cholesterol biosynthetic pathway

Cholesterol biosynthesis occurs through a series 
of steps, with the rate-limiting one being catalyzed 
by the highly regulated hydroxymethylglutaryl-
coenzyme A reductase (HMGCR).
Isoprenoid intermediates of this pathway serve as 
precursors for several lipids involved in electron 
transport (heme A, ubiquinone), glycoprotein 
synthesis (dolichol) and protein prenylation (FPP, 
GGPP). After the production of the key sterol 
intermediate lanosterol, the route branches in 
WKH� %ORFK� SDWKZD\� DQG� WKH� .DQGXWVFKí5XVVHOO�
pathway, respectively having desmosterol and 
7-dehydrocholesterol as cholesterol precursors. 



Introduction

10

in the promoters of target genes and 
DFWLYDWHV�WKHLU�WUDQVFULSWLRQ��������������
:KHQ� FHOOV� GR� QRW� QHHG� WR� SURGXFH�
cholesterol, this process does not 

RFFXU� EHFDXVH� 65(%3�� LV� UHWDLQHG�
LQ� WKH� (5� E\� LQVXOLQ�LQGXFHG� JHQHV�
�,16,*�� DQG� ,16,*��� SURWHLQV� �����
�)LJ�������

Figure 1.2 SREBP2 pathway

Schematic representation of how SREBP2 regulates cholesterol production in physiological (black arrows) 
and pathological (red arrows) conditions. 
From Valenza & Cattaneo, TINS, 2011

7KH�LPSRUWDQFH�RI�6&$3�ZDV�FRQ¿UPHG�
E\� HYLGHQFH� RI� UHGXFHG� P51$� OHYHO�
of Srebp2� DQG� 65(�JHQHV�� UHGXFHG�
cholesterol content, brain morphology 
changes, gliosis, and impaired synaptic 
transmission and cognitive function in 
6&$3�NQRFNRXW�PLFH�������)XUWKHUPRUH��
GHOHWLRQ�RI�6&$3� LQ�DVWURF\WHV�GXULQJ�
the peak of myelination led to persistent 
&16� K\SRP\HOLQDWLRQ� ������ )LQDOO\��
GHOHWLRQ� RI� 6&$3� LQ� DGXOWKRRG� led to 
microcephaly, loss of cholesterol and 

fatty acid synthesis, increased uptake 
of dietary lipids, progressive motor 
defects, dyskinesia, and premature 
GHDWK�������7KH�deletion of cholesterol 
V\QWKHVLV� E\� 65(%3�� GHSOHWLRQ� LQ�
astrocytes resulted in a reduction of 
Srebp2� WUDQVFULSW� OHYHO�� WRWDO� EUDLQ�
cholesterol content was decreased 
��±���� DQG� PLFH� VXႇHUHG� IURP�
microcephaly, reduced brain weight, 
and motor and cognitive abnormalities 
�������
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Figure 1.3 Neuron-astrocyte cholesterol cross-talk

Schematic representation of brain cholesterol metabolism and cross-talk between neurons and astrocytes. 
From Valenza & Cattaneo, TINS, 2011

1.1.3 Cross-talk between neurons and 
astrocytes 
In the adult brain, astrocytes synthesize 
DW� OHDVW� ��� WR� ��IROG�PRUH� FKROHVWHURO�
WKDQ� QHXURQV� ����� 7KH� DPRXQW� RI�

cholesterol produced by neurons 
LV� HQRXJK� IRU� WKH� GLႇHUHQWLDWLRQ� RI�
axons and dendrites but not for the 
formation of functional synapses. 
,Q� IDFW�� JOLDO�GHULYHG� FKROHVWHURO�
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produced by astrocytes is required to 
SURPRWH�D[RQ�JURZWK�������ELRJHQHVLV�
RI� V\QDSWLF� YHVLFOHV� ����� ����� DQG� WR�
PDLQWDLQ� V\QDSWLF� LQWHJULW\� ����� �����
Thus, neurons rely on the import of 
FKROHVWHURO�IURP�DVWURF\WHV�������ZKLFK�
is transported via apolipoproteins and 
OLSLGV��$VWURF\WHV�DUH�WKH�PDMRU�VRXUFH�
RI�DSROLSRSURWHLQ�(��$SR(��������D�NH\�
lipoprotein required for extracellular 
transport of cholesterol and other lipids 
EHWZHHQ�DVWURF\WHV�DQG�QHXURQV�������
/LSLGDWLRQ� DQG� VHFUHWLRQ� RI� $SR(�
DUH� PHGLDWHG� E\� WKH� $73�ELQGLQJ�
FDVVHWWH� WUDQVSRUWHUV� �$%&$���
������ 7KH� FUXFLDO� UROH� RI�$%&$�� ZDV�
FRQ¿UPHG�XVLQJ�NQRFNRXW�PLFH��WKHVH�
PLFH� VKRZHG� D� VLJQL¿FDQW� GHFUHDVH�
of ApoE lipidation, with consequent 
decline of cholesterol and ApoE 
OHYHO� LQ� EUDLQ� DQG� FHUHEURVSLQDO� ÀXLG�
�&6)�� ����� ���� WRJHWKHU� ZLWK� FRUWLFDO�
DVWURJOLRVLV�� LQFUHDVHG� LQÀDPPDWRU\�
gene expression, altered synaptic 
transmission, and sensomotor 
EHKDYLRU������
2QFH�$SR(�OLSRSURWHLQV�DUH� OLSLGDWHG��
WKH\� XS� WDNHQ� E\� WKH� /RZ�'HQVLW\�
/LSRSURWHLQ�5HFHSWRU�UHODWHG�3URWHLQ���
�/53����ZKLFK�LV�PDLQO\�H[SUHVVHG�E\�
QHXURQDO�FHOOV���������������)LJ��������
7KH� LQWHUDFWLRQ� EHWZHHQ� $SR(�
OLSRSURWHLQV� DQG� /53�� OHDGV� WR�
the activation of several signaling 
pathways that are needed for neuronal 
VXUYLYDO� DQG� FRUUHFW� DFWLYLW\� ����� �����
2I�QRWH��/53��UHPRYDO�LQ�QHXURQV�OHG�

to global impairment of cholesterol 
homeostasis and neurodegeneration, 
highlighting its importance for correct 
EUDLQ�IXQFWLRQ������� 

1.1.4 Cholesterol elimination from the 
brain
&KROHVWHURO� WXUQRYHU� LV� ¿QHO\�
regulated by mechanisms for sterol 
H[FUHWLRQ� IURP� WKH� &16�� LQFOXGLQJ�
WKH����K\GUR[\ODWLRQ�RI� FKROHVWHURO� WR�
��6�K\GUR[\FKROHVWHURO� ���6�2+&��
by a subset of neurons with very high 
PHWDEROLF�UDWHV������7KLV�PHWDEROLWH�LV�
UHDGLO\�VHFUHWHG�IURP�WKH�&16�LQWR�WKH�
plasma. The enzyme responsible for 
this conversion is called Cholesterol 
���K\GUR[\ODVH� �&<3��$��� DQG�
LW� LV� SDUW� RI� WKH� F\WRFKURPH� 3����
IDPLO\� ������ ,W� LV� KLJKO\� H[SUHVVHG� LQ�
pyramidal neurons of the hippocampus 
DQG� FRUWH[�� LQ� 3XUNLQMH� FHOOV� RI� WKH�
cerebellum, and in hippocampal and 
FHUHEHOODU� LQWHUQHXURQV� ������ ,W� KDV�
been calculated that the amount of 
��6�2+&� PRYLQJ� IURP� WKH� EUDLQ�
LQWR� WKH� FLUFXODWLRQ� LV� DURXQG� ����PJ�
SHU� GD\� ���� ����� 2QFH� LQ� WKH� EORRG��
��6�2+&�ELQGV�WR�/'/��LV�WDNHQ�XS�E\�
KHSDWRF\WHV�DQG�¿QDOO\�H[FUHWHG�LQ�ELOH�
VDOWV�������:KHUHDV�LQ�PLFH���6�2+&�
production has been reported also 
LQ� WKH� OLYHU�� KXPDQ� ��6�2+&� LV�
H[FOXVLYHO\�RI�FHUHEUDO�RULJLQ�����������
Consequently, this molecule may be 
used as a marker for brain cholesterol 
KRPHRVWDVLV�LQ�KXPDQV������������������
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)XUWKHUPRUH�� EHVLGHV� EHLQJ� D�
metabolite for cholesterol elimination, 
��6�2+&�WDNHV�SDUW�RI�WKH�FKROHVWHURO�
FURVV�WDON� EHWZHHQ� QHXURQV� DQG�
DVWURF\WHV��LQ�IDFW����6�2+&�PD\�DFW��
together with cholesterol precursors 
such as desmosterol, as a signaling 
molecule that regulates cholesterol 
biosynthesis by activating the liver X 
UHFHSWRU��/;5V���$FFRUGLQJO\��QHXURQ�
GHULYHG� ��6�2+&� PD\� VLJQDO� WR�
astrocytes the neuronal cholesterol 
OHYHO�DQG��WKRXJK�LQWHUDFWLRQ�ZLWK�/;5��
it may regulate the expression and the 
VHFUHWLRQ�RI�$SR(�����������
The close correlation between 
cholesterol synthesis and catabolism 
ZDV� GHPRQVWUDWHG� XVLQJ� &<3��$��
knockout mice. Accordingly, sterol 
export from the brain was dramatically 
GHFUHDVHV�LQ�WKHVH�PLFH��DERXW������
WRJHWKHU�ZLWK�D�UHGXFWLRQ��DERXW������
LQ�FKROHVWHURO�V\QWKHVLV�������

1.2 Brain cholesterol defect in 
Huntington’s disease
1.2.1 Huntington’s disease genetics 
and clinical manifestation
Huntington’s disease (HD) 
is an autosomal dominant 
neurodegenerative disorder with 
DQ� LQFLGHQFH� RI� �±��� SHU� ��������
������ ,Q� HDUO\� VWDJHV�� WKH� GLVHDVH� LV�
associated with personality, emotional, 
and psychiatric disturbances leading 
WR� FRJQLWLYH� G\VIXQFWLRQV� ������ /DWHU�
on, motor decline occurs together with 

progressive dementia and gradual 
impairment of attention, learning, 
DQG�SODQQLQJ�DELOLW\�����������%HVLGHV�
chorea, motor disturbs include dystonia, 
which comprises progressive motor 
disability, involuntary movements, and 
ULJLGLW\�� 3DWLHQWV� ZLWK� DGYDQFHG� +'�
may become unable to walk, have 
poor food intake and become unable 
WR� FDUH� IRU� WKHPVHOYHV�� 3DWLHQWV� DOVR�
VXႇHU� IURP�QRQ�QHXURORJLFDO� IHDWXUHV��
LQFOXGLQJ�ZHLJKW� ORVV��VNHOHWDO�PXVFOH�
atrophy, osteoporosis, cardiac failure, 
metabolic, and immune disturbances 
�����
The mutation responsible for HD 
ZDV� LGHQWL¿HG� LQ� ������ LW� LQYROYHG� DQ�
abnormal expansion of a polymorphic 
(CAG)n� UHSHDW� LQ� WKH�¿UVW�H[RQ�RI� WKH�
LQWHUHVWLQJ� WUDQVFULSW� ���KXQWLQJWLQ�
(IT15/HTT) gene, which maps on the 
VKRUW� DUP� RI� FKURPRVRPH� �� LQ� WKH�
ORFXV� �S����� ������ 7KH� &$*� WUDFW�
encodes for a polyglutamine (polyQ) 
VWUHWFK� LQ� WKH�1+�� WHUPLQXV� RI� D� ����
kDa protein, called Huntingtin (HTT) 
������7KH�VWXG\�GHPRQVWUDWHG�WKDW�WKH�
number of CAG repeats in healthy 
SHRSOH�YDULHG� IURP��� WR�����ZKLOH�+'�
SDWLHQWV�FDUU\�H[SDQVLRQV�RI����RU�PRUH�
UHSHDWV� ����� ����� )XUWKHUPRUH�� WKHUH�
are some asymptomatic individuals 
with a number of CAG repeats ranging 
IURP���� WR� ��� ����� ����� WKHVH�SHRSOH�
are at risk of transmitting the disease 
to their children, due to a phenomenon 
NQRZQ� DV� ³JHQHWLF� DQWLFLSDWLRQ´� ������
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The length of the expanded CAG tract 
and the age of symptoms onset are 
LQYHUVHO\�FRUUHODWHG�����������WKH�SHDN�
DJH�RI�DGXOW�RQVHW�+'� LV�EHWZHHQ����
DQG����\HDUV�ZLWK�GHDWK�RFFXUULQJ����
���\HDUV�DIWHU�RQVHW��EXW�&$*�UHSHDW�
expansions t����OHDG�WR�MXYHQLOH�RQVHW�
ZLWK�PRUH� SURPLQHQW� LPSDLUPHQW� �����
����

1.2.2 Huntington’s disease 
neuropathological features
Concerning neuropathology, the most 
DႇHFWHG�EUDLQ�DUHD�LQ�+'�LV�WKH�VWULDWXP�
�����EXW�FRUWH[�DQG�RWKHU�EUDLQ�UHJLRQV�
are compromised in late stages of the 
disease and in more severe cases. 
1HXURGHJHQHUDWLRQ� RFFXUV� \HDUV�
before the appearance of symptoms 
������ 7KH� PRVW� DႇHFWHG� QHXURQDO�
population in HD is composed by 
VWULDWDO�*$%$HUJLF�PHGLXP�VL]HG�VSLQ\�
QHXURQV� �061V�� ������ 7KLV� SHFXOLDU�
feature has been used to classify HD 
SDWLHQWV� LQWR� ¿YH� GLႇHUHQW� VHYHULW\�
JUDGHV� ��±����3DWLHQWV� LQ�*UDGH���GR�
QRW�VKRZ�QHXURGHJHQHUDWLRQ��*UDGH���
is characterized by atrophy, neuronal 
loss, and astrogliosis, which consists 
in abnormal changes in the number 
and the morphology of astrocytes. 
*UDGHV���DQG���FRPSULVH�SDWLHQWV�ZLWK�
progressive severe striatal atrophy. 
*UDGH� �� LQFOXGHV� WKH� PRVW� VHYHUH�
HD cases with striatal atrophy and 
QHXURQDO� ORVV� RI� DERXW� ���� ����� ����
����

Immunohistochemical studies 
UHYHDOHG� GLႇHUHQWLDO� ORVV� RI� VWULDWDO�
SURMHFWLRQ�QHXURQV� LQ�+'� ������7KHUH�
DUH� WZR� PDMRU� SDWKZD\V�� D� GLUHFW�
(excitatory) and an indirect (inhibitory) 
one, that are used to describe the 
interaction between glutamatergic 
and dopaminergic neurotransmission 
in the striatum. According to this 
PRGHO�� WKH�RYHUDOO� HႇHFW�RI� WKH�GLUHFW�
pathway is to stimulate the cortex. The 
cortex provides excitatory input to the 
VWULDWXP�� 6WULDWDO�061V� DUH� LQKLELWRU\�
*$%$HUJLF� QHXURQV� DQG� WKHLU� D[RQV�
SURMHFW� WR� WKH� LQWHUQDO� JOREXV�SDOOLGXV�
�*3L�� DQG� WR� WKH� VXEVWDQWLD� QLJUD�
UHWLFXODWD� �615��� )URP� KHUH�� 061V�
SURMHFW� WR� WKH� WKDODPXV�� IURP� ZKHUH�
excitatory pathways return to the 
cortex to synapse with the neurons 
of the corticospinal and corticobulbar 
WUDFW� WR� DႇHFW� WKH� SODQQLQJ� RI� WKH�
movement.
2Q� WKH� FRQWUDU\�� WKH� RYHUDOO� HႇHFW� RI�
the indirect pathway is the inhibition 
of the cortex. Inhibitory neurons from 
the striatum synapse with the external 
segment of the globus pallidus 
�*3H��� +HUH�� *3H� LQKLELWRU\� QHXURQV�
SURMHFW� WR� WKH� VXEWKDODPXV� �671���
ZKLFK� VHQGV� H[FLWDWRU\� SURMHFWLRQV�
EDFN� WR� WKH�*3L� DQG�615� OHDGLQJ� WR�
WKDODPXV� LQKLELWLRQ�� 7KH� ¿QDO� UHVXOW�
of this pathways is a decreased 
activity of the cortical motor neurons, 
and consequential suppression of 
locomotor activity and movement. 
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The balanced activity between direct 
and indirect pathway is modulated by 
dopamine. Accordingly, in addition to 
WKHLU�GLVWLQFW�SURMHFWLRQV��061V�RI�WKH�
direct and indirect pathway expresses 
GLႇHUHQW� GRSDPLQH� �'$�� UHFHSWRUV��
'5'��'$�UHFHSWRUV�DUH�H[SUHVVHG�E\�
GLUHFW�SDWKZD\�061V��ZKHUHDV�'5'��
receptors are expressed by indirect 
SDWKZD\�061V����������
6LQFH� 061V� DUH� WKH� PRVW� DႇHFWHG�
cells in HD, both direct and indirect 
pathways are involved. Degeneration 
RFFXUV� ¿UVWO\� LQ� WKH� LQGLUHFW� SDWKZD\�
061V�� OHDGLQJ� WR� PRWRU� G\VIXQFWLRQ��
,Q� IDFW�� '5'�� QHXURQV� EHFRPH� OHVV�
HႇHFWLYH� LQ� LQKLELWLQJ� WKH� WKDODPXV��
Thus, the direct pathway results to 
be more active than the indirect one 
leading to an excessive activation of 
motor programs causing excessive 
XQ�QRUPDO�PRYHPHQWV�VXFK�DV�FKRUHD�
����������,Q�ODWH�VWDJHV�RI�WKH�GLVHDVH��
DOVR�061V�RI� WKH�GLUHFW� SDWKZD\�DUH�
LQYROYHG�� OHDGLQJ� WR� G\VWRQLD� ������ ,Q�
IDFW�� GHJHQHUDWLRQ� RFFXUV� LQ� '5'��
inhibitory neurons, leading to thalamus 
inhibition and impairment in cortex 
H[FLWDWLRQ������
%HVLGH� QHXURGHJHQHUDWLRQ�� Dn 
additional neuropathological feature 
of HD is the reactive gliosis, especially 
in the dorsal striatum (68). Gliosis 
occurs as a response to all forms of 
&16�LQMXU\�RU�GLVHDVH�DQG involves the 
proliferation or hypertrophy of several 
types of glial cells. 

Another hallmark that characterizes 
HD consists in the accumulation of 
SDWKRJHQLF� 1�WHUPLQDO� IUDJPHQWV� RI�
HTT, which arise from proteolysis 
and aberrant splicing of mutant HTT 
�PX+77�� ����� OHDGLQJ� WR� LQWUDFHOOXODU�
DJJUHJDWHV� ����. Soluble monomeric 
and oligomeric forms of muHTT have 
been supposed to be the more toxic 
VSHFLHV�RI�DJJUHJDWHV� LQ�+'����������
����� ZKLOH� RWKHU� IRUPV� RI� DJJUHJDWHV�
seem to be even protective, supporting 
the hypothesis that muHTT aggregates 
are an attempt of the cells to sequester 
WR[LF� VROXEOH� IUDJPHQWV� ����� ���� ����
��������

1.2.3 Huntingtin (HTT) gain and loss 
of function
HTT is expressed ubiquitously in 
humans and rodents, but reaches the 
highest expression level in the brain, 
including neuronal and striatal cells 
����� ����� 'XH� WR� LWV� KLJK� PROHFXODU�
ZHLJKW� LW� KDV� DOZD\V� EHHQ� GLႈFXOW� WR�
elucidate its structure using crystals 
EXW� IXOO�OHQJWK� KXPDQ� +77� VWUXFWXUH�
KDV�EHHQ�UHYHDOHG�XVLQJ�FU\R�HOHFWURQ�
microscopy (88). The study has shown 
that HTT has an Į�KHOLFDO structure 
ZLWK�WKUHH�PDMRU�GRPDLQV��WKH�DPLQR�
WHUPLQDO� GRPDLQ� �1�+($7��� ZKHUH�
WKH� PDMRULW\� RI� +77� LQWHUDFWRU� ELQG��
DQG� WKH� FDUER[\�WHUPLQDO� GRPDLQ�
�&�+($7�� FRQQHFWHG� E\� D� EULGJH�
GRPDLQ�� +77� 1�+($7� GRPDLQ� DQG�
+77�&�+($7�GRPDLQ� DFFRPPRGDWHV�
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multiple HEAT (Huntingtin, elongation 
IDFWRU����SURWHLQ�SKRVSKDWDVH��$�DQG�
lipid kinase TOR) repeats organized 
in a solenoid fashion, while the bridge 
GRPDLQ� FDUULHV� GLႇHUHQW� W\SHV� RI�
tandem repeats (88). 
The pathogenesis of HD can be 
attributed to both the loss of normal 
HTT function and the gain of new toxic 
functions by muHTT due to the CAG 
tract elongation and morphological 
FKDQJHV�������
Here are some of the most important 
IXQFWLRQV�RI�+77�� �L�� LW� LV�HVVHQWLDO� IRU�
HPEU\RQLF� GHYHORSPHQW� ����� ���� ����
and for the correct assembly of the 
architectural structure of cortex and 
VWULDWXP������������LL�� LW�plays a critical 
role in brain maturation, especially 
in establishing and maintaining 
cortical and striatal neuronal identity 
������ �LLL�� LW� KDV� DQ� DQWL�DSRSWRWLF� DQG�
SUR�VXUYLYDO� UROH� E\� LPSDLULQJ� WKH�
formation of a functional apoptosome 
complex leading to the activation of 
FDVSDVH���DQG�FDVSDVH��������������LY��
it is required for the correct formation 
of cortical and striatal excitatory 
V\QDSVHV� ����� DQG� LW� DVVRFLDWHV� ZLWK�
vesicles in the presynaptic terminal 
������ �Y�� LW� UHJXODWHV� WKH� WUDQVFULSWLRQ�
of several genes. Accordingly, HTT 
recruits and sequesters the repressor 
HOHPHQW��� WUDQVFULSWLRQ� IDFWRU�QHXURQ�
UHVWULFWLYH� VLOHQFHU� IDFWRU� �5(67�
156)�� LQ� WKH� F\WRSODVP�� WKXV� WKH�
FR�UHSUHVVRU� FRPSOH[� GRHV� QRW� IRUP�

DW� WKH� 156(� VLWHV� DQG� QHXURQDO�
genes leading to the transcription 
of numerous neuronal genes, which 
include brain derived neurotrophic 
IDFWRU��%'1)���D�FRUWLFDO�QHXURWURSKLQ�
that is particularly important for the 
survival of striatal neurons and the 
DFWLYLW\� RI� FRUWLFR�VWULDWDO� V\QDSVHV�
������ :KHQ� PX+77� LV� SUHVHQW�� WKLV�
PHFKDQLVP� LV� LPSDLUHG��7KXV�� %'1)�
loss may partially account for selective 
vulnerability of striatal neurons in HD 
������� %HVLGHV� %'1)� SURGXFWLRQ��
HTT� LV�DOVR�LQYROYHG�LQ�%'1)�YHVLFOH�
WUDႈFNLQJ�DORQJ�PLFURWXEXOHV��WKURXJK�
its interaction with the molecular 
PRWRUV� G\QHLQ�G\QDFWLQ� DQG� NLQHVLQ�
����������������
As mentioned above, many pathogenic 
PHFKDQLVPV� KDYH� EHHQ� LGHQWL¿HG�
in HD including proteolysis and 
DJJUHJDWLRQ�RI�PX+77�����������������
PLWRFKRQGULDO� G\VIXQFWLRQ� ������ �����
������ LPSDLUHG� SURWHLQ� GHJUDGDWLRQ�
SDWKZD\V�������������DQG�UHGXFWLRQ�RI�
VWULDWDO�%'1)�����������������0RUHRYHU��
polyQ expansion interferes with the 
ability of HTT to directly interact 
ZLWK� SRVWV\QDSWLF� GHQVLW\� SURWHLQ� ���
�36'����� D� VFDႇROGLQJ� SURWHLQ� WKDW�
ELQGV� 10'$� DQG� NDLQDWH� UHFHSWRUV��
OHDGLQJ� WR� 10'$5V�PHGLDWHG�
H[FLWRWR[LFLW\��������7ZR�DUH�WKH�PDMRU�
mechanism that describe the aberrant 
DFWLYLW\�RI�10'$�UHFHSWRUV���L��FKDQJHV�
LQ� 10'$� UHFHSWRUV� SURWHLQ� OHYHO� RU�
subunits have been measured in HD 
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PLFH������������������������LL��PX+77�
FDXVHV�DOVR� WKH�RYHU�DFWLYDWLRQ� ������
DQG� WKH� WUDႈFNLQJ� LPSDLUPHQW� RI�
10'$�UHFHSWRUV�������������$PRQJ�LWV�
various role, the mutated protein is also 
involved in aberrant immune activation 
UHVXOWLQJ� LQ� QHXURLQÀDPPDWLRQ� ������
DQG�FHOO�WR�FHOO�SULRQ�OLNH�WUDQVPLVVLRQ�
RI� PX+77� ������� ,Q� DVWURF\WHV�� WKH�
presence of muHTT impairs glial 
JOXWDPDWH�������������SRWDVVLXP��������
FDOFLXP� ������� DQG� FKROHVWHURO� �����
homeostasis leading to excitotoxicity 
and other dysfunctions that may 
contribute to HD pathogenesis.
All the described dysfunctions 
represent potential therapeutic target 
for HD treatment but, up to date, there 
DUH� QR� HႇHFWLYH� GLVHDVH�PRGLI\LQJ�
drugs and the current pharmacological 

treatment available for HD patients is 
only palliative, aimed at improving 
function and quality of life for people 
with HD, though some clinical trials 
DUH� RQJRLQJ� ������ ����� ������7KDQNV�
WR� UDSLG� DGYDQFHV� LQ� JHQH�PRGLI\LQJ�
technology, lowering muHTT level is 
among the most promising strategy 
IRU� GHYHORSLQJ� GLVHDVH�PRGLI\LQJ�
treatments for HD. These strategies 
UHO\� RQ� ]LQF� ¿QJHU� PRWLI� SURWHLQV�
WR� EORFN� PHVVHQJHU� 51$� �P51$��
transcription and synthesis, antisense 
oligonucleotides (ASOs) to avoid 
SRVW�WUDQVFULSWLRQDO� SURFHVVLQJ� DQG�
LQFUHDVH�P51$�GHJUDGDWLRQ��DQG�VPDOO�
LQWHUIHULQJ� 51$� �VL51$�� WR� KDPSHU�
P51$�WUDQVODWLRQ��&OLQLFDO�WULDOV�EDVHG�
on these strategies are summarized in 
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Table 1.1 Clinical trials for Huntington’s disease

List of the ongoing clinical trials for Huntington’s disease.
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2I�QRWH��D�UDQGRPL]HG�GRXEOH�EOLQGHG�
SKDVH����D�VWXG\��1&7����������ZDV�
FRQGXFWHG�LQ����+'�SDWLHQWV�ZLWK�HDUO\�
VWDJH� GLVHDVH�� 3DUWLFLSDQWV� UHFHLYHG�
HVFDODWLQJ� GRVHV� ����� ���� ���� ���� RU�
����PJ�� RI� LQWUDWKHFDOO\� DGPLQLVWHUHG�
,21,6�+77Rx, an ASO designed to 
inhibit Htt�P51$� �ERWK� ZLOG�W\SH� DQG�
PXWDQW�� RU� SODFHER� �$&6)��� 2YHUDOO��
HTTRx was well tolerated and treatment 
UHVXOWHG�LQ�VLJQL¿FDQW�GRVH�GHSHQGHQW�
UHGXFWLRQ�RI�PX+77�LQ�&6)��������
%DVHG� RQ� WKHVH� SURPLVLQJ� UHVXOWV��
there are three ongoing clinical trials 
ZLWK� ,21,6�+77Rx� �1&7����������
1&7���������� 1&7�����������
including a randomized, multicenter, 
GRXEOH�EOLQG�� SODFHER�FRQWUROOHG�
SKDVH���VWXG\�DLPHG�DW�HYDOXDWLQJ�WKH�
HႈFDF\�DQG�WKH�VDIHW\�RI�LQWUDWKHFDOO\�
DGPLQLVWHUHG�,21,6�+77Rx in manifest 
+'�SDWLHQWV��)XUWKHUPRUH�� WZR�SKDVH�
�E��D�FOLQLFDO�VWXGLHV��1&7����������
1&7���������� DUH� FXUUHQWO\�
investigating the safety of single and 
multiple doses of two ASO that are 
VSHFL¿F� IRU� muHtt� P51$� WKURXJK�
UHFRJQLWLRQ� RI� WZR� VSHFL¿F� VLQJOH�
QXFOHRWLGH� SRO\PRUSKLVPV� �613V�� LQ�
early HD patients. 

1.2.4 Cholesterol dysfunction in 
Huntington’s disease: evidences in 
mouse models 
%UDLQ� FKROHVWHURO� KRPHRVWDVLV�
LV� DႇHFWHG� LQ� GLႇHUHQW� FKURQLF�
neurodegenerative disorders, 

LQFOXGLQJ� +'�� 7KH� ¿UVW� HYLGHQFH� RI�
brain cholesterol dysfunction in HD 
emerged from a microarray study 
SHUIRUPHG� LQ������RQ� VWULDWDO�GHULYHG�
FHOOV� H[SUHVVLQJ� WKH� 1�WHUPLQDO�
����DPLQR�DFLG�SRUWLRQ�RI�HLWKHU�ZLOG�
type or muHTT in an inducible way. 
In this cellular model of HD, many 
genes involved in the biosynthesis 
of cholesterol and fatty acids were 
GRZQ�UHJXODWLQJ� IROORZLQJ� PX+77�
H[SUHVVLRQ��������
7KH�¿UVW� in vivo�FRQ¿UPDWLRQ�FRPH� LQ�
������D�VWXG\�SHUIRUPHG�LQ�5����PLFH��
D� WUDQVJHQLF� +'� DQLPDO� PRGHO� RYHU�
H[SUHVVLQJ� KXPDQ� PX+77� H[RQ� ��
ZLWK�DURXQG�����&$*��������FRQ¿UPHG�
the transcriptional deregulation of 
cholesterogenic genes (Hmgcr, Dhcr7 
and Cyp51) within mice striatum and 
cortex. Moreover, the study highlighted 
D� VLJQL¿FDQW� GHFUHDVH� LQ� EUDLQ� VWHURO�
FRQWHQW��������
7KHVH�UHVXOWV�ZHUH�FRQ¿UPHG�LQ�VHYHUDO�
+'� URGHQW� PRGHOV�� UHGXFHG� DFWLYLW\�
RI� +0*&R$5�� WKH� UDWH�FRQWUROOLQJ�
enzyme of cholesterol biosynthesis 
pathway, together with reduced level of 
cholesterol precursors, were observed 
LQ� 5���� PLFH� ������� <$&���� PLFH�
������ ������ <$&��� DQG� <$&��� PLFH�
�������KHWHUR]\JRXV��+GK4�������DQG�
KRPR]\JRXV� �+GK4��������� NQRFN�LQ�
mice and transgenic HD rats (���). 
Decreased content of the total amount 
of cholesterol was measured by gas 
FKURPDWRJUDSK\�PDVV� VSHFWURPHWU\�
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�*&�06�� LQ� DOO� WKH� DQLPDO� PRGHOV�
tested so far but only at later time 
points, when HD symptoms are evident 
����������������
Other studies in these animal 
models described brain cholesterol 
DFFXPXODWLRQ� ������ ����� ������ 7KLV�
discrepancy was due to the low 
VHQVLWLYH�DQG�QRQ�VSHFL¿F��FRORULPHWULF�
and enzymatic, methods used for 
cholesterol content detection, instead 
of more reliable analytical method such 
DV� *&�06� ������� 0RUHRYHU�� these 
measurements were performed in 
samples not prepared in an appropriate 
manner, such as lipid extracts of brain 
tissues from mice not perfused with 
VDOLQH��������ZKLFK�DYRLG�EORRG�GHULYHG�
cholesterol contamination.
To demonstrated further that 
the primary defect of decreased 
cholesterol content in the HD brain 
is its decreased synthesis, a study 
LQ� KHWHUR]\JRXV� NQRFN�LQ� 4����PLFH�
������ ZDV� SHUIRUPHG� WR� TXDQWLI\� WKH�
rate of de novo brain cholesterol 
ELRV\QWKHVLV�� E\� KHDY\� ZDWHU� ��+�O) 
ODEHOLQJ� PHWKRG�� )URP� HDUO\� VWDJHV�
RI�WKH�GLVHDVH����ZHHNV�RI�DJH���SULRU�
to motor defects, the striatal daily 
rate of cholesterol synthesis was 
IRXQG� VLJQL¿FDQWO\� UHGXFHG�� ZKHUHDV�
cholesterol content was found 
decreased in the same region only in 
presence of manifest symptoms (at 
���ZHHNV� RI� DJH� �������$GGLWLRQDOO\��
LVRWRSLF�GLOXWLRQ� PDVV� VSHFWURPHWU\�

�,'�06��DQDO\VLV� UHYHDOHG�DQ� LQYHUVH�
correlation between lathosterol level, 
the direct precursor of cholesterol, 
and the CAG size in an allelic series of 
NQRFN�LQ�PLFH� �4���4����4����4�����
4������DW�V\PSWRPDWLF�VWDJHV�������
At late stages of the disease, 
as consequence of the primary 
cholesterol biosynthesis dysfunction, 
also cholesterol catabolism is altered 
in HD brain. Accordingly, decreased 
OHYHO� RI� ��6�2+&� ZDV� PHDVXUHG� LQ�
brain and plasma of rodent HD models 
������������5HFHQWO\��RYHU�H[SUHVVLRQ�
RI� &<3��$��� WKH� HQ]\PH� FDWDO\VLQJ�
the conversion of cholesterol into 
��6�2+&�� ZDV� XVHG� WR� PRGXODWH�
cholesterol catabolism in HD mice. 
These studies were based on 
evidences showing reduced level of 
&<3��$��LQ�WKH�VWULDWXP�RI�ERWK�5����
DQG�4����PLFH�������������$FFRUGLQJO\��
NQRFN�GRZQ�RI�&<3��$�� LQ�ZLOG�W\SH�
PLFH� LQGXFHG� DQ� +'�OLNH� SKHQRW\SH��
LQFOXGLQJ�PRWRU�GH¿FLWV��,Q�WKHVH�ZRUNV��
WKH� RYHU�H[SUHVVLRQ� RI� &<3��$�� YLD�
DGHQR�DVVRFLDWHG� YLUXV� GHOLYHU\� LQWR�
WKH�VWULDWDO�QHXURQV�RI�5����DQG�4����
mice delayed the progression of motor 
GH¿FLWV� DQG� GHFUHDVHG� WKH� QXPEHU�
RI�PX+77�DJJUHJDWHV� ������ ������2I�
QRWH�� LQ� ERWK� 5���� DQG� 4���� PLFH��
this strategy led to an increase of 
P51$V�HQFRGLQJ� IRU� FKROHVWHURJHQLF�
enzymes (Hmgcr, Cyp51, Dhcr24, 
Dhcr7) together with increased level of 
cholesterol precursors, suggesting that 
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the primary defect of brain cholesterol 
ELRV\QWKHVLV� LV� UHVWRUHG�E\�&<3��$��
GHOLYHU\�������������

1.2.5 Cholesterol dysfunction in 
Huntington’s disease: evidences in 
patients 
%UDLQ� FKROHVWHURO� G\VIXQFWLRQ� FDQ�
be detected also in HD patients. 
)LUVW� HYLGHQFHV� FRPH� IURP� VWXGLHV�
SHUIRUPHG� RQ� SRVW�PRUWHP� FDXGDWH�
specimens from HD patients and on 
SDWLHQWV�GHULYHG� ¿EUREODVWV�� WKHVH�
studies highlighted reduced expression 
of genes related to cholesterol 
synthesis, compared to controls��������
Additional evidence from fasted HD 
patients revealed that total plasma 
cholesterol level declined according 
WR�GLVHDVH�SURJUHVVLRQ��������$�UHFHQW�
VWXG\�FRQ¿UPHG�WKHVH�¿QGLQJV�LQ�ERWK�
SUH�PDQLIHVW� DQG�PDQLIHVW� IDVWHG�+'�
VXEMHFWV��������
)XUWKHUPRUH�� FKROHVWHURO� SUHFXUVRUV��
lanosterol, and lathosterol were found 
to be lower in plasma from fasted HD 
patients respect to controls, at any 
GLVHDVH�VWDJH��������
Regarding cholesterol catabolism, 
UHGXFHG� OHYHO� RI� ��6�2+&� ZDV�
measured in plasma of HD patients 
�����������DQG�LQ�SUH�V\PSWRPDWLF�+'�
patients who are close to the onset 
RI� WKH� GLVHDVH� ������ 7KH� SURJUHVVLYH�
GHFUHDVH�RI�SODVPD���6�2+&�IURP�SUH�
manifesting individuals to HD patients 
was found to be proportional to the 

degree of caudate atrophy and striatal 
volumes reduction measured by MRI 
����������DQG�WR�WKH�PRWRU�LPSDLUPHQW�
LQ� +'� SDWLHQWV� ������� 0RUHRYHU��
��6�2+&�ZDV�SURSRVHG�WR�UHÀHFW�WKH�
number of metabolically active neurons 
located in the grey matter of the brain 
����� ������ /RQJLWXGLQDO� VWXGLHV� DUH�
ongoing to validate the prognostic 
YDOXH� RI� SODVPDWLF� OHYHO� ��6�2+&�
DV� D� ELRPDUNHU� LQ� +'�� )XUWKHUPRUH��
FKROHVWHURO�PHWDEROLWH����2+&��ZKLFK�
is of peripheral origin, is lower in plasma 
from HD patients respect to controls, 
DW�DQ\�GLVHDVH�VWDJH��������5HFHQWO\��
DOVR�WKH�H[SUHVVLRQ�RI�&<3��$��ZDV�
found reduced in the putamen of grade 
����+'�SDWLHQWV�������
These data suggest that whole body 
cholesterol homeostasis is disturbed 
LQ�+'�SDWLHQWV��GHIHFWV� LQ� FKROHVWHURO�
synthesis, indirectly measured by 
UHGXFHG� OHYHO� RI� ��6�2+&�� DUH�
DOUHDG\� SUHVHQW� DW� SUH�V\PSWRPDWLF�
stages of the disease, while defects in 
cholesterol metabolism, measured by 
UHGXFHG� OHYHO� RI� &<3��$��� DSSHDUV�
at later stages as a consequence of 
reduces cholesterol synthesis. 

1.2.6 The molecular mechanism 
underlying cholesterol dysfunction in 
Huntington’s disease
One of the possible mechanisms 
underlying cholesterol dysfunction 
in HD relies on a reduced activity 
RI� 65(%3��� OLQNHG� WR� PX+77�
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expression. Accordingly, reduced 
QXFOHDU�WUDQVORFDWLRQ�RI�65(%3��ZDV�
observed in HD cellular models and in 
WKH�VWULDWXP�RI�5����DQG�<$&����PLFH�
������ ������ )XUWKHUPRUH�� UHGXFHG�
activity of SRE was measured in HD 
cells using reporter genes (������)LQDOO\��
UHGXFHG� QXFOHDU� OHYHO� RI� 65(%3V� LQ�
both HD cells and mouse brain tissue 
was measured (��������), suggesting 
impaired nuclear translocation of 
WKH� FOHDYHG� DFWLYH� IRUP� RI� 65(%3���
Supporting this hypothesis, it was 
recently demonstrated that muHTT 
ELQGV� WR� WKH� 65(%3��LPSRUWLQ� ��
complex required for nuclear import 
and sequesters it in the cytoplasm 
������
An additional key mechanism involved 
in brain cholesterol dysfunction is 
WKH� FURVV�WDON� EHWZHHQ� QHXURQV�
and astrocytes. In the adult brain, 
neurons rely on cholesterol produced 
and secreted by astrocytes but this 
process is altered in HD. Accordingly, 
the expression of key genes for 
cholesterol biosynthesis is reduced 
in primary astrocytes cultured from 
5���� DQG� <$&���� PLFH� FRPSDUHG�
WR� ZLOG�W\SH� WRJHWKHU� ZLWK� UHGXFHG�
P51$�OHYHO�RI�Abca1 and ApoE��������
)XUWKHUPRUH�� LQ� +'�PLFH�&6)��$SR(�
was associated with smaller lipoprotein 
SDUWLFOHV� ������� VXJJHVWLQJ� WKDW� +'�
astrocytes display reduced cholesterol 
ELRV\QWKHVLV� DQG� HႉX[� ������� 7R�
FRQ¿UP�WKLV�G\VIXQFWLRQ��D�UHFHQW�VWXG\�

highlighted that astrocytes derived 
IURP�ERWK�QHXUDO�VWHP�NQRFN�LQ�FHOOV��
carrying increasing CAG repeats, and 
IURP�5����PLFH�VHFUHWH�ORZHU�OHYHO�RI�
cholesterol bound to ApoE lipoproteins 
in the culture medium, leading to a 
reduced availability of cholesterol 
IRU�+'�QHXURQV� WKDW� LQ� WXUQV�DႇHFWHG�
neurite outgrowth and synaptic related 
SURSHUWLHV��������The work also showed 
WKDW� JOLD�FRQGLWLRQHG� PHGLXP� �*&0��
IURP� ZLOG�W\SH� DVWURF\WHV� UHVFXHG�
QHXULWH�RXWJURZWK�GHIHFW�LQ�16�GHULYHG�
HD neurons, as well as cholesterol 
administration.� 7KLV� EHQH¿FLDO� HႇHFW�
of ZLOG�W\SH GCM was abolished by 
VLOHQFLQJ�$%&$��RU�65(%3�� LQ�ZLOG�
type�DVWURF\WHV��������On the contrary, 
GCM derived from HD astrocytes 
fails to support neurite outgrowth in 
16�GHULYHG� +'� QHXURQV�� +RZHYHU��
WKH�RYHU�H[SUHVVLRQ�RI�$%&$��RU� WKH�
1�WHUPLQDO�DFWLYH�IUDJPHQW�RI�65(%3��
in HD astrocytes led to increased 
FKROHVWHURO� V\QWKHVLV� DQG� $SR(�
cholesterol release in the medium. In 
DFFRUG�� *&0� IURP� 5���� DVWURF\WHV�
RYHU�H[SUHVVLQJ� 65(%3�� UHYHUVHV�
neurite outgrowth and synaptic defects 
LQ�+'�QHXURQV�������
Taken together, these observations 
suggested that in HD there is a 
reduced ApoE mediated cholesterol 
transport and supply from astrocytes 
WR�QHXURQV��7KXV��UHVWRULQJ�DVWURF\WHV�
neurons cholesterol cross talk could 
be a potential therapeutic approach 
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to ameliorate neuronal dysfunction for 
HD patients.

1.3 Brain cholesterol alterations in 
other neurodegenerative diseases 
Cholesterol synthesis and metabolism 
DUH�DႇHFWHG�LQ�PDQ\�QHXURGHJHQHUDWLYH�
GLVRUGHUV��%HVLGHV�+'�� G\VUHJXODWLRQ�
of brain cholesterol homeostasis has 
EHHQ� OLQNHG� WR� 1LHPDQQ�3LFN� W\SH� &�
GLVHDVH��6PLWK�/HPOL�2SLW]�V\QGURPH��
$O]KHLPHU¶V�GLVHDVH��DQG�3DUNLQVRQ¶V�
disease.

1.3.1 Cholesterol and Niemann-Pick 
type C disease
1LHPDQQ�3LFN� W\SH� &� �13&�� LV� DQ�
autosomal, recessive, inherited, 
neurovisceral lipid storage disorder 
characterized by massive loss of 
neurons, motor defects such as delay 
in developmental motor milestones, 
gait problems, falls, and cognitive 
problems including cerebellar ataxia, 
DQG� SURJUHVVLYH� GHPHQWLD�� 13&� KDV�
DQ� HVWLPDWHG� LQFLGHQFH� RI� ����������
individuals.
The disease is directly related to 
impairment in cholesterol metabolism, 
since it is caused by mutations in the 
JHQHV� HQFRGLQJ� IRU� WKH� 13&�� �����
RI� IDPLOLHV�� RU� 13&�� SURWHLQV�� ZKLFK�
are involved in intracellular cholesterol 
WUDႈFNLQJ� ������ GXH� WR� XQHVWHUL¿HG�
cholesterol and glycosphingolipids 
sequestration and accumulation within 
WKH�HQGRF\WLF�SDWKZD\��������

8S� WR�GDWH� WKHUH� LV�QR�FXUH� IRU�13&��
the current available therapies for 
13&� GLVHDVH� UHO\� RQ� PLJOXVWDW�� D�
glucosylceramide synthase inhibitor, 
DQG� ��K\GUR[\SURS\O���F\FORGH[WULQ��
a cyclic oligosaccharide that binds 
and enhances the water solubility of 
FKROHVWHURO������������������5HFHQWO\��
DGHQR�DVVRFLDWHG� YLUXV� PHGLDWHG�
GHOLYHU\�RI�IXQFWLRQDO�13&��JHQH�LQ�D�
PRXVH�PRGHO�RI�13&�UHVXOWHG�LQ�UREXVW�
13&�� H[SUHVVLRQ� LQ� YDULRXV� WLVVXHV��
LQFOXGLQJ�EUDLQ��OHDGLQJ�WR�3XUNLQMH�FHOO�
survival, restored locomotor activity 
and coordination, and increased mice 
OLIHVSDQ�� VXJJHVWLQJ� WKDW� $$9�EDVHG�
gene therapy is a promising means to 
WUHDW�13&�GLVHDVH��������

1.3.2 Cholesterol and Smith-Lemli-
Opitz syndrome 
6PLWK�/HPOL�2SLW]� V\QGURPH� �6/26��
is an autosomal recessive sterol 
biosynthesis disorder characterized 
by multiple congenital malformations 
such as cardiac defects, hypospadias, 
and microcephaly, and intellectual 
disability. In the most severe cases, 
the mutation causes fetal or newborn 
GHDWK�� GXH� WR� PDMRU� DEQRUPDOLWLHV�
and multiple organ failure. Estimated 
LQFLGHQFH� UDQJHV� IURP� ��������� WR�
����������
6/26�LV�FDXVHG�E\�PXWDWLRQV�LQ�WKH�JHQH�
HQFRGLQJ� IRU� ��GHK\GURFKROHVWHURO�
UHGXFWDVH� �'+&5���� WKH� HQ]\PH�
WKDW� FDWDO\]HV� WKH� ¿QDO� VWHS� LQ� WKH�
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cholesterol biosynthetic pathway. 
The mutation leads to increased 
OHYHO� RI� ��GHK\GURFKROHVWHURO� LQ�
parallel with a dramatic decrease in 
cholesterol amounts within the cells, 
SODVPD� DQG� WKH� EUDLQ� ������ ������
The developmental abnormalities 
REVHUYHG�LQ�6/26�SDWLHQWV�PLJKW�DOVR�
be due to reduced activity of the sonic 
hedgehog (SHH) linked to alterations 
LQ�FKROHVWHURO�PHWDEROLVP�������������
Up to date, administration of cholesterol 
and statins are the most commonly 
studied therapeutic approach for 
6/26�� HYHQ� LI� DQWLR[LGDQWV�� SUHQDWDO�
cholesterol supplementation, and 
gene therapy are under investigation 
�������

1.3.3 Cholesterol and Alzheimer’s 
disease
Alzheimer’s disease (AD) is a chronic 
neurodegenerative disease that leads 
to memory loss and cognitive decline. 
As the disease worsen, symptoms 
include problems with language, 
disorientation, mood swings, loss of 
PRWLYDWLRQ��DQG�¿QDOO\�SDWLHQWV�EHFDPH�
XQDEOH� WR� VHOI�FDUH�� 7KH� KDOOPDUN� RI�
AD is the presence of extracellular 
GHSRVLWV� RI� ȕ�DP\ORLG� �$ȕ�� SODTXHV�
DQG�LQWUDFHOOXODU�QHXUR¿EULOODU\�WDQJOHV�
that contain hyperphosphorylated tau 
SURWHLQV�OHDGLQJ�WR�QHXURQDO�ORVV�������
������5HJDUGLQJ�WKH�LQFLGHQFH��FRKRUW�
longitudinal studies estimated rates 
EHWZHHQ� ������������ SHUVRQV� HDFK�

\HDU�IRU�DOO�GHPHQWLDV�DQG��±��IRU�$'�
������
The cause of Alzheimer’s disease is 
poorly understood but many genes 
are thought to be involved (���). The 
EHVW�NQRZQ� JHQHWLF� ULVN� IDFWRU� LV� WKH�
LQKHULWDQFH�RI�WKH�$SR(�İ��DOOHOH��ZLWK�
DQ�LQFLGHQFH�EHWZHHQ����DQG�����RI�
people with AD (���), suggesting that 
impairment in cholesterol metabolism 
KDV�D�PDMRU�UROH�LQ�WKH�GHYHORSPHQW�RI�
AD. This ApoE isoform is involved in 
cholesterol transport leading to altered 
V\QDSWLF� IXQFWLRQ�� &16� FKROHVWHURO�
metabolism, AE aggregation and 
clearance in the brain. Together with 
$SR(� İ�� DOOHOH� ABCA1, ABCA7 and 
APOJ/CLU, which are involved in lipid 
WUDQVSRUW��DUH�OLQNHG�WR�$'�������������
DFFRUGLQJO\��$%&$�� GH¿FLHQF\� OHG� WR�
LQFUHDVHG� DP\ORLG� GHSRVLWLRQ� �������
ZKLOH� LWV� RYHU�H[SUHVVLRQ� KDG� WKH�
RSSRVLWH�HႇHFW�LQ�$'�PLFH�������
%DVHG� RQ� WKHVH� HYLGHQFHV�� SUH�
clinical studies with drugs that target 
cholesterol metabolism are ongoing as 
a possible therapeutic strategy for AD. 
The administration of statins, which 
inhibit HMGCR and lower cholesterol 
levels, reduced AE formation in AD 
mice (���).
Despite these promising results, 
WKHUH�VRPH�FRQÀLFWLQJ�GDWD� UHJDUGLQJ�
FKROHVWHURO�PHWDEROLVP�LQ�$'��VHYHUDO�
studies have shown reduced level of 
cholesterol in the hippocampus of AD 
patients. In vitro studies suggested 
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that amyloid oligomers may decrease 
FKROHVWHURO� E\� DFWLYDWLQJ� &<3��$���
LQKLELWLQJ� $SR(�FKROHVWHURO� XSWDNH�
from astrocytes, modifying lipid rafts, 
DQG� LQKLELWLQJ� +0*&5� DQG� 65(%3V�
�����.

1.3.4 Cholesterol and Parkinson’s 
disease
3DUNLQVRQ¶V� GLVHDVH� �3'�� LV� WKH�
second most common progressive 
neurodegenerative disorder after AD. 
3'� PDLQO\� DႇHFWV� WKH� PRWRU� V\VWHP�
with symptoms that includes shaking, 
rigidity, slowness of movement, and 
GLႈFXOW\�ZLWK�ZDONLQJ��$W� ODWHU� VWDJHV�
QRQ�PRWRU�V\PSWRPV�EHFRPH�FRPPRQ�
DQG�SDWLHQWV�VXႇHUV�IURP�GHPHQWLD�DQG�
anxiety, together with sensory, sleep, 
DQG�HPRWLRQDO�SUREOHPV�������������3'�
is characterized by the accumulation 
RI�/HZ\�ERGLHV��ZKLFK�DUH�Į�V\QXFOHLQ�
immunoreactive inclusions made up of 
QHXUR¿ODPHQW� SURWHLQV� WRJHWKHU� ZLWK�
proteins responsible for proteolysis.  
6LPLODUO\� WR�$'�� D� ORZ� QXPEHU� RI� 3'�
cases are caused by mutations in 
VSHFL¿F�JHQHV�� LQFOXGLQJ�Į�V\QXFOHLQ��
SDUNLQ�� /55.��� 3,1.��� '-���� DQG�
$73��$��������
7KH� ¿UVW� VWXG\� OLQNLQJ� 3'� ZLWK�
cholesterol metabolism showed 
that cholesterol biosynthesis was 
GHFUHDVHG� LQ� ¿EUREODVWV� IURP� 3'�
patients owing to reduced HMGCR 
DFWLYLW\� ������� $FFRUGLQJO\�� WKH�
proportion of cholesterol in membrane 

lipid rafts appeared to be reduced in 
WKH� EUDLQ� RI� 3'� SDWLHQWV� DQG� DQLPDO�
PRGHOV� �������6RPH�FRQWUDVWLQJ�GDWD�
are present in the literature, showing 
that high level of brain cholesterol 
VHHPV� WR� DJJUDYDWH� 3'� SKHQRW\SH�
in mice. Indeed, high cholesterol diet 
increases brain cholesterol level and 
reduction of striatal dopamine with 
motor behavioral defects in a mouse 
PRGHO�RI�3'�������
Up to date, there are no studies 
measuring cholesterol level in the 
EUDLQ� RI� 3'� SDWLHQWV� ������� ,QVWHDG��
it has been reported that the level of 
��6�2+&��ZKLFK�SRVVLEO\�UHÀHFWV�EUDLQ�
cholesterol metabolism, is decreased 
LQ� WKHLU� SODVPD� ������ ������ $� OLQN�
EHWZHHQ� 3'� DQG� FKROHVWHURO� FDQ� EH�
established by the role of cholesterols 
IRU� Į�V\QXFOHLQ� DJJUHJDWLRQ�� DV� LW�
seems to mediate the interaction of 
ROLJRPHULF� Į�V\QXFOHLQ� ZLWK� WKH� FHOO�
PHPEUDQH� �������)XUWKHUPRUH�� LW�KDV�
been demonstrated that the process of 
Į�V\QXFOHLQ�¿EULOL]DWLRQ� LV�DFFHOHUDWHG�
by elevated level of oxidized cholesterol 
PHWDEROLWHV�LQ�/HZ\�ERG\�������
Since increased cholesterol level was 
REVHUYHG� LQ� WKH� EUDLQ� RI� Į�V\QXFOHLQ�
WUDQVJHQLF� PLFH� ������� WUHDWPHQWV�
DLPHG�DW�UHGXFLQJ�FKROHVWHURO�LQ�WKH�3'�
EUDLQ� PD\� EH� EHQH¿FLDO��$FFRUGLQJO\��
WUHDWPHQW�RI�FHOOV�DQG�PLFH�ZLWK�PHWK\O�
ȕ�F\FORGH[WULQ�� D� GUXJ� FRPPRQO\�
used to extract cholesterol from 
membranes, highlighted decreased 
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OHYHO� RI� Į�V\QXFOHLQ� LQ� PHPEUDQH�
fractions and reduced accumulation of 
Į�V\QXFOHLQ�LQ�QHXURQDO�FHOO�ERG\�DQG�
in synapses, preventing its aggregation 
�������2I�QRWH��LW�LV�LPSRUWDQW�WR�UHPLQG�
that cyclodextrin represents a rather 
harsh treatment that can bind and 
redistribute other lipids potentially 
DႇHFWLQJ�RWKHU�SDWKZD\V��
On the other hand, statins reduced the 
DJJUHJDWLRQ�RI�Į�V\QXFOHLQ�LQ�FXOWXUHG�
neurons and in animal models of 
synucleinopathies, suggesting again 
that high cellular cholesterol could be 
at the base of this pathological sign 
�������
)XUWKHU� DVVHVVPHQW� RI� WKHVH�
pathological mechanisms is needed 
because these data were obtained in 
cells and animals with normal and not 
high cholesterol level. Moreover, the 
UROH�RI�VWDWLQV�RQ�DQWLR[LGDQW�DQG�DQWL�
LQÀDPPDWRU\�SDWKZD\V�PD\�EH�WDNHQ�
into consideration.

1.4 Mouse models of Huntington’s 
disease
Since the discovery of the HTT gene, 
several HD mouse models that 
recapitulate many of the features of the 
human disease have been genetically 
HQJLQHHUHG� ������ ����� ������ 7KHVH�
genetic models have contributed 
VLJQL¿FDQWO\�WR�VWXG\�+'�SDWKRJHQHVLV�
DQG� RႇHU� WUHPHQGRXV� SRWHQWLDO� WR�
HYDOXDWH�QHZ� WKHUDSHXWLFV� �����������
�����������

7KH�PRGHOV� GLႇHU� LQ� WKH�PHWKRGV� E\�
which they were engineered, their CAG 
repeat numbers, size and species of 
origin (mouse or human) of the HTT 
protein, promoters driving the protein 
expression, genetic backgrounds, and 
disease onset and severity. 
*HQHWLF�PRGHOV�FDQ�EH�FODVVL¿HG�LQWR�
��GLႇHUHQW�JURXSV�
�� 1�WHUPLQDO� WUDQVJHQLF� PRGHOV��
FDUU\LQJ�WKH��¶�SRUWLRQ�RI�WKH��LQFOXGLQJ�
H[RQ��� WKDW�FRQWDLQV� WKH�&$*�UHSHDW�
UHJLRQ�
�� IXOO�OHQJWK� WUDQVJHQLF� PRGHOV��
H[SUHVVLQJ�IXOO�OHQJWK�PX+77�
��NQRFN�LQ�PRGHOV��LQ�ZKLFK�PRXVH�+77�
is substituted by a portion of human 
muHTT gene carrying CAG repeats of 
varying length into its genomic locus. 

1.4.1 R6/2 mice
5���� PLFH� H[SUHVV� H[RQ� �� IURP� WKH�
�¶� HQG� RI� WKH� KXPDQ�+77�JHQH��ZLWK�
DSSUR[LPDWHO\�����&$*�UHSHDWV��XQGHU�
the control human HTT promoter. This 
PRXVH� OLQH� ZDV� WKH� ¿UVW� WUDQVJHQLF�
OLQHV�SURGXFHG�������DQG� LW�KDV�EHHQ�
the most extensively studied and 
utilized mouse model of HD up to date. 
Since this model was engineered via 
SURQXFOHDU� LQMHFWLRQ�� HDFK� WUDQVJHQH�
is integrated in a random fashion at a 
unique site in the mouse genome. The 
CAG tract carried in the transgene is 
VXEMHFW� WR� OHQJWK� LQVWDELOLW\�� WKHUHIRUH�
CAG repeat length must be carefully 
evaluated in each transgenic animal 
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chosen for studies to avoid large CAG 
expansion. Accordingly, the phenotype 
varies greatly as a function of CAG 
UHSHDW�VL]H��LQFUHDVLQJ�WKH�&$*�UHSHDW�
OHQJWK�IURP����WR�����H[DFHUEDWHG�WKH�
5����SKHQRW\SHV��ZKLOH�ZKHQ�WKH�&$*�
UHSHDW�VL]H�H[FHHGV������WKH�RQVHW�RI�
HD motor symptoms and pathology 
tends to be delayed due to decreased 
OHYHOV�RI�PX+77�������������
5���� PLFH� DUH� FKDUDFWHUL]HG� E\� D�
very aggressive, rapidly progressing 
SKHQRW\SH�� UHVHPEOLQJ� WKH� MXYHQLOH�
form of HD in humans. They develop 
normally, most of the behavioral 
V\PSWRPV� DSSHDU� DURXQG� ���� ZHHNV�
of age and average life expectancy is 
DURXQG�������ZHHNV��
%HKDYLRUDO� V\PSWRPV� FRPSUHKHQG�
both motor and cognitive dysfunctions. 
Motor symptoms include resting tremor, 
FKRUHD�OLNH� PRYHPHQWV�� VWHUHRW\SLF�
involuntary grooming movements, and 
FODVSLQJ�EHKDYLRU�������������6WDUWLQJ�
IURP� �� ZHHNV� RI� DJH�� PLFH� GLVSOD\�
ORFRPRWRU� K\SHUDFWLYLW\� ������� ZKLOH�
around 8 weeks of age they become 
K\SRDFWLYH�������������)URP����ZHHNV�
RI�DJH��WKH\�VXႇHU�IURP�VHYHU�HSLOHSWLF�
seizures. In parallel, their body weight 
progressively declines and at the end 
RI�WKHLU�OLIH�LV�DSSUR[LPDWHO\�����OHVV�
WKDQ� WKHLU� ZLOG�W\SH� ������� &RJQLWLYH�
abnormalities precede the onset of 
PRWRU� GHIHFWV� ������� $W� ���� ZHHNV�
they show impairment in the spatial 
learning task as assessed by Morris 

ZDWHU� PD]H� WHVW� ������ ������ 6WDUWLQJ�
from 8 weeks of age, also procedural 
PHPRU\� DQG� ORQJ�WHUP� PHPRU\� DUH�
compromised as measured by the 
WZR�FKRLFH� VZLP� 7�PD]H� WHVW� ������
DQG� WKH� QRYHO� REMHFW� UHFRJQLWLRQ� WHVW�
UHVSHFWLYHO\������������
Regarding neuropathology, although 
little neuronal loss is seen in these 
mice before their premature death 
������� 5���� PLFH� VKRZ� UREXVW� EUDLQ�
DWURSK\��ZLWK�WKH�VWULDWXP�PRVW�DႇHFWHG�
������������$QRWKHU�QHXURSDWKRORJLFDO�
sign is the presence of muHTT 
DJJUHJDWHV�DOUHDG\�DW�ELUWK��7KH\�¿UVW�
appear in the striatum and the cortex 
and progressively increase until late 
symptomatic phase in which around 
����RI�WKH�VWULDWDO�SURMHFWLRQ�QHXURQV�
H[KLELW�PX+77�LQFOXVLRQV�������������
Several studies highlighted abnormal 
QHXURWUDQVPLVVLRQ� LQ� 5���� PLFH� DW�
early stages of the disease, including 
LQFUHDVHG� JOXWDPDWH� UHOHDVH� LQ� SUH�
V\PSWRPDWLF� VWDJH� ������� ,Q� SDUDOOHO��
LQFUHDVHV� LQ�VSRQWDQHRXV�*$%$HUJLF�
synaptic currents and postsynaptic 
UHFHSWRU� IXQFWLRQ�RFFXU� �������)LQDOO\��
5���� PLFH� VKRZ� D� SURJUHVVLYH�
GHDႇHUHQWDWLRQ� WKDW� FRQWLQXHV� XQWLO�
their death, together with loss of pre 
and postsynaptic marker proteins 
������
Taken together, these severe 
DOWHUDWLRQV� PDNH� 5���� PLFH� D� YHU\�
useful HD mouse model to test 
therapeutic strategy for HD in a rapid 
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ZD\� DQG� REWDLQ� SUHOLPLQDU\� SURRI�RI�
concept that must be validated in other 
HD models.  
 
1.4.2 zQ175DN mice
$V� RSSRVHG� WR� WKH� 1�WHUPLQDO� DQG�
IXOO�OHQJWK� +'� WUDQVJHQLF� PRGHOV��
NQRFN�LQ� +'� PRGHOV� DUH� JHQHUDWHG�
using homologous recombination 
techniques, thus a precise number of 
CAG repeats are introduced directly 
into the mouse Htt gene. Given that the 
CAG repeats are carried in the context 
of the mouse Htt gene, these mice 
best mimic the human condition from 
D�JHQHWLF�SHUVSHFWLYH��DV�ZHOO� DV�+'�
patients, these mice are heterozygous 
DQG�FDUU\�RQH�ZLOG�W\SH�Htt allele and 
RQH� &$*�H[SDQGHG� DOOHOH� ����� �����
����������������
7KH�PRVW�XWLOL]HG�+'�NQRFN�LQ�PRXVH�
PRGHO� LV� WKH�]4���� OLQH��7KLV�FRORQ\��
FDUU\LQJ� DURXQG� ���� &$*�� DURVH�
from a spontaneous expansion of the 
&$*� FRS\� QXPEHU� LQ� WKH� &$*� ����
NQRFN�LQ�FRORQ\��������$V�ZHOO�DV�5����
PLFH�� ]4���� PLFH� VKRZ� EHKDYLRUDO�
abnormalities including motor and 
cognitive defects. Homozygous 
mice showed a stronger phenotype 
compared to heterozygous one. 
Accordingly, their muscular strength 
is decreased starting from 8 weeks 
of age respectively, as assessed by 
JULS� VWUHQJWK� WHVW� �������$W� ���ZHHNV�
of age, they show impairment in 
motor coordination, as measured 

using the rotarod test, while cognitive 
GHFOLQH� DSSHDUV� DW� DURXQG� ������
PRQWKV�RI�DJH� ������������5HJDUGLQJ�
KHWHUR]\JRXV� PLFH�� GH¿FLWV� ZHUH�
measured in the dark phase of the 
GLXUQDO�F\FOH�IURP�DURXQG�����PRQWKV�
of age. Decreased body weight was 
observed in both heterozygotes and 
KRPR]\JRWHV� DW� ODWH� WLPH� SRLQWV� ����
ZHHNV�RI�DJH���DORQJ�ZLWK�VLJQL¿FDQWO\�
reduced survival in the homozygotes 
�������
Regarding neuropathology, muHTT 
starts to appear in both striatum 
DQG� FRUWH[� DW� DURXQG� ��� ZHHNV�
RI� DJH� ������� 0RUHRYHU�� in vivo 
longitudinal structural MRI on whole 
EUDLQ�SHUIRUPHG� IURP���PRQWKV� WR����
PRQWKV� RI� DJH� UHYHDOHG� VLJQL¿FDQW�
atrophy in the striatum and neocortex 
DW�DQ�HDUO\�DJH�LQ�KHWHUR]\JRXV�]4����
PLFH��������WRJHWKHU�ZLWK�DQ�HDUO\�DQG�
VLJQL¿FDQW� GHFUHDVH� RI� VWULDWDO� JHQH�
PDUNHUV�VWDUWLQJ�IURP����ZHHNV�RI�DJH�
������������
1HXURWUDQVPLVVLRQ� LV� DOVR� LPSDLUHG��
061V� IURP� ]4���� PLFH� GLVSOD\�
a progressive hyperexcitability 
FRPSDUHG� WR� ZLOG�W\SH�� )XUWKHUPRUH��
excitatory synapses of the striatum 
display reduced transmission together 
with decreased striatal and cortical 
YROXPHV�IURP���DQG���PRQWKV�RI�DJH�
LQ� KRPR�� DQG� KHWHUR]\JRXV� PLFH��
UHVSHFWLYHO\�������
5HFHQWO\�� DQ� HQKDQFHG� ]4����
QHZ� NQRFN�LQ� PRXVH� PRGHO�� FDOOHG�
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]4���'1�� KDV� EHHQ� GHYHORSHG� DQG�
FKDUDFWHUL]HG�� 7KH� ]4���� NQRFN�
LQ� DOOHOH� UHWDLQV� D� ÀR[HG� QHRP\FLQ�
resistance cassette upstream of the 
Htt gene locus leading to reduced 
muHTT expression compared to the 
ZLOG�W\SH�DOOHOH��OHDGLQJ�WR�D�PLOG�+'�
OLNH� SKHQRW\SH�� ]4���� ZHUH� FURVVHG�
with mice expressing Cre in germ 
line cells to remove the neo cassette. 
This resulted in a ��IROG� LQFUHDVH�
in muHTT level leading to stronger 
+'�OLNH� SKHQRW\SHV�� )XUWKHUPRUH��
]4���'1�PLFH�H[KLELW�HDUOLHU�GLVHDVH�
RQVHW� FRPSDUHG� WR� ]4���� PLFH��
making them valuable for preclinical 
VWXGLHV�������
Deregulation in behavioral, 
electrophysiological, and 
histopathological features make 
]4���� PLFH� D� YDOXDEOH� PRGHO� WR�
VWXG\�+'�OLNH�SDWKRSK\VLRORJ\�DQG�WR�
evaluate the potential of therapeutic 
strategies to slow the progression of 
disease in a genetic context that is 
similar to HD in humans and allows 
ORQJ�WHUP�DQDO\VLV��

1.5 Cholesterol delivery to the 
brain of HD mice
Given the fundamental role of brain 
cholesterol for synapses formation and 
synaptic transmission, several studies 
are ongoing to assess the therapeutic 
potential of brain cholesterol delivery to 
WKH�EUDLQ�RI�+'�PLFH��2QH�RI�WKH�PDMRU�
problems arising targeting the brain is 

WKH�SUHVHQFH�RI�WKH�EORRG�EUDLQ�EDUULHU�
�%%%���'LႇHUHQW�VWUDWHJLHV�KDYH�EHHQ�
developed to overcome this obstacle 
and to the deliver cholesterol to the 
HD brain.

1.5.1 First generation brain-
permeable nanoparticles 
Recently, polymeric nanoparticles 
�13V�� PRGL¿HG� RQ� WKHLU� VXUIDFH� WR�
WDUJHW� WKH� %%%� KDV� EHHQ� GHVFULEHG�
������� $FFRUGLQJO\�� QDQRSDUWLFOHV�
ZHUH� SUHSDUHG� XVLQJ� SRO\�ODFWLF�FR�
JO\FROLF� DFLG�� �3/*$��� D� V\QWKHWLF�
SRO\PHU� DSSURYHG� E\� WKH� 86� )RRG�
DQG� 'UXJ� $GPLQLVWUDWLRQ� �)'$�� DQG�
European Medicine Agency (EMA) for 
ELRPHGLFDO�GHYLFHV��3/*$�KDV�D�YHU\�
KLJK� ELRGHJUDGDELOLW\� ������� LW� HQWHUV�
LQWR�WKH�.UHEV�F\FOH�DQG�LW�LV�GHJUDGHG�
E\� QRQ�HQ]\PDWLF� K\GURO\VLV� OHDGLQJ�
to the formation of lactic acid, glycolic 
acid, CO� and H�O. 
7R�FURVV�WKH�%%%��13V�ZHUH�HQJLQHHUHG�
RQ� WKHLU� VXUIDFH� ZLWK� D� VLPLO�RSLRLG�
JO\FRV\ODWHG� KHSWD�SHSWLGH�� FDOOHG�
J��� &KDUDFWHUL]DWLRQ� H[SHULPHQWV�
VKRZHG� WKDW�� VWDUWLQJ� IURP��K� DIWHU� D�
VLQJOH� LQWUDSHULWRQHDO� �,�3��� LQMHFWLRQ�
LQ�PLFH�� XS� WR� ����RI� J��3/*$�13V�
FURVVHG�WKH�%%%�YLD�HQGRF\WRVLV�DQG�
micropinocytosis and reached the 
EUDLQ� ������ ����� ����� ������ 2QFH� LQ�
WKH� EUDLQ�� J��3/*$�13V� DUH� DEOH� WR�
release their content, as demonstrated 
E\� ORDGLQJ� /RSHUDPLGH� LQ� J��3/*$�
13V��DQ�RSLRLG�GUXJ�WKDW�FDQQRW�FURVV�
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WKH� %%%�� )ROORZLQJ� LWV� GHOLYHU\� ZLWK�
J��3/*$�13V�� DQLPDOV� GHYHORSHG�
DQWLQRFLFHSWLYH�HႇHFWV��GHPRQVWUDWLQJ�
that the drug reached the brain and 
H[HUWHG�LWV�HႇHFW��������
This system has been recently used 
to deliver cholesterol to the brain of a 
transgenic mouse model of HD, e.g. 
WKH� 5���� PLFH�� $FFRUGLQJO\�� J��13V�
ZHUH�ORDGHG�ZLWK�FKROHVWHURO��J��13V�
FKROB�����DQG�WKH\�ZHUH�DGPLQLVWHUHG�
WR� 5���� PLFH� VWDUWLQJ� IURP� D� SUH�
V\PSWRPDWLF� VWDJH� RI� WKH� GLVHDVH� ���
ZHHNV�RI�DJH��XQWLO����ZHHNV�RI�DJH��
ZLWK� �� ,�3�� LQMHFWLRQV�ZHHN�� UHVXOWLQJ�
LQ� DURXQG� ��� µg of cholesterol 
administered to the brain. This dose 
ZDV� VXႈFLHQW� WR� FRPSOHWHO\� SUHYHQW�
the cognitive decline of HD mice, 
ZKLOH� QR� HႇHFW� RQ� PRWRU� SKHQRW\SH�
ZHUH� PHDVXUHG� ������� )XUWKHUPRUH��
cholesterol rescued synaptic activity 
LQ� 5���� PLFH�� WKH� IUHTXHQF\� RI�
spontaneous inhibitory postsynaptic 
FXUUHQWV� �,36&V��� ZKLFK� LV� NQRZQ� WR�
EH� VLJQL¿FDQWO\� KLJKHU� LQ� 061V� IURP�
5����PLFH�FRPSDUHG�WR�ZLOG�W\SH��ZDV�
VLJQL¿FDQWO\� UHGXFHG� E\� FKROHVWHURO�
VXSSOHPHQWDWLRQ� ������� )XUWKHUPRUH��
FKROHVWHURO� SRVLWLYHO\� LQÀXHQFHG� WKH�
protein level of synaptic machinery, 
LQFOXGLQJ�36'���DQG�10'$�UHFHSWRUV��
FRQ¿UPLQJ� LWV� IXQGDPHQWDO� UROH� IRU�
FRUUHFW�V\QDSWLF�IXQFWLRQ�������
Taken together, these data highlighted 
WKH� ¿UVW� SURRI�RI�FRQFHSW� WKDW� EUDLQ�
cholesterol metabolism may be 

a therapeutic target for HD and 
cholesterol supplementation may be 
EHQH¿FLDO�

1.5.2 Osmotic minipumps

7R� GH¿QH� WKH� PRVW� HႈFDFLRXV� GRVH�
of cholesterol able to contrast both 
FRJQLWLYH�DQG�PRWRU�G\VIXQFWLRQ�LQ�5����
PLFH��VWXGLHV�XVLQJ�PLQL�SXPSV�ZHUH�
performed (for details of my contribution 
RQ�WKLV�ZRUN�VHH�WKH�$SSHQGL[���������
0LQL�SXPSV� DUH� GHYLFHV� WKDW� FDQ�
be attached to a catheter to infuse 
directly into the striatum, which is the 
PRVW�DႇHFWHG�DUHD�LQ�+'��ZHOO�GH¿QHG�
drug doses in a continuous manner 
at a constant rate. Three escalating 
GRVHV� RI� FKROHVWHURO� �H�J��� ��� �J� ��
ORZ�� �����J� ��PHGLXP�� DQG� �����J� ��
high) were infused in the striatum of 
5����PLFH� IRU� ��ZHHNV� �������$OO� WKH�
doses completely prevented cognitive 
GHFOLQH� LQ� 5���� PLFH�� FRQ¿UPLQJ�
SUHYLRXV�UHVXOWV��������,PSRUWDQWO\��WKH�
KLJKHVW�GRVH�DWWHQXDWHG�DOVR�GLVHDVH�
related motor phenotypes, as asses 
by the rotarod test and the activity 
cage test. Along with behavioral 
EHQH¿WV��WKH�GHOLYHU\�RI�D�KLJK�GRVH�RI�
cholesterol led to morphological and 
functional recovery of both excitatory 
and inhibitory synapses. Accordingly, 
striatal infusion of a high dose of 
FKROHVWHURO� UHVXOWHG� LQ� D� VLJQL¿FDQW�
LQFUHDVH�RI� WKH� IUHTXHQF\�RI�V(36&V�
LQ� 5���� FKRO�KLJK� PLFH� WRJHWKHU� ZLWK�
a rescue of the number of total and 
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docked synaptic vesicles. Concerning 
*$%$HUJLF�V\QDSVHV��VWULDWDO�LQIXVLRQ�
RI� FKROHVWHURO� OHG� WR� D� VLJQL¿FDQW�
reduction of the average frequency 
RI� V,36&V�� EULQJLQJ� WKLV� SDUDPHWHU�
FORVH�WR�WKH�RQH�REVHUYHG�LQ�ZLOG�W\SH�
061V� DQG� LQGLFDWLQJ� WKDW� H[RJHQRXV�
cholesterol reestablishes inhibitory 
synaptic transmission. Regarding 
structural changes, cholesterol 
infusion reduced the increased density 
of inhibitory synapses in treated mice 
������

In addition, striatal infusion of 
exogenous cholesterol induces 
changes in the endogenous sterol 
metabolism in HD mice by increasing 
OHYHO� RI� WKH� EUDLQ�VSHFL¿F� FKROHVWHURO�
FDWDEROLWH� ��6�2+&�� VXJJHVWLQJ� WKDW�
the excess of cholesterol is catabolized 
and eliminated. This process likely 
stimulated and enhanced endogenous 
cholesterol biosynthesis in glial cells, 
restoring the primary cholesterol 
defect in HD. At the cellular level, 
cholesterol reduced the number and 
the size of muHTT aggregates by 
reducing lysosome accumulation and 
probably restoring normal autophagic 
ÀX[�������

Overall, these experiments allowed 
to identify the therapeutic dose of 
cholesterol to prevent behavioral 
DEQRUPDOLWLHV� LQ� 5���� PLFH��
)XUWKHUPRUH�� WKHVH� GDWD� KLJKOLJKWHG�
WKDW� FKROHVWHURO� H[HUW� LWV� EHQH¿FLDO�
function by acting on several 

mechanisms, including improving 
the function of residual synaptic 
circuits, SDUWQHULQJ� VSHFL¿FDOO\� ZLWK�
FHOOXODU� SURWHLQV� DQG� LQÀXHQFLQJ� FHOO�
physiology, and restoring the primary 
defect of brain cholesterol biosynthesis 
in HD mice.  

1.5.3 Intranasal delivery
5HFHQWO\�� D� QRQ�LQYDVLYH� DSSURDFK�
to deliver cholesterol to the HD brain 
has been developed (for details of 
my contribution on this work see the 
$SSHQGL[� �������� 7KH� VWUDWHJ\� ZDV�
EDVHG� RQ� QRVH�WR�EUDLQ� GHOLYHU\�
WR� RYHUFRPH� WKH� %%%�� ,Q� IDFW�� WKH�
neuroepithelium of the olfactory 
region is the only part of the body 
where the peripheral environment is 
LQ� GLUHFW� FRQWDFW� ZLWK� WKH� EUDLQ��:LWK�
this strategy, the delivery is mediated 
by olfactory and trigeminal nerve 
pathways that settle drug transport 
IURP� WKH� QDVDO� FDYLW\� WR� WKH� &16� E\�
an extracellular route that does not 
require drug binding to any receptor 
�����������������
/LSRVRPHV� ORDGHG� ZLWK� ODEHOOHG�
FKROHVWHURO� �G��FKROHVWHURO�� ZHUH�
developed and delivered via intranasal 
DGPLQLVWUDWLRQ� DV� D� QRQ�LQYDVLYH�
strategy for cholesterol delivery to 
WKH� +'� EUDLQ� ������� /LSRVRPHV� DUH�
spherical vesicles formed by one or 
multiple concentric lipid bilayers with 
an aqueous solution core. They are 
biocompatible and can both entrap 
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DQG� SURWHFW� ZDWHU�VROXEOH� PROHFXOHV�
in their internal water compartment 
and hydrophobic drugs into their 
PHPEUDQHV�������
:LWK�WKLV�GHOLYHU\�V\VWHP��LW�KDV�EHHQ�
demonstrated that, following an acute 
WUHDWPHQW��G��FKROHVWHURO�DFFXPXODWHV�
LQ�WKH�EUDLQ�RI�ERWK�ZLOG�W\SH�DQG�5����
PLFH�� )XUWKHUPRUH�� E\� SHUIRUPLQJ�
repeated intranasal administration of 
OLSRVRPHV�� G��FKROHVWHURO� GLVWULEXWHG�
DQG� DFFXPXODWHG� ZLWKRXW� GLႇHUHQFHV�
in striatum, cortex, and cerebellum of 
5����PLFH��JLYLQJ�WKH�EDVLV�IRU�IXUWKHU�
preclinical studies to evaluate the 
therapeutic potential of this approach 
to supply cholesterol to the HD brain. 

1.5.4 Second generation brain-
permeable nanoparticles
Given that high doses of cholesterol 
DUH�QHHGHG�WR�REWDLQ�IXOO�UHVFXH�RI�+'�
related phenotypes, to overcome the 
OLPLWDWLRQ� RI� J��13V�FKROB���� XVHG� LQ�

����VXFK�DV� ORZ�GUXJ�FRQWHQW��K\EULG�
VHFRQG�JHQHUDWLRQ�J��13V��KHUHLQ�J��
13V�FKROB������ PDGH� RI� FKROHVWHURO�
DQG� 3/*$� ZHUH� SURGXFHG� ������
������ 7KHVH� J��13V�FKROB���� ZHUH�
formulated using nanoprecipitation 
�0,;����DQG�VLQJOH�HPXOVLRQ� �0,;�����
3OXURQLF�ZDV� XVHG� DV� D� VXUIDFWDQW� LQ�
J��13V�FKROB���� 0,;� �� ZKLOH� 39$�
ZDV� XVHG� LQ� 0,;� ��� 7KH� PD[LPDO�
percentage of cholesterol present in 
J��13V�FKROB����0,;���DQG�0,;���ZLWK�
UHVSHFW�WR�3/*$�FRQWHQW�LV�������DQG�
������UHVSHFWLYHO\��7KXV��FKROHVWHURO�
FRQWHQW�LV�DW�OHDVW����WLPHV�KLJKHU�WKDQ�
WKH�DPRXQW�IRXQG�LQ�J��13V�FKROB����
������
This improvement will allow to 
potentially deliver an amount of 
cholesterol similar to the most 
HႈFDFLRXV� GRVH� LGHQWL¿HG� ZLWK�
PLQLSXPSV��7DEOH�����VXPPDUL]HV�WKH�
IHDWXUHV� RI� J��13V�FKROB���� XVHG� LQ�
this work.

Table 1.2 NPs used in the study

List of the different NPs formulations used in the study.
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2. Results and Discussion 

2.1 g7-NPs-chol_2.0 cross the 

blood-brain barrier and reach 

GL௺HUHQW�FHOO�W\SHV�LQ�WKH�EUDLQ
$V�ZHOO�DV�J��13V�FKROB�����J�-13V�
FKROB���� ZHUH� GHVLJQHG� WR� FURVV� WKH�
%%%�� DQG� SUHYLRXV� VWXGLHV� LQGLFDWHG�
WKDW� DERXW� ���� RI� WKH� LQMHFWHG� 13V�
PRGL¿HG� ZLWK� WKH� J�� SHSWLGH� DUH�
HVWLPDWHG�WR�SHQHWUDWH�WKH�EUDLQ�������
��������������������������)LUVW�RI�DOO��
ERWK�J��13V�FKROB����0,;���DQG�0,;�
��ZHUH�WHVWHG�LQ���ZHHN�ROG�ZLOG�W\SH�

PLFH� �ZW�� %/�&%$)��-�� WR� YHULI\� WKDW�
J��13V�FKROB����DUH�XS�WDNHQ� in vivo 
DQG� WR� VWXG\� WKHLU� GLVWULEXWLRQ� �Q ��
PLFH�0,;�WLPH�SRLQW��
To this aim, we performed 
immunohistochemical analysis on 
the brain and on peripheral tissues 
IROORZLQJ� D� VLQJOH� RU� PXOWLSOH� �Q ���
LQWUDSHULWRQHDO� �,�3��� LQMHFWLRQ� RI� J��
13V�FKROB����0,;���RU�0,;���ODEHOOHG�
ZLWK�F\DQLQH����F\��J��13V�FKROB������
0LFH� ZHUH� VDFUL¿FHG� DW� GLႇHUHQW� WLPH�
SRLQWV����K�����K����ZHHN�DQG���ZHHNV�
DIWHU� WKH� ,�3�� LQMHFWLRQ�� WR� DQDO\]H� WKH�
ORFDOL]DWLRQ�RI�WKH�UHG�VLJQDOV��)LJ�������
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Figure 2.1 Characterization of g7-NPs-chol_2.0 distribution in vivo

Experimental paradigm used in the study. Wild type mice (n=2 mice/MIX/time point) were treated with a 
VLQJOH�RU�PXOWLSOH�,�3��LQMHFWLRQ�RI�J��13V�FKROB�����0,;���RU�0,;����DQG�VDFUL¿FHG�DW�GLIIHUHQW�WLPH�SRLQW��
Brain, liver and lung were collected for distribution analysis. 
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Figure 2.2 Characterization of g7-NPs-chol_2.0 distribution in vivo following a single I.P. injection

A-B. Representative confocal images of cortex, striatum, hippocampus, lung, and liver slices from wt mice 
,�3��LQMHFWHG�ZLWK�J��13V�FKROB�����0,;���LQ�$�RU�0,;���LQ�%��DQG�VDFUL¿FHG�DIWHU��K����K���Z��DQG��Z�ZLWK�
UHODWLYH�TXDQWL¿FDWLRQ��
Hoechst were used to counterstain nuclei (Ho, blue). 
'DWD�DUH�H[SUHVVHG�DV�WKH�QXPEHU�RI�J��13V�IRU���¿HOG�RI�YLHZ���6(0��
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�

�� K� DIWHU� D� VLQJOH� ,�3�� LQMHFWLRQ�� F\��
J��13V�FKROB���� ZHUH� GHWHFWHG� LQ�
brain (both in striatum, cortex and 
hippocampus) as well as in lung and 
OLYHU� �)LJ�� ���$� DQG� %��� 6XFFHVVLYH�
TXDQWL¿FDWLRQ� RI� F\��J��13V�
FKROB���� UHYHDOHG� WKDW� WKH� NLQHWLF� RI�
F\��J��13V�FKROB���� LQ� SHULSKHUDO�
WLVVXHV� ZDV� TXLWH� IDVW�� VLQFH� F\��
VLJQDO� VWURQJO\� GHFUHDVHG� ��� K� DIWHU�
WKH� ,�3�� LQMHFWLRQ� �)LJ�� ���$� DQG� %���
,PSRUWDQWO\�� 13V� ZHUH� DFFXPXODWLQJ�

LQ� WKH� EUDLQ� RYHU� WLPH� VLQFH� WKH� F\��
VLJQDO�ZDV�VWLOO�SUHVHQW����K����ZHHNV�
DQG� �� ZHHNV� DIWHU� WKH� ,�3�� LQMHFWLRQ�
�)LJ�����$�DQG�%��DQG�PRUH�13V�ZHUH�
GHWHFWHG� IROORZLQJ� PXOWLSOH� LQMHFWLRQV�
�)LJ�� ������ 7KH� ELRGLVWULEXWLRQ� ZDV�
VLPLODU� EHWZHHQ� F\��J��13V�FKROB����
0,;� �� DQG� 0,;� �� HYHQ� LI� F\��J��
13V�FKROB���� 0,;� �� VKRZHG� KLJKHU�
aggregation in peripheral tissues. This 
was particularly evident after multiple 
,�3��LQMHFWLRQV��)LJ��������
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Figure 2.3 Characterization of g7-NPs-chol_2.0 distribution in vivo following multiple I.P. injections

Representative confocal images of cortex, striatum, hippocampus, lung, and liver slices from wt mice that 
UHFHLYHG� �� RU� �� ,�3�� LQMHFWLRQ� RI� J��13V�FKROB���� �0,;� �� RU�0,;� ��� DQG� VDFUL¿FHG� DIWHU� �Z�ZLWK� UHODWLYH�
TXDQWL¿FDWLRQ��
Hoechst were used to counterstain nuclei (Ho, blue). 
'DWD�DUH�H[SUHVVHG�DV�WKH�QXPEHU�RI�J��13V�IRU���¿HOG�RI�YLHZ���6(0��
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Figure 2.4 g7-NPs-chol_2.0 reach 

different brain cell types

Representative confocal images of 
immunostaining against DARPP32, 
GFAP, and IBA1 (green) on coronal 
sections of brains isolated from 
wt mice I.P. injected with g7-NPs-
chol_2.0 labelled with cy5 (red) 
DQG� VDFUL¿FHG� �� ZHHNV� DIWHU� WKH�
injection. White arrowheads indicate 
intracellular g7-NPs.
Hoechst were used to counterstain 
nuclei (Ho, blue).
Data are expressed as the number 
RI�J��13V�IRU���¿HOG�RI�YLHZ���6(0��
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High-PDJQL¿FDWLRQ� FRQIRFDO� LPDJHV�
LQGLFDWHG�WKH�SUHVHQFH�RI�F\��J��13V�
FKROB����LQ�GLႇHUHQW�QHXURQDO�DQG�JOLDO�
FHOO� W\SHV�VXFK�DV�'$533���SRVLWLYH�
061V��*)$3�SRVLWLYH�DVWURF\WHV��DQG�
,%$��LPPXQR�UHDFWLYH�PLFURJOLDO�FHOOV�
�)LJ�������
Overall, these results highlighted that 
WKH� GLVWULEXWLRQ� RI� J��13V�FKROB����
LV� VLPLODU� WR� WKDW� RI� J��13V�FKROB����
�������

2.2 Cholesterol is released from g7-
NPs-chol_2.0 in vivo
2.2.1 Qualitative analysis
To track cholesterol delivery and 
LQWUDFHOOXODU� UHOHDVH� E\� J��13V�
FKROB����� ZH� SHUIRUPHG� VSHFL¿F�
H[SHULPHQWV� XVLQJ� F\��J��13V�
FKROB���� ORDGHG� ZLWK� WKH� ÀXRUHVFHQW�
DQDORJXH� ERGLS\� FKROHVWHURO� �F\��J��
13V�ERGLS\�FKROB�����

%RGLS\� FKROHVWHURO� FORVHO\� UHVHPEOHV�
the structure of native cholesterol, 
localizes in the membrane’s interior 
and is commonly used to study 
lipid transport processes as well 
DV� OLSLG�SURWHLQ� LQWHUDFWLRQV� �������
:H� PRQLWRUHG� J��13V�FKROB����
degradation and consequent bodipy 
cholesterol release following the red 
spots and the green signal respectively. 
5���� PLFH�� D� ZHOO-established early 
onset transgenic mouse model of 
+'��������ZHUH�XVHG�IRU�WKLV�DQDO\VLV�
WRJHWKHU� ZLWK� DJH� PDWFKHG� ZLOG�W\SH�
OLWWHUPDWHV�� $FFRUGLQJO\�� ��ZHHN�ROG�
ZLOG�W\SH� DQG� 5���� PLFH� �Q �� PLFH�
0,;�WLPH�SRLQW�JHQRW\SH��ZHUH�WUHDWHG�
ZLWK� D� VLQJOH� ,�3�� LQMHFWLRQ� RI� F\��J��
13V�ERGLS\�FKROB����0,;���RU�0,;���
DQG� VDFUL¿FHG� DW� GLႇHUHQW� WLPH� SRLQW�
����K����ZHHN�DQG���ZHHNV�DIWHU� WKH�
,�3��LQMHFWLRQ���)LJ�������
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Figure 2.5 Cholesterol release from g7-NPs-chol_2.0: qualitative analysis

Experimental paradigm used in the study. Wild type and R6/2 mice (n=3 mice/genotype/MIX/time point) 
ZHUH�WUHDWHG�ZLWK�D�VLQJOH�,�3��LQMHFWLRQ�RI�J��13V�ERGLS\�FKROB�����0,;���RU�0,;����DQG�VDFUL¿FHG�DW�GLIIHUHQW�
time point. Brain and liver were collected for the analysis. 
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Figure 2.6 Cholesterol release from g7-NPs-chol_2.0: qualitative analysis

A-B. Representative confocal image of brain slices from R6/2 mice I.P. injected with g7-NPs-bodipy-chol_2.0 
�0,;���LQ�$�RU�0,;���LQ�%��DQG�VDFUL¿FHG�DIWHU����K�RU���ZHHNV�DQG�UHODWLYH�FR�ORFDOL]DWLRQ�RI�ERGLS\�FKRO�
and g7-NPs. 
C. Representative confocal image of liver slices from R6/2 mice I.P. injected with g7-NPs-bodipy-chol_2.0 
�0,;����DQG�VDFUL¿FHG�DIWHU���K����ZHHNV�RU���ZHHNV�DQG�UHODWLYH�FR�ORFDOL]DWLRQ�RI�ERGLS\�FKRO�DQG�J��13V��
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:LWK� ERWK� 0,;V�� ��� K� DIWHU� D� VLQJOH�
,�3�� LQMHFWLRQ� RI� F\��J��13V�ERGLS\�
FKROB����� F\�� DQG� ERGLS\� FKROHVWHURO�
VLJQDOV� FR�ORFDOL]HG� LQ� EUDLQ� FHOOV� DV�
indicated by the scatterplot of red 
and green pixel intensities. However, 
VXFFHVVLYH�DQDO\VLV�SHUIRUPHG���ZHHN�
DQG� �� ZHHNV� DIWHU� WKH� ,�3�� LQMHFWLRQ�
highlighted a partial separation 
EHWZHHQ� F\�� DQG� ERGLS\� FKROHVWHURO�
VLJQDOV� �)LJ�� ���$� DQG� %��� :KHQ�
analyzing the liver, we found that the 
kinetic of cholesterol release was 
faster compared to the brain. In fact, we 
measured complete overlap of red and 
JUHHQ�VLJQDO����K�DIWHU�WKH�,�3��LQMHFWLRQ�
ZKLOH���ZHHN�DIWHU�WKH�,�3��LQMHFWLRQ�DOO�
the cholesterol was released from the 
QDQRSDUWLFOHV��)LJ�����&���
7KHVH� ¿QGLQJV� GHPRQVWUDWHG� WKDW�
DURXQG� ���� RI� ERGLS\� FKROHVWHURO� LV�

UHOHDVHG�IURP�13V�LQ�WKH�EUDLQ�VWDUWLQJ�
IURP��±��ZHHNV�DIWHU� WKH� LQMHFWLRQ�� LQ�
SDUDOOHO�ZLWK�D�UHGXFWLRQ�LQ�F\��VLJQDO��
SUREDEO\� GXH� WR� 13V� GHJUDGDWLRQ��
1R� GLႇHUHQFHV� LQ� FKROHVWHURO� UHOHDVH�
NLQHWLF� ZHUH� IRXQG� EHWZHHQ� ZLOG�
W\SH� DQG� 5���� PLFH�� LQGLFDWLQJ� WKDW�
cholesterol release does not depend 
on mice genotype. Overall, these 
data highlighted that the release of 
FKROHVWHURO� IURP�13V�LV�TXLWH�VORZ��,Q�
SDUWLFXODU��DURXQG�����RI�WKH�LQMHFWHG�
13V� UHDFKHV� WKH� EUDLQ� ������ DQG�
���� RI� FKROHVWHURO� LV� UHOHDVHG� IURP�
WKHVH�13V�LQ���ZHHNV��(YHQ�LI�IXUWKHU�
analyses are necessary, we can 
VSHFXODWH� WKDW� DURXQG� ��� ZHHNV� DUH�
needed to release all the encapsulated 
cholesterol.   
6LQFH� J��13V�FKROB���� 0,;� �� DQG�
0,;���H[KLELWHG�VLPLODU�ELR�GLVWULEXWLRQ�
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SUR¿OH� DQG� NLQHWLF� RI� FKROHVWHURO�
UHOHDVH�� ZH� GHFLGHG� WR� XVH� RQO\� J��
13V�FKROB���� 0,;� �� �IURP� QRZ� J��
13V�FKROB����� IRU� WKLV� ZRUN� VLQFH�
WKH\� DUH� SURGXFHG� XVLQJ� 3OXURQLF� DV�
D�VXUIDFWDQW��WKDW�LV�DSSURYHG�E\�)'$��
and they showed less aggregation 
FRPSDUHG�WR�J��13V�FKROB����0,;�����

2.2.2 Quantitative analysis
To study the kinetic of cholesterol 
release and to measure the total 
amount of cholesterol delivered, we 
SHUIRUPHG� WZR� VSHFL¿F� H[SHULPHQWV�
XVLQJ� J��13V�FKROB���� ORDGHG� ZLWK�

GHXWHUDWHG� FKROHVWHURO� �J��13V�G��
FKROB������ $FFRUGLQJO\�� LQ� WKH� ¿UVW�
H[SHULPHQW� ��ZHHN�ROG� 5���� PLFH�
�Q �� PLFH�WLPH� SRLQW�� ZHUH� WUHDWHG�
ZLWK�D�VLQJOH� ,�3�� LQMHFWLRQ�RI�J��13V�
G��FKROB����DQG�VDFUL¿FHG�DW�GLႇHUHQW�
WLPH�SRLQW�����PLQXWHV����K�����K����ZHHN�
DQG� �� ZHHNV� DIWHU� WKH� ,�3�� LQMHFWLRQ��
�)LJ�� ������ %ORRG�� NLGQH\�� OXQJ�� OLYHU��
cortex, striatum, and cerebellum were 
FROOHFWHG�WR�PHDVXUH�WKH�DPRXQW�RI�G��
FKROHVWHURO� LQ� GLႇHUHQW� WLVVXHV� XVLQJ�
mass spectrometry in collaboration 
ZLWK� 0�� 6DOPRQD� �0�� 1HJUL� ,QVWLWXWH��
Milan).

�
��

��
�����

����!� ������ ���
������������������������#����
��������	������"������"

��������
���������

Figure 2.7 Cholesterol release from g7-NPs-chol_2.0: quantitative analysis

Experimental paradigm used in the study. R6/2 mice were treated with a single I.P. injection of g7-NPs-d6-
FKROB�����0,;����DQG�VDFUL¿FHG�DW�GLIIHUHQW�WLPH�SRLQW��6WULDWXP��FRUWH[��FHUHEHOOXP��OLYHU��OXQJ��NLGQH\��DQG�
plasma and liver were collected for mass spectrometry analysis (n=3 mice/time point). 

Samples were processed using a mild 
protocol that allow to measure only the 
G��FKROHVWHURO�WKDW�ZDV�UHOHDVHG�IURP�
J��13V�G��FKROB����� E\� SUHVHUYLQJ�
WKH� LQWHJULW\� RI� 13V�� 4XDQWL¿FDWLRQ�
UHYHDOHG�WKDW���K�DIWHU�WKH�,�3��LQMHFWLRQ��
J��13V�G��FKROB����UHDFKHG�WKH�EUDLQ�
(striatum, cortex and cerebellum) and, 

VWDUWLQJ� IURP� ��� K��� ZHHN� DIWHU� WKH�
treatment, cholesterol was released 
IURP� 13V�� FRQ¿UPLQJ� WKH� UHVXOWV�
REWDLQHG� ZLWK� WKH� ERGLS\�FKROHVWHURO�
�)LJ������� ,Q� WKH� OLYHU��FKROHVWHURO�ZDV�
UDSLGO\� UHOHDVHG����PLQXWHV� DIWHU� WKH�
,�3��LQMHFWLRQ�DQG�LW�ZDV�GHJUDGHG�RYHU�
the time. The kinetic in lung and kidney 
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ZDV�VLPLODU��13V�ZHUH�GHWHFWHG�DURXQG�
��K�DIWHU�WKH�,�3��LQMHFWLRQ��WKH�SHDN�RI�
FKROHVWHURO� UHOHDVH� RFFXUUHG� �� ZHHN�
DIWHU�WKH�,�3��LQMHFWLRQ��DQG�WKHQ�LW�ZDV�
UDSLGO\� HOLPLQDWHG�� :KHQ� DQDO\]LQJ�
the plasma, the maximum amount of 
FKROHVWHURO�ZDV�PHDVXUHG� ��� K� DIWHU�
WKH� ,�3�� LQMHFWLRQ�� ,PSRUWDQWO\�� WKLV�

TXDQWLW\�LV�QRW�VLJQL¿FDQW�FRPSDUHG�WR�
the physiological amount of cholesterol 
that is present in the mouse blood 
�����PJ�����P/���7DEOH�����VKRZV�WKH�
DPRXQW� RI� G��FKROHVWHURO� PHDVXUHG�
LQ�HDFK� WLVVXH�DW�GLႇHUHQW� WLPH�SRLQWV�
DIWHU�D�VLQJOH�,�3�� LQMHFWLRQ�RI�J��13V�
G��FKROB����
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Figure 2.8 Cholesterol release from g7-NPs-chol_2.0: quantitative analysis

Levels of d6-chol in striatum, cortex, cerebellum, liver, lung, kidney, and plasma measured by LC-MS. 
'DWD�DUH�H[SUHVVHG�DV�PHDQV���6(0��
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In the second experiment, to measure 

the total amount of cholesterol 

delivered with the therapeutic regimen 

RI� LQWHUHVW�� 5���� PLFH� �Q ��� ZHUH�

WUHDWHG�IURP���WR���ZHHNV�RI�DJH�ZLWK�

��,�3��LQMHFWLRQV�ZHHN�DQG�VDFUL¿FHG���

ZHHNV�DIWHU�WKH�ODVW�,�3��LQMHFWLRQ��)LJ��

�����

4XDQWL¿FDWLRQ� UHYHDOHG� WKDW� WKH�

DPRXQW� RI� G��FKROHVWHURO� IRXQG� LQ�

HDFK�WLVVXH�IROORZLQJ����,�3��LQMHFWLRQV�

ZDV� DURXQG� ��� WLPHV� WKH� TXDQWLW\� RI�
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Table 2.1 Cholesterol release from g7-NPs-chol_2.0:

quantitative analysis following a single I.P. injection

5����PLFH�ZHUH�,�3��LQMHFWHG�ZLWK�D�VLQJOH�GRVH�RI�K\EULG�J��13V�FKRO�DQG�VDFUL¿FHG�DW�GLIIHUHQW�WLPH�SRLQW��
Concentration of d6-chol in each tissue is expressed in ng/mg (or mL); d6-chol amount is expressed in ng.  
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Figure 2.9 Cholesterol release from g7-NPs-chol_2.0: quantitative analysis

Experimental paradigm used in the study. R6/2 mice were treated with g7-NPs-d6-chol_2.0 (MIX 1) from 5 
ZHHNV�RI�DJH�WR���ZHHNV�RI�DJH�ZLWK���,�3��LQMHFWLRQ�ZHHN�DQG�VDFUL¿FHG���ZHHNV�DIWHU�WKH�ODVW�,�3��LQMHFWLRQ��
Striatum, cortex, cerebellum, liver, lung, kidney, and plasma and liver were collected for mass spectrometry 
analysis (n=3 mice).
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FKROHVWHURO� PHDVXUHG� �� ZHHNV� DIWHU�
D�VLQJOH�,�3��LQMHFWLRQV��)LJ������$�DQG�
%���7DEOH�����VKRZV� WKH� WRWDO�DPRXQW�
RI� G��FKROHVWHURO� PHDVXUHG� LQ� HDFK�
tissue following chronic treatment. 
Taken together, these results 
demonstrated that the kinetic of 
FKROHVWHURO� UHOHDVH� LV� GLႇHUHQW�
between the brain, the plasma, 
DQG� SHULSKHUDO� WLVVXHV�� FKROHVWHURO�
increased in the brain over time, while 
it decreased in peripheral tissues and 
in blood. Moreover, with a chronic 

WUHDWPHQW� RI� ��� ,�3�� LQMHFWLRQV�� WKH�
total amount of measured cholesterol 
ZDV�DURXQG���� WLPHV� WKH�TXDQWLW\�ZH�
IRXQG� DIWHU� D� VLQJOH� ,�3�� LQMHFWLRQV��
meaning that cholesterol accumulates 
in tissues. )LQDOO\��WKHVH�GDWD�VXSSRUW�
further the idea that the kinetic of 
FKROHVWHURO�UHOHDVH�IURP�13V�LV�TXLWH�
VORZ��,Q�IDFW����ZHHNV�DIWHU�D�VLQJOH�
,�3�� LQMHFWLRQ� ZH� PHDVXUHG� ��� RI�
the total cholesterol delivered while 
�� ZHHNV� DIWHU� ��� ,�3�� LQMHFWLRQV� ZH�
PHDVXUHG�����RI�LW���
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Figure 2.10 Cholesterol release from g7-NPs-chol_2.0: quantitative analysis

A-B. Levels of d6-chol in striatum, cortex, cerebellum (A), liver, lung, kidney, and plasma (B) measured by 
/&�06��UHG�GRWV���%ODFN�GRWV�UHIHU�WR�WKH�PHDVXUHPHQW�UHSUHVHQWHG�LQ�¿JXUH�����
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Table 2.2 Cholesterol release from g7-NPs-chol_2.0: quantitative analysis following 10 I.P. injections

5����PLFH�ZHUH�LQMHFWHG�ZLWK����,�3��RI�K\EULG�J��13V�FKRO�DQG�VDFUL¿FHG���ZHHNV�DIWHU�WKH�ODVW�,�3��LQMHFWLRQ��
Concentration of d6-chol in each tissue is expressed in ng/mg (or mL); d6-chol amount is expressed in ng.  



Results and Discussion

43

2.3 Cholesterol delivery to the 
brain: comparison between g7-
NPs-chol_1.0 and g7-NPs-chol_2.0
2.3.1 Endogenous cholesterol 
V\QWKHVLV�LV�LQÀXHQFHG�E\�J��13V�
chol_2.0
Recently, we have demonstrated 
that a high dose of exogenous 
cholesterol together with increased 
endogenous cholesterol synthesis 
are needed to have a full rescue of 
+'�UHODWHG� SDUDPHWHUV� ������� $V�
GHVFULEHG� LQ� ����� J��13V�FKROB�����
with their hybrid structure, have at 
OHDVW� ��� WLPHV�PRUH� FKROHVWHURO� WKDQ�
WKH�DPRXQW�IRXQG�LQ�J��13V�FKROB����
XVHG� LQ� �����7R� DQDO\]H�ZKHWKHU� WKH�

increased cholesterol delivered with 
J��13V�FKROB���� FRPSDUHG� WR� J��
13V�FKROB���� LQGLUHFWO\� VWLPXODWH� WKH�
endogenous cholesterol synthesis or 
catabolism in the brain of HD mice, 
5���� PLFH� �Q ��JURXS�� ZHUH� WUHDWHG�
ZLWK� J��13V�FKROB���� RU� J��13V�
FKROB����IURP���WR���ZHHNV�RI�DJH�ZLWK�
��,�3��LQMHFWLRQV�ZHHN�DQG�VDFUL¿FHG���
ZHHNV�DIWHU�WKH�ODVW�,�3��LQMHFWLRQ��)LJ��
������
Striatum was collected and processed 
to measure the total amount of 
lathosterol, desmosterol, lanosterol, 
DQG���6�2+&�E\�PDVV� VSHFWURPHWU\�
LQ� FROODERUDWLRQ� ZLWK� &DUOR� %HVWD�
1HXURORJLFDO�,QVWLWXWH�RI�0LODQ�
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Figure 2.11 Chronic administration of g7-NPs-chol_1.0 and g7-NPs-chol_2.0 to R6/2 mice

Experimental paradigm used in the study. R6/2 mice were treated with g7-NPs-chol_1.0 and g7-NPs-
chol_2.0 from 5 weeks of age to 9 weeks of age with 2 I.P. injection/week. Wt and R6/2 littermates were 
treated with saline solution as controls. Behavioral tests were performed at 9 and 11 weeks of age. Striatum 
and cortex were collected at 11 weeks of age for mass spectrometry analysis (n=3 mice/time point).
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$V� H[SHFWHG�� D� UREXVW� GH¿FLW� LQ� OHYHO�
of the key cholesterol precursors 
lathosterol, desmosterol, and 
lanosterol was found in the striatum of 
5����PLFH�WUHDWHG�ZLWK�VDOLQH�FRPSDUHG�
WR� ZLOG�W\SH� OLWWHUPDWHV� �)LJ�� ����$���
indicating that cholesterol synthesis 
is decreased in the brain of HD mice 
DQG�FRQ¿UPLQJ�IXUWKHU�SUHYLRXV�UHVXOWV�
����������������
:KHQ�ZH�FRPSDUHG�WKH�OHYHO�RI�WKHVH�
PHWDEROLWHV� LQ� 5���� PLFH� WUHDWHG�

ZLWK� J��13V�FKROB���� DQG� J��13V�
FKROB����� ZH� IRXQG� D� VLJQL¿FDQW�
increase in striatal level of desmosterol 
DQG�ODQRVWHURO�RQO\�LQ�5����PLFH�WUHDWHG�
ZLWK�J��13V�FKROB�����)LJ������%��
Of note, level of the cholesterol 
FDWDEROLWH� ��6�2+&�� ZKLFK� DUH�
NQRZQ� WR� EH� UHGXFHG� LQ� 5���� PLFH�
FRPSDUHG� WR� ZLOG�W\SH� �)LJ�� ����$���
ZDV� QRW� LQÀXHQFHG� QHLWKHU� E\� J��
13V�FKROB���� QRU� J��13V�FKROB����
�)LJ������%��
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Figure 2.12 Endogenous cholesterol catabolism and synthesis following cholesterol supplementation

A-B. Lathosterol, desmosterol, lanosterol, and 24S-OHC level measured by GC-MS in striatum and cortex 
of wt saline, R6/2 saline (B), R6/2 + g7-NPs-chol_1.0, and R6/2 + g7-NPs-chol_2.0 (C) mice at 11 weeks of 
age (n=4 mice/group). 
'DWD�DUH�H[SUHVVHG�DV�PHDQV���6(0��(DFK�GRW�FRUUHVSRQGV�WR�WKH�YDOXH�REWDLQHG�IURP�HDFK�DQLPDO�
Statistics: unpaired Student t-test (*p<0.05; **p<0.01).
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Even if it seems counterintuitive, 
WKHVH�GDWD�FRQ¿UP�WKDW�WKH�H[FHVV�RI�
H[RJHQRXV� FKROHVWHURO�PLJKW� RSHUDWH�
LQ�D�SRVLWLYH�IHHGEDFN�RQ�HQGRJHQRXV�
FKROHVWHURO� ELRV\QWKHVLV�� ZKLFK� LV�
DOUHDG\� FRPSURPLVHG� LQ� 5���� PLFH��
DV�GHPRQVWUDWHG�LQ������7KH�ORZ�GRVH�
RI� FKROHVWHURO� GHOLYHUHG�ZLWK� J��13V�
FKROB����ZDV�QRW�VXႈFLHQW�WR�RSHUDWH�
WKLV� IHHGEDFN��ZKLOH� WKH�KLJK�GRVH�RI�
FKROHVWHURO� VXSSOLHG� WR� WKH� +'� EUDLQ�
ZLWK� J��13V�FKROB���� ZDV� VXႈFLHQW�
WR� LQFUHDVH� WKH� OHYHO� RI� FKROHVWHURO�
SUHFXUVRUV�� 7DNHQ� WRJHWKHU�� WKHVH�
UHVXOWV� FRQ¿UPHG� WKDW� D� KLJK� GRVH�
RI� H[RJHQRXV� FKROHVWHURO� LV� QHHGHG�
WR� KDYH� D� SRVLWLYH� IHHGEDFN� DQG�
VWLPXODWH�WKH�HQGRJHQRXV�V\QWKHVLV�RI�
FKROHVWHURO��

2.3.2 Cholesterol delivery prevents 
cognitive decline and ameliorate 
PRWRU�GH¿FLWV�LQ�5����PLFH�LQ�D�GRVH�
dependent manner  
5���� PLFH� GHYHORS� D� SURJUHVVLYH�
QHXURORJLFDO� SKHQRW\SH�FKDUDFWHUL]HG�
E\� FRJQLWLYH� DQG� PRWRU� V\PSWRPV�
UHVHPEOLQJ�WKRVH�SUHVHQW�LQ�+'�������
����� ����� ������ ,W� KDV� DOUHDG\� EHHQ�
VKRZQ� WKDW� ,�3�� LQMHFWLRQV� RI� J��13V�
FKROB���� ���� �J� RI� FKROHVWHURO� WR� WKH�
+'�EUDLQ��SDUWLDOO\�UHVWRUHG�*$%$HUJLF�
DQG� JOXWDPDWHUJLF� WUDQVPLVVLRQ� LQ�
VWULDWDO� 061V�� SUHYHQWHG� FRJQLWLYH�
GHFOLQH�DQG�SDUWLDOO\�UHVWRUHG�WKH�OHYHO�
RI�V\QDSWLF�SURWHLQV�LQ�5����PLFH��������
+RZHYHU��WKLV�GRVH�RI�FKROHVWHURO�ZDV�

QRW�VXႈFLHQW�WR�KDYH�D�EHQH¿FLDO�HႇHFW�
RQ�WKH�PRWRU�SKHQRW\SH�RI�5����PLFH��
7R� DVVHVV� ZKHWKHU� J��13V�FKROB����
DUH� D� EHWWHU� WRRO� WR� FRXQWHUDFW� 5����
EHKDYLRUDO� SKHQRW\SHV� FRPSDUHG� WR�
J��13V�FKROB�����ZH� LQYHVWLJDWHG� WKH�
LPSDFW�RI�FKROHVWHURO�VXSSOHPHQWDWLRQ�
ZLWK� WKH� WZR� VWUDWHJLHV� RQ� EHKDYLRUDO�
DEQRUPDOLWLHV� LQ� 5���� PLFH� E\� XVLQJ�
VWDQGDUG�PRWRU�DQG�FRJQLWLYH�WDVNV��
$FFRUGLQJO\�� ZH� SHUIRUPHG�
�� LQGHSHQGHQW� WULDOV� ZLWK� WKH�
H[SHULPHQWDO� SDUDGLJP�VKRZQ� LQ�)LJ��
�����FRPSDULQJ�
��Q� ����ZLOG�W\SH�PLFH�WUHDWHG�ZLWK�
VDOLQH
��Q� ����5����PLFH�WUHDWHG�ZLWK�VDOLQH
��Q� ���5����PLFH�WUHDWHG�ZLWK�J��
13V�FKROB���
��Q� ����5����PLFH�WUHDWHG�ZLWK�J��
13V�FKROB���
:H�GLG�QRW�WHVW�HPSW\�J��13V�FKROB����
VLQFH�LW�KDV�DOUHDG\�EHHQ�GHPRQVWUDWHG�
WKDW� WKH\� GR� QRW� KDYH� DQ\� HႇHFW� RQ�
WKH� EHKDYLRU� RI� 5���� PLFH� �������
5HJDUGLQJ� J��13V�FKROB����� VLQFH�
WKH\� KDYH� D� K\EULG� VWUXFWXUH� ZKHUH�
FKROHVWHURO� LV� ERWK� WKH� WKHUDSHXWLF�
PROHFXOH�DQG�D�VWUXFWXUDO�FRPSRQHQW��
LW�ZDV�QRW�SRVVLEOH� WR�SURGXFH�HPSW\�
J��13V�FKROB����
7KH�URWDURG�WHVW�ZDV�XVHG�WR�HYDOXDWH�
PRWRU�FRRUGLQDWLRQ�DW���DQG����ZHHNV�
RI�DJH��0LFH�ZHUH�WHVWHG�RQ�D�URWDWLQJ�
EDU�ZLWK�DFFHOHUDWLQJ�VSHHG�DQG� WKHLU�
ODWHQF\�WR�IDOO�ZDV�PHDVXUHG��6WDUWLQJ�
IURP� �� ZHHNV� RI� DJH�� 5���� PLFH�
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showed a progressive deterioration in 
¿QH�PRWRU�FRRUGLQDWLRQ��DV�VKRZQ�E\�
the shorter latency to fall compared to 
ZLOG�W\SH�OLWWHUPDWHV�
:KHQ� FRPSDULQJ� 5���� PLFH� WUHDWHG�
ZLWK� J��13V�FKROB���� RU� J��13V�
FKROB����� QR� GLႇHUHQFHV� ZHUH� IRXQG�
�)LJ��������

To test motor abilities further, the 
activity cage test was used to analyze 
VSRQWDQHRXV� ORFRPRWLRQ�DFWLYLW\��$W���
DQG����ZHHNV�RI�DJH��PLFH�ZHUH�SODFHG�
for one hour into a squared arena 
surrounded by infrared detectors. At 
��ZHHNV��5����PLFH� W\SLFDOO\�VKRZHG�

a severe hypokinetic phenotype as 
demonstrated by reduced global 
activity, number of rearing and total 
GLVWDQFH� WUDYHOOHG� FRPSDUHG� WR� ZLOG�
type, indicating severely impaired 
motor function. At this time point, mice 
WUHDWHG� ZLWK� J��13V�FKROB���� KDG� D�
better performance compared to those 
WUHDWHG� ZLWK� J��13V�FKROB���� DQG�
WR� XQWUHDWHG� 5���� OLWWHUPDWHV�� 7KHVH�
GLႇHUHQFHV� ZHUH� ORVW� DW� ��� ZHHNV� RI�
age, suggesting that even the amount 
RI� FKROHVWHURO� GHOLYHUHG�ZLWK� J��13V�
FKROB����LV�QRW�VXႈFLHQW�WR�FRXQWHUDFW�
PRWRU� GH¿FLWV� DW� D� ODWH� V\PSWRPDWLF�
time point, when the HD phenotype 
ZRUVHQ��)LJ������$���:KHQ�ZH�ORRNHG�
at the total distance travelled and the 
QXPEHU�RI�UHDULQJV��5����PLFH�WUHDWHG�
ZLWK� J��13V�FKROB���� KDG� D� EHWWHU�
SHUIRUPDQFH� FRPSDUHG� WR� 5����PLFH�
WUHDWHG�ZLWK� J��13V�FKROB���� EXW� WKH�
VFRUHV� ZDV� QRW� VLJQL¿FDQW� FRPSDUHG�
WR�FRQWURO�5����PLFH��LQGLFDWLQJ�WKDW�WKH�
amount of cholesterol delivered with 
J��13V�FKROB����LV�VWLOO�QRW�VXႈFLHQW�WR�
UHVFXH�WKHVH�SDUDPHWHUV��)LJ������%��
&��� $V� D� PHDVXUH� RI� DQ[LHW\�OLNH�
behavior, we also evaluated the time 
that mice spent exploring the periphery 
or center area of the arena during 
WKH� DFWLYLW\� FDJH� WHVW� �)LJ�� ����$���
5���� DQLPDOV� VSHQW�PRUH� WLPH� LQ� WKH�
SHULSKHU\�FRPSDUHG�WR�ZLOG�W\SH�PLFH��
indicating anxiety related behavior. 
Cholesterol supplementation did not 
UHVFXH�WKLV�SDUDPHWHU��)LJ������%��
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Figure 2.13 Motor abilities of R6/2 mice 

assessed by rotarod test following cholesterol 

supplementation

Latency to fall (seconds) from an accelerating 
rotarod at 8 and 10 weeks of age in wt saline (n=24-
25), R6/2 saline (n=15-17), R6/2 + g7-NPs-chol_1.0 
(n=9), and R6/2 + g7-NPs-chol_2.0 (n=17).
Data are from three independent trials and shown 
as scatterplot graphs with means � SEM. Each 
dot corresponds to the value obtained from each 
animal. 
Statistics: one-way ANOVA with Newman–Keuls 
post-hoc test (***p<0.001; ****p<0.0001).
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�
�������� ������������� Figure 2.14 Motor abilities of R6/2 mice following 

cholesterol supplementation

A-C. Global motor activity (A), total distance 
travelled (B), and number of rearings (C) in an 
RSHQ�¿HOG� WHVW� DW� �� DQG� ��� ZHHNV� RI� DJH� LQ� ZW�
saline (n=24-25), R6/2 saline (n=15-17), R6/2 + g7-
NPs-chol_1.0 (n=9), and R6/2 + g7-NPs-chol_2.0 
(n=17). Data are from three independent trials and 
shown as scatterplot graphs with means � SEM. 
Each dot corresponds to the value obtained from 
each animal. Statistics: one-way ANOVA with 
Newman–Keuls post-hoc test (*p<0.05; **p<0.01; 
***p<0.001; ****p<0.0001) or unpaired Student 
t-test (#p<0.05; ##p<0.01).

Figure 2.15 Anxiety-related behavior of R6/2 mice following cholesterol supplementation

$�%��5HSUHVHQWDWLYH�WUDFN�SORWV��$��JHQHUDWHG�IURP�WKH�RSHQ�¿HOG�WHVW�IURP�ZW�VDOLQH��Q ��������5����VDOLQH�
�Q ��������5������J��13V�FKROB�����Q ����DQG�5������J��13V�FKROB�����Q ����DQG�UHODWLYH�TXDQWL¿FDWLRQ�
(B) of the time spent in the center and in the periphery (%) of the arena at 11 weeks of age. 
Data are from three independent trials and shown as histogram with means � SEM. 
Statistics: one-way ANOVA with Newman–Keuls post-hoc test (**p<0.01; ***p<0.001; ****p<0.0001).

� �

�
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The grip strength test assessed mice 
neuromuscular functions and strength 
by measuring the force developed by 
the mouse when the operator tries to 
retire it out of a bar. Muscular strength 
ZDV� UHGXFHG� LQ� 5���� PLFH� IURP� ��
weeks of age and it was completely 
UHVFXHG�E\�J��13V�FKROB����DW�ERWK���
DQG����ZHHNV�RI�DJH��ZKLOH�WKH�DPRXQW�
RI� FKROHVWHURO� GHOLYHUHG�ZLWK� J��13V�
FKROB����ZDV� QRW� VXႈFLHQW� WR� UHVFXH�
WKLV�SDUDPHWHU��)LJ��������

The paw clasping test was used at 
�� DQG� ��� ZHHNV� RI� DJH� WR� PHDVXUH�
dystonic movements, which is a 
marker of neurodegeneration in 

several mouse models of brain 
diseases. Mice were suspended by the 
WDLO� IRU����VHFRQGV��D�VFRUH�RI���ZDV�
assigned when the hindlimbs were 
away from the abdomen, consistently 
VSOD\HG�RXWZDUG��D�VFRUH�RI���RU���ZDV�
assigned when one or both hindlimb 
ZDV�UHWUDFWHG�WRZDUG�WKH�DEGRPHQ��D�
VFRUH� RI� ��ZDV� DVVLJQHG� LI� KLQGOLPEV�
were entirely retracted and touching 
WKH� DEGRPHQ�� 2I� QRWH�� RQO\� 5����
PLFH� WUHDWHG� ZLWK� J��13V�FKROB����
DPHOLRUDWHG�WKLV�SKHQRW\SH��)LJ��������

)LQDOO\�� WKH� QRYHO� REMHFW� UHFRJQLWLRQ�
�125�� WHVW� ZDV� XVHG� DW� �� DQG� ���
ZHHNV� RI� DJH� WR� HYDOXDWH� WKH� HႇHFW�
of cholesterol delivery on cognitive 
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Figure 2.16 Muscular strength of R6/2 mice 

following cholesterol supplementation

Grip strength (grams) at 9 and 11 weeks of age in 
wt saline (n=16-24), R6/2 saline (n=11-22), R6/2 
+ g7-NPs-chol_1.0 (n=10), and R6/2 + g7-NPs-
chol_2.0 (n=17).
Data are from three independent trials and shown 
DV� VFDWWHUSORW� JUDSKV� ZLWK� PHDQV� �� 6(0�� (DFK�
dot corresponds to the value obtained from each 
animal. 
Statistics: one-way ANOVA with Newman–Keuls 
post-hoc test (**p<0.01; ***p<0.001; ****p<0.0001).
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Figure 2.17 Paw clasping behavior of R6/2 mice 

following cholesterol supplementation

Paw clasping at 9 and 11 weeks of age in wt saline 
(n=25), R6/2 saline (n=22), R6/2 + g7-NPs-chol_1.0 
(n=10), and R6/2 + g7-NPs-chol_2.0 (n=17).
Data are from three independent trials and shown 
DV�KLVWRJUDP�ZLWK�PHDQV���6(0��
Statistics: one-way ANOVA with Newman–Keuls 
post-hoc test (****p<0.0001) or unpaired Student 
t-test (#p<0.05).
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function. The test is based on the 
spontaneous tendency of rodents 
to spend more time exploring a new 
REMHFW� WKDQ� D� IDPLOLDU� RQH�� UHÀHFWHG�
by a positive discrimination index 
�',���$V�H[SHFWHG�� ORQJ�WHUP�PHPRU\�
declined during disease progression in 
5����PLFH��ZLWK�D�PDUNHG�LPSDLUPHQW�
in the ability to discriminate novel 
DQG� IDPLOLDU� REMHFWV� DW� ��� ZHHNV� RI�
DJH��5����PLFH� WUHDWHG�ZLWK� J��13V�
FKROB���� SHUIRUPHG� VLPLODUO\� WR� ZLOG�
type mice, indicating that this treatment 
completely prevents the cognitive 
GHIHFWV�DW�ERWK���DQG����ZHHNV�RI�DJH��
&RQWUDULO\�� J��13V�FKROB���� UHVFXHG�
WKH� GHIHFW� RQO\� DW� ��� ZHHNV� RI� DJH�
�)LJ��������
During the trials, mice were weighted 
once a week. As expected, weight loss 
ZDV� REVHUYHG� LQ� 5���� PLFH� VWDUWLQJ�
IURP� ODWH� WLPH� SRLQW� ���� ZHHNV� RI�
age). Remarkably, this parameter was 
UHVFXHG� LQ� PDOH� 5���� PLFH� WUHDWHG�
ZLWK�J��13V�FKROB�����)LJ������$��%��
Collectively, these results indicate 
an overall behavioral recovery in HD 
mice after cholesterol administration, 
FRQ¿UPLQJ� WKDW� WKH� ORZ� GRVH� RI�
FKROHVWHURO�DGPLQLVWHUHG�ZLWK�J��13V�
FKROB���� LV� VXႈFLHQW� WR� SURWHFW� PLFH�
from cognitive decline while higher 
doses are needed to rescue motor 
dysfunction together with restoration 
of endogenous cholesterol synthesis, 
which occurs only when high doses of 
cholesterol are administered. 

Accordingly, the dose of cholesterol 
DGPLQLVWHUHG� ZLWK� J��13V�FKROB����
LV� VXႈFLHQW� WR� KDYH� D� SDUWLDO� UHVFXH�
RI� PRWRU� DELOLWLHV� DW� �� ZHHNV� RI� DJH�
but higher doses are needed to 
completely counteract the defect when 
WKH� SKHQRW\SH� ZRUVHQ�� )XUWKHUPRUH��
it is important to highlight that the 
NLQHWLF�RI�FKROHVWHURO�UHOHDVH�IURP�13V�
LV� VORZ� DQG� WKH� SKHQRW\SH� RI� 5����
mice is too fast and aggressive to 
have a full rescue. In fact, at the time 
SRLQW� DQDO\]HG�� DURXQG� ���� RI� WKH�
delivered cholesterol is released from 
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Figure 2.18 Cognitive abilities of R6/2 mice 

following cholesterol supplementation

Discrimination index (DI %) in the novel object 
recognition test of wt saline (n=22-23), R6/2 saline 
(n=13-19), R6/2 + g7-NPs-chol_1.0 (n=7-8), and 
R6/2 + g7-NPs-chol_2.0 (n=10-13) at 9 and 11 
weeks of age. DI above zero indicates a preference 
for the novel object; DI below zero indicates a 
preference for the familiar object.
Data are from three independent trials and shown 
DV� VFDWWHUSORW� JUDSKV� ZLWK� PHDQV� �� 6(0�� (DFK�
dot corresponds to the value obtained from each 
animal. 
Statistics: one-way ANOVA with Newman–Keuls 
post-hoc test (***p<0.001; ****p<0.0001).
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J��13V�FKROB����� WKXV� RQO\� D� YHU\�
small percentage of the administered 
cholesterol is available for neuronal 
activity. 

2.4 Administration of g7-NPs-
chol_2.0 does not solicit a massive 
LQÀDPPDWLRQ�UHVSRQVH�
:H� VRXJKW� WR� DVVHVV� LI� WKH� FKURQLF�
DGPLQLVWUDWLRQ� RI� J��13V�FKROB���� ���
,�3��LQMHFWLRQV�ZHHN��IURP���WR���ZHHNV�
RI� DJH�� LQÀXHQFHV� WKH� LQÀDPPDWLRQ�

VWDWXV� RI� 5����PLFH�� 7R� WKLV� DLP�� ZH�
XVHG� WKH� %LRSOH[� DVVD\�� ZKLFK� LV�
EDVHG�RQ�FRORU�FRGHG�PDJQHWLF�EHDGV�
and allows the simultaneous detection 
RI����F\WRNLQHV�LQ�D�VLQJOH�ZHOO�RI�D����
ZHOO�PLFURSODWH��)LJ���������&\WRNLQHV��
chemokines, and growth factors are 
cell signaling proteins, mediating a 
wide range of physiological responses, 
LQFOXGLQJ� LPPXQLW\� DQG� LQÀDPPDWLRQ��
They are also associated with a 
spectrum of neurodegenerative 
diseases including Huntington’s and 
3DUNLQVRQ¶V� GLVHDVH�� :H� SHUIRUPHG�
D�¿UVW�SLORW�H[SHULPHQW� WR�DQDO\]H� WKH�
LQÀDPPDWLRQ�VWDWXV�RI�XQWUHDWHG�ZLOG�
W\SH� DQG� 5���� PLFH� �Q ��JHQRW\SH��
in striatum, cortex, liver, and plasma. 
7KLV�VWXG\�UHYHDOHG�WKDW�ZLOG�W\SH�DQG�
5����PLFH�KDYH�D�VLPLODU�F\WRNLQHV�DQG�
FKHPRNLQHV�SUR¿OH��LQGLFDWLQJ�D�QRUPDO�
LQÀDPPDWLRQ� VWDWXV� �7DEOH� ������ 7KH�
RQO\� GLႇHUHQFHV� ZH� PHDVXUHG� ZHUH�
FRUWLFDO� UHGXFWLRQ� RI� ,/����� LQGLFDWLQJ�
GHFUHDVHG� LQKLELWLRQ� RI� LQÀDPPDWRU\�
cytokines, and plasmatic reduction 
RI� *0�&6)�� LQGLFDWLQJ� UHGXFHG�
neurogenesis and neuroplasticity, 
LQ� 5���� PLFH� FRPSDUHG� WR� ZLOG�W\SH�
OLWWHUPDWHV� �7DEOH� ������ :KHQ� ZH�
FRPSDUHG� 5���� PLFH� WUHDWHG� ZLWK�
VDOLQH� DQG� 5���� PLFH� WUHDWHG� ZLWK�
J��13V�FKROB���� �Q ��JHQRW\SH�� ZH�
IRXQG� WKDW� (RWD[LQ� LV� GRZQ�UHJXODWHG�
in the cortex of cholesterol treated 
PLFH� FRPSDUHG� WR� 5���� DQG� ZLOG�
W\SH� OLWWHUPDWHV� �7DEOH� ������ (RWD[LQ�
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Figure 2.19 Body weight of R6/2 mice following 

cholesterol supplementation

A-B. Body weight (grams) of male (A) and female 
(B) mice at different time point. 
Data are from three independent trials and shown 
DV�JUDSKV�ZLWK�PHDQV���6(0��
Statistics: one-way ANOVA with Newman–Keuls 
post-hoc test (*p<0.05; **p<0.01).
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is a cytokine belonging to the CC 
chemokine family. It is implicated 
in allergic responses by recruiting 
eosinophils and inducing their 
chemotaxis. Increased Eotaxin level 
in plasma are associated with aging in 
PLFH�DQG�KXPDQV��)XUWKHUPRUH��LW�KDV�
been shown that young mice exposed 
to Eotaxin or to the plasma of older 
mice, containing high level of Eotaxin, 
exhibited decreased neurogenesis 
and impaired cognitive performance 
������
Clinical observation of mice during 

chronic administration regimen did 
not reveal any case of mortality in 
the treated and control groups. There 
were no signs of abnormal behavioral 
reactions and general clinical 
symptoms. 
Overall, these results suggested that 
FKURQLF� DGPLQLVWUDWLRQ� RI� J��13V�
FKROB���� GR� QRW� OHDG� WR� LQÀDPPDWLRQ�
in brain, liver, and plasma, while it 
reduced the amount of Eotaxin in 
cortex, indicating that cholesterol 
PD\� KDYH� D� EHQH¿FLDO� HႇHFW� RQ�
neurogenesis and cognitive decline.  

)LJXUH������,QÀDPPDWRU\�UHVSRQVH�RI�5����PLFH�IROORZLQJ�FKROHVWHURO�VXSSOHPHQWDWLRQ
Assay scheme. The Bio-plex assay is carried out in a 96-well plate in which up to 100 distinctly colored 
EHDGV�VHW�DVVRFLDWHG�WR�DQ�DQWLERG\�WKH�UHFRJQL]H�D�VSHFL¿F�DQDO\WH�FDQ�DFFRPPRGDWH��,Q�WKH�¿UVW�VWHS��WKH�
EHDGV�RI�LQWHUHVW�DUH�DGGHG��7KHQ��VDPSOHV�DUH�DGGHG�LQ�WKH�ZHOOV�ZKHUH�WKH\�ELQG�WR�WKH�VSHFL¿F�DQWLERGLHV��
Biotinylated antibodies are added for the detection while streptavidin-PE antibodies are used as reporter 
G\H��$QDO\WHV�DUH�VRUWHG�H[SORLWLQJ�ÀXRUHVFHQFH���
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7DEOH�����,QÀDPPDWRU\�UHVSRQVH�RI�5����PLFH�IROORZLQJ�FKROHVWHURO�VXSSOHPHQWDWLRQ
Analysis of cytokines and chemokines by Bio-Plex array on the striatum, cortex, liver, and plasma of wt vs 
R6/2 mice (n=5 mice/group). 
'DWD�DUH�QRUPDOL]HG�RQ�5����PLFH�DQG�DUH�H[SUHVVHG�DV�PHDQV���VWDQGDUG�HUURU�RI�WKH�PHDQ��
Statistics: unpaired Student t-test (*p<0.05).

7DEOH�����,QÀDPPDWRU\�UHVSRQVH�RI�5����PLFH�IROORZLQJ�FKROHVWHURO�VXSSOHPHQWDWLRQ
Analysis of cytokines and chemokines by Bio-Plex array on the striatum, cortex, liver, and plasma of R6/2 
saline mice vs R6/2 + g7-NPs-chol_2.0 mice (n=5 mice/group). 
'DWD�DUH�QRUPDOL]HG�RQ�5����VDOLQH�PLFH�DQG�DUH�H[SUHVVHG�DV�PHDQV���VWDQGDUG�HUURU�RI�WKH�PHDQ��
Statistics: unpaired Student t-test (*p<0.05).
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2.5 Long term and cyclic 
treatments of g7-NPs-chol_2.0 
in zQ175DN mice ameliorate HD-
UHODWHG�EHKDYLRUDO�GH¿FLWV
6LQFH� J��13V�FKROB���� WDNH� VRPH�
weeks to release the encapsulated 
FKROHVWHURO�� DQG� 5���� PRXVH� PRGHO�
KDV�D� IDVW�GHYHORSLQJ�SKHQRW\SH� WKDW�
GRHV�QRW�DOORZ�WR�WHVW�WKH�HႇHFW�RI�WKH�
treatment when all the encapsulated 
cholesterol has been released, we took 
advantage of another mouse model of 
HD to validate further our strategy. In 
SDUWLFXODU��ZH�XVHG�WKH�NQRFN�LQ�PRXVH�
PRGHO�]4���'1��ZKLFK�H[SUHVVHV�WKH�
QHR�GHOHWHG� NQRFN�LQ� DOOHOH� HQFRGLQJ�
WKH�KXPDQ�+77�H[RQ���VHTXHQFH�ZLWK�
D�a����&$*�UHSHDW�WUDFW��UHSODFLQJ�WKH�

mouse Htt�H[RQ���
&RQYHUVHO\� WR�5����PLFH�� WKLV� NQRFN�
in animal model has a longer lifespan 
���� PRQWKV�� ZLWK� D� VORZHU� GLVHDVH�
progression, more resembling HD in 
KXPDQV�������
$FFRUGLQJO\�� ]4���'1� PLFH� �Q ����
ZHUH�WUHDWHG�ZLWK�J��13V�FKROB����IURP�
��WR���ZHHNV�RI�DJH��SUH�V\PSWRPDWLF�
VWDJH�� ZLWK� �� ,�3�� LQMHFWLRQV�ZHHN��$V�
FRQWURO� PLFH�� ]4���'1� �Q ���� DQG�
ZLOG�W\SH� OLWWHUPDWHV� �ZW�� &��%/��-��
�Q ���� ZHUH� WUHDWHG� ZLWK� VDOLQH�7KH�
impact of cholesterol supplementation 
on behavioral abnormalities was 
evaluated by using standard motor 
DQG�FRJQLWLYH�WDVNV�DW����ZHHNV�RI�DJH�
�)LJ��������
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Figure 2.21 Chronic administration of g7-NPs-chol_2.0 to zQ175DN mice

Experimental paradigm used in the study. zQ175DN mice were treated with g7-NPs-chol_2.0 from 5 weeks 
of age to 9 weeks of age with 2 I.P. injection/week. Wt and zQ175DN littermates were treated with saline 
solution as controls. Behavioral tests were performed at 20 weeks of age. 

$W�WKLV�WLPH�SRLQW��]4���'1�PLFH�GLG�
not show any defect in motor abilities 
FRPSDUHG� WR�ZLOG�W\SH� OLWWHUPDWHV�� DV�
measured by the global activity, total 
distance travelled, and number of 
rearings analyzed by the activity cage 
WHVW� �)LJ�� ����$�� %�� &��� )XUWKHUPRUH��

]4���'1�PLFH� GLG� QRW� PDQLIHVW� DQ\�
DQ[LHW\�OLNH� EHKDYLRU� VLQFH� WKHUH�
ZHUH�QR�GLႇHUHQFHV� LQ�WKH�WLPH�VSHQW�
exploring the periphery or center area 
of the arena during the activity cage 
WHVW� EHWZHHQ� ZLOG�W\SH� DQG� +'�PLFH�
�)LJ������$��%��
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Figure 2.22 Motor abilities of zQ175DN mice 

following cholesterol supplementation

A-C. Global motor activity (A), total distance 
travelled (B), and number of rearings (C) in an 
RSHQ�¿HOG� WHVW� DW� ��� ZHHNV� RI� DJH� LQ� ZW� VDOLQH�
(n=15), zQ175DN saline (n=10), and zQ175DN + 
g7-NPs-chol_2.0 (n=18).
Data are shown as scatterplot graphs with means 
��6(0�
Each dot corresponds to the value obtained from 
each animal. 

Figure 2.23 Anxiety-related behavior of zQ175DN mice following cholesterol supplementation

$�%��5HSUHVHQWDWLYH� WUDFN�SORWV� �$��JHQHUDWHG� IURP� WKH�RSHQ�¿HOG� WHVW� IURP�ZW� VDOLQH� �Q ����� ]4���'1�
VDOLQH��Q �����DQG�]4���'1���J��13V�FKROB�����Q ����DQG�UHODWLYH�TXDQWL¿FDWLRQ��%��RI�WKH�WLPH�VSHQW�LQ�
the center and in the periphery (%) of the arena at 20 weeks of age.
'DWD�DUH�VKRZQ�DV�KLVWRJUDP�ZLWK�PHDQV���6(0��
Statistics: one-way ANOVA with Newman–Keuls post-hoc test (*p<0.05; ***p<0.001).
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:KHQ� ZH� PHDVXUHG� WKH� PXVFXODU�
VWUHQJWK� RI� ]4���'1�PLFH� XVLQJ� WKH�
grip strength test, we observed that 
DW� ��� ZHHNV� RI� DJH� NQRFN�LQ� PLFH�
exhibited less muscular strength 
compared to controls and cholesterol 
supplementation completely restored 
WKLV�GHIHFW��)LJ���������

Regarding the clasping behavior, 
]4���'1�PLFH�PDQLIHVW�ORZ�FODVSLQJ�
DFWLYLW\�DW����ZHHNV�RI�DJH�ZKLFK�ZDV�
QRW� UHVFXHG� LQ� FKROHVWHURO�WUHDWHG�
PLFH��)LJ���������
)LQDOO\�� DW� WKLV� WLPH� SRLQW�� ]4���'1�
mice exhibited a pronounced cognitive 
GH¿FLW�� DV� DVVHVVHG� E\� 1257�� 7KH�
amount of cholesterol released from 
J��13V�FKROB����DW�WKLV�WLPH�SRLQW�ZDV�

VXႈFLHQW� WR� WRWDOO\� UHVFXH� FRJQLWLYH�
GHIHFW�LQ�]4���'1�PLFH��)LJ��������

�
� ������	 �������

Figure 2.24 Muscular strength of zQ175DN mice 

following cholesterol supplementation

Grip strength (grams) at 20 weeks of age in wt saline 
(n=15), zQ175DN saline (n=11), and zQ175DN + 
g7-NPs-chol_2.0 (n=18).
'DWD�DUH�VKRZQ�DV�VFDWWHUSORW�JUDSKV�ZLWK�PHDQV���
SEM. Each dot corresponds to the value obtained 
from each animal. 
Statistics: one-way ANOVA with Newman–Keuls 
post-hoc test (**p<0.01).
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Figure 2.25 Paw clasping behavior of zQ175DN 

mice following cholesterol supplementation

Paw clasping at 20 weeks of age in wt saline 
(n=15), zQ175DN saline (n=11), and zQ175DN + 
g7-NPs-chol_2.0 (n=18).
'DWD�DUH�VKRZQ�DV�KLVWRJUDP�ZLWK�PHDQV���6(0��
Statistics: one-way ANOVA with Newman–Keuls 
post-hoc test (*p<0.05; **p<0.01).

���	������
�

Figure 2.26 Cognitive abilities of zQ175DN mice 

following cholesterol supplementation

Discrimination index (DI %) in the novel object 
recognition test of wt saline (n=15), zQ175DN saline 
(n=10), and zQ175DN + g7-NPs-chol_2.0 (n=18) at 
20 weeks of age. Data are shown as scatterplot 
JUDSKV�ZLWK�PHDQV���6(0��(DFK�GRW�FRUUHVSRQGV�
to the value obtained from each animal. 
Statistics: one-way ANOVA with Newman–Keuls 
post-hoc test (****p<0.0001).
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Since cholesterol is gradually released 
IURP� J��13V�FKROB����� ZH� WHVWHG�
WKHVH� DQLPDOV� DJDLQ� DW� ��� ZHHNV� RI�
DJH��)LJ��������
In parallel, we performed a second 
F\FOH�RI�WUHDWPHQW�IURP����WR����ZHHNV�

of age (symptomatic stage) in which 
]4���'1�PLFH�ZHUH�WUHDWHG�ZLWK�J��
13V�FKROB���� ZLWK� �� ,�3�� LQMHFWLRQV�
ZHHN� �Q ���� %HKDYLRUDO� WHVWV� ZHUH�
SHUIRUPHG� DW� ��� ZHHNV� RI� DJH� �)LJ��
������
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Figure 2.27 Chronic administration of g7-NPs-chol_2.0 to zQ175DN mice

Experimental paradigm used in the study. zQ175DN mice were treated with g7-NPs-chol_2.0 from 5 weeks 
of age to 9 weeks of age with 2 I.P. injection/week. Wt and zQ175DN littermates were treated with saline 
solution as controls. Some mice received a second cycle of treatment from 21 to 29 weeks of age with 2 
I.P. injection/week. Behavioral tests were performed at 29 weeks of age. To see how does the effect last, 
behavioral tests were performed again at 35 weeks of age. 

:H� IRXQG� WKDW� DOVR� DW� ��� ZHHNV� RI�
DJH��]4���'1�PLFH�GLG�QRW�VKRZ�DQ\�
GHIHFW� LQ� PRWRU� DELOLWLHV� RU� DQ[LHW\�
OLNH� EHKDYLRU� FRPSDUHG� WR� ZLOG�W\SH�
littermates, as assessed by activity 
FDJH� WHVW� �)LJ�� ����$�� %�� &�� '�� (����
Interestingly, both group of mice treated 
ZLWK� �� F\FOH� RU� �� F\FOHV� RI� J��13V�
FKROB���� H[KLELWHG� KLJKHU� PXVFXODU�
VWUHQJWK�FRPSDUHG�WR�]4���'1�PLFH�
treated with saline, indicating an 

DPHOLRUDWLRQ� RI� WKLV� SKHQRW\SH� �)LJ��
������
The same result was obtained with the 
SDZ�FODVSLQJ�WHVW��DFFRUGLQJO\��DOO� WKH�
]4���'1�PLFH�WUHDWHG�ZLWK�FKROHVWHURO�
KDG�D�FODVSLQJ�EHKDYLRU�VLPLODU�WR�ZLOG�
W\SH�PLFH��)LJ��������
)LQDOO\��1257�UHYHDOHG�WKDW�FKROHVWHURO�
treatment was able to totally rescue 
WKH�FRJQLWLYH�GHIHFW�RI�]4���'1�PLFH�
DOVR�DW�WKLV�WLPH�SRLQW��)LJ��������
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Figure 2.28 Motor abilities of zQ175DN mice following cholesterol supplementation

$�&��*OREDO�PRWRU�DFWLYLW\��$���WRWDO�GLVWDQFH�WUDYHOOHG��%���DQG�QXPEHU�RI�UHDULQJV��&��LQ�DQ�RSHQ�¿HOG�WHVW�DW�
29 weeks of age in wt saline (n=18), zQ175DN saline (n=17), zQ175DN + g7-NPs-chol_2.0 (1 cycle) (n=9), 
and zQ175DN + g7-NPs-chol_2.0 (2 cycles) (n=9). 
'�(��5HSUHVHQWDWLYH� WUDFN�SORWV� �'��JHQHUDWHG� IURP� WKH�RSHQ�¿HOG� WHVW� IURP�ZW�VDOLQH� �Q ����� ]4���'1�
saline (n=17), zQ175DN + g7-NPs-chol_2.0 (1 cycle) (n=9), and zQ175DN + g7-NPs-chol_2.0 (2 cycles) 
�Q ���DQG�UHODWLYH�TXDQWL¿FDWLRQ��(��RI�WKH�WLPH�VSHQW�LQ�WKH�FHQWHU�DQG�LQ�WKH�SHULSKHU\�����RI�WKH�DUHQD�DW�
20 weeks of age. 
'DWD�DUH�VKRZQ�DV�VFDWWHUSORW�JUDSKV��$�&��RU�KLVWRJUDPV��(��ZLWK�PHDQV���6(0��(DFK�GRW�FRUUHVSRQGV�WR�
the value obtained from each animal. 
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Figure 2.29 Muscular strength of zQ175DN mice 

following cholesterol supplementation

Grip strength (grams) at 29 weeks of age in wt 
saline (n=18), zQ175DN saline (n=17), zQ175DN 
+ g7-NPs-chol_2.0 (1 cycle) (n=9), and zQ175DN 
+ g7-NPs-chol_2.0 (2 cycles) (n=9). 
'DWD�DUH�VKRZQ�DV�VFDWWHUSORW�JUDSKV�ZLWK�PHDQV���
SEM. Each dot corresponds to the value obtained 
from each animal. 
Statistics: one-way ANOVA with Newman–Keuls 
post-hoc test (*p<0.05; **p<0.01; ****p<0.0001).

Figure 2.30 Clasping behavior of zQ175DN mice 

following cholesterol supplementation

Paw clasping at 29 weeks of age in wt saline 
(n=18), zQ175DN saline (n=17), zQ175DN + g7-
NPs-chol_2.0 (1 cycle) (n=9), and zQ175DN + g7-
NPs-chol_2.0 (2 cycles) (n=9). 
'DWD�DUH�VKRZQ�DV�KLVWRJUDP�ZLWK�PHDQV���6(0��
Statistics: one-way ANOVA with Newman–Keuls 
post-hoc test (*p<0.05; **p<0.01; ***p<0.001).

Figure 2.31 Cognitive abilities of zQ175DN mice 

following cholesterol supplementation

Discrimination index (DI %) in the novel object 
recognition test of wt saline (n=18), zQ175DN 
saline (n=17), zQ175DN + g7-NPs-chol_2.0 (1 
cycle) (n=9), and zQ175DN + g7-NPs-chol_2.0 (2 
cycles) (n=9) at 29 weeks of age. DI above zero 
indicates a preference for the novel object; DI below 
zero indicates a preference for the familiar object.
'DWD�DUH�VKRZQ�DV�VFDWWHUSORW�JUDSKV�ZLWK�PHDQV���
SEM. Each dot corresponds to the value obtained 
from each animal. 
Statistics: one-way ANOVA with Newman–Keuls 
post-hoc test (****p<0.0001).
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7R� DQDO\]H� WKH� ORQJ�WHUP� HႇHFW� RI�
cholesterol delivery, we performed 
EHKDYLRUDO� WHVWV� DOVR� DW� ��� ZHHNV�
RI� DJH�� (YHQ� LI� QR� PRWRU� GH¿FLWV� LQ�
]4���'1�PLFH�FRPSDUHG�WR�ZLOG�W\SH�
OLWWHUPDWHV�ZHUH�PHDVXUHG��)LJ������$�
E), the rescue on muscular strength 
�)LJ�� ����)��� FODVSLQJ� EHKDYLRU� �)LJ��
����*��� DQG� FRJQLWLYH� GHFOLQH� �)LJ��
����+�� E\� J��13V�FKROB���� GHOLYHU\�
were maintained also at this time point. 
Taken together, these results 
KLJKOLJKWHG�WKDW��DW����ZHHNV�RI�DJH��WKH�
amount of cholesterol released from 
J��13V�FKROB����LV�VXႈFLHQW�WR�UHVFXH�
muscular strength and to reverse 
FRJQLWLYH�GHFOLQH�LQ�]4���'1�PLFH��$W�
���ZHHNV�RI�DJH��WKHVH�UHVFXHV�SHUVLVW��
and the increased amount of released 
cholesterol reversed also clasping 
EHKDYLRU�RI�+'�PLFH��)LQDOO\��ZKHQ�ZH�
performed a second cycle of treatment 
ZLWK� J��13V�FKROB����� ZH� REVHUYHG�

that cholesterol administration rescued 
+'�UHODWHG� EHKDYLRUDO� GH¿FLWV� LQ� D�
ORQJ�WHUP�PDQQHU��

2.6 Setting up of an in vivo 
paradigm for SREBP2 delivery to 
brain astrocytes 
Since the molecular mechanism 
underlying cholesterol dysfunction in 
+'� LV� D� UHGXFHG� DFWLYLW\� RI� 65(%3��
OLNHO\�LQ�JOLDO�FHOOV�����������������DQG�
it has been demonstrated that delivery 
of exogenous cholesterol to the brain 
LV� EHQH¿FLDO� IRU� +'�PLFH� ������ ������
we aimed at forcing the expression 
RI� 65(%3�� in vivo to stimulate 
the biosynthesis of endogenous 
cholesterol in striatal astrocytes of 
a transgenic mouse model of HD 
�5����PLFH���7R�WKLV�HQG��ZH�SURGXFHG�
two viral vectors carrying the active 
1�WHUPLQDO�SRUWLRQ�RI�KXPDQ�65(%3��
and able to express the transgene 

Figure 2.32 Motor and cognitive abilities of zQ175DN mice following cholesterol supplementation

$�(��*OREDO�PRWRU�DFWLYLW\��$���WRWDO�GLVWDQFH�WUDYHOOHG��%���DQG�QXPEHU�RI�UHDULQJV��&��LQ�DQ�RSHQ�¿HOG�WHVW�DW�
29 weeks of age in wt saline (n=18), zQ175DN saline (n=17), zQ175DN + g7-NPs-chol_2.0 (1 cycle) (n=9), 
and zQ175DN + g7-NPs-chol_2.0 (2 cycles) (n=9). Representative track plots (D) generated from the open-
¿HOG�WHVW�IURP�ZW�VDOLQH��Q �����]4���'1�VDOLQH��Q �����]4���'1���J��13V�FKROB�������F\FOH���Q ����DQG�
]4���'1���J��13V�FKROB�������F\FOHV���Q ���DQG�UHODWLYH�TXDQWL¿FDWLRQ��(��RI�WKH�WLPH�VSHQW�LQ�WKH�FHQWHU�
and in the periphery (%) of the arena at 20 weeks of age. 
F. Grip strength (grams) at 29 weeks of age in wt saline (n=18), zQ175DN saline (n=17), zQ175DN + g7-
NPs-chol_2.0 (1 cycle) (n=9), and zQ175DN + g7-NPs-chol_2.0 (2 cycles) (n=9). 
G. Paw clasping at 29 weeks of age in wt saline (n=18), zQ175DN saline (n=17), zQ175DN + g7-NPs-
chol_2.0 (1 cycle) (n=9), and zQ175DN + g7-NPs-chol_2.0 (2 cycles) (n=9). 
H. Discrimination index (DI %) in the novel object recognition test of wt saline (n=18), zQ175DN saline 
(n=17), zQ175DN + g7-NPs-chol_2.0 (1 cycle) (n=9), and zQ175DN + g7-NPs-chol_2.0 (2 cycles) (n=9) 
at 29 weeks of age. DI above zero indicates a preference for the novel object; DI below zero indicates a 
preference for the familiar object.
'DWD�DUH�VKRZQ�DV�VFDWWHUSORW�JUDSKV�ZLWK�PHDQV���6(0��(DFK�GRW�FRUUHVSRQGV�WR�WKH�YDOXH�REWDLQHG�IURP�
each animal. 
Statistics: one-way ANOVA with Newman–Keuls post-hoc test (*p<0.05; **p<0.01; ****p<0.0001; ***p<0.001).
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VSHFL¿FDOO\� LQ� DVWURF\WHV�� ZKLFK� DUH�
WKH�PDMRU� SURGXFHUV� RI� FKROHVWHURO� LQ�
WKH� DGXOW� EUDLQ�� 7KH� ¿UVW� YLUDO� YHFWRU�
was derived from a Herpes Simplex 
virus (HSV, in collaboration with M. 
Simonato and G. Verlengia, University 
RI�)HUUDUD�DQG�6DQ�5DႇDHOH�,QVWLWXWH��
������������ZKLFK�LV�DWWUDFWLYH�EHFDXVH�
LW�FRQWDLQV�PDQ\�QRQ�HVVHQWLDO�JHQHV�
WKDW�FDQ�EH�UHSODFHG��XS�WR����NE��ZLWK�
multiple therapeutic transgenes. The 
second viral vector is a recombinant 
VHURW\SH� RI� DQ� DGHQR�DVVRFLDWHG�
YLUXV��$$9�����LQ�FROODERUDWLRQ�ZLWK�0��
*LDFFD�DQG�/��=HQWLOLQ��,&*(%��7ULHVWH���
ZKLFK�LV�NQRZQ�WR�EH�KLJKO\�VSHFL¿F�IRU�
JOLDO�FHOOV��������,Q�WKH�¿UVW�H[SHULPHQW�
ZH� WHVWHG� +69� �-'1,��JID$%&�'�

7G7RPDWR����[�����SIX�P/��DQG�$$9����
�$$9����JID$%&�'�7G7RPDWR�� ����
[� ����� 8�P/�� H[SUHVVLQJ� WKH� UHSRUWHU�
gene TdTomato under the control of a 
JOLDO�SURPRWHU��JID$%&�'��WR�VWUHQJWK�
the infection of astrocytes.
$FFRUGLQJO\�� ZH� LQIHFWHG� ��ZHHN�ROG�
ZLOG�W\SH� PLFH� �Q ����YLUXV�� LQWR� WKH�
VWULDWXP� ���/�� ���/�K�� VWHUHRWD[LF�
FRRUGLQDWHV� �� PP� PHGLRODWHUDO��
����� PP� DQWHURSRVWHULRU�� ���� PP�
GRUVRYHQWUDO�� IURP� 3D[LQRV� *� DQG�
:DWVRQ�&��7KH�5DW�%UDLQ�LQ�6WHUHRWD[LF�
&RRUGLQDWHV�� $FDGHPLF� 3UHVV�� 6DQ�
'LHJR���)LJ��������
0LFH� ZHUH� VDFUL¿FHG� �� ZHHNV� DIWHU�
the infection to study viral spread and 
tropism.
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Figure 2.33 In vivo characterization of HSV-gfaABC1D-tdTomato and AAV2/5-gfaABC1D-tdTomato

Scheme of the viruses and experimental paradigm used in the study. 7-weeks old wt mice were unilaterally 
infected in the right striatum with HSV or AAV expressing tdTomato under the control of gfaABC1D promoter. 
0LFH�ZHUH�VDFUL¿FHG���ZHHNV�ODWHU�DQG�EUDLQV�ZHUH�FROOHFWHG�WR�VWXG\�YLUDO�VSUHDG�DQG�WURSLVP��
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Figure 2.34 Spread of HSV-gfaABC1D-tdTomato 

and AAV2/5-gfaABC1D-tdTomato

A-B. Representative large images of coronal brain 
slices of wt mice infected with HSV-gfaABC1D-
tdTomato or AAV2/5-gfaABC1D-tdTomato with 
immunostaining against tdTomato (red) to visualize 
HSV (A) and AAV (B) spread. Hoechst were used to 
counterstain nuclei (Ho, blue).

:KHQ�ZH�DQDO\]HG�WKH�SUHVHQFH�RI�WKH�
viruses in brain coronal sections, we 
found that both of them consistently 
GLႇXVH� LQ� WKH� VWULDWXP� DQG� LQ� VRPH�
parts of the cortex in the infused 
hemisphere in several subsequent 
slices, indicating a good spread from 
WKH� LQMHFWLRQ� VLWH� �)LJ�� ����$�� %���
Accordingly, the signal of TdTomato 
ZDV�GHWHFWDEOH� LQ�D� UDQJH�RI�����PP�
DQG� LW� FRYHUHG� ������� �� ����� RI� WKH�
LQIXVHG�KHPLVSKHUH��:H�WKHQ�DQDO\]HG�
WKH�FR�ORFDOL]DWLRQ�EHWZHHQ�WKH�VLJQDO�
of TdTomato and the signal of both 

QHXURQDO��'$533����1HX1��DQG�JOLDO�
�*)$3��6���%��,%$���PDUNHUV�WR�VWXG\�
the tropism of both viruses.
Unfortunately, HSV infects only 
QHXURQDO� FHOOV� �)LJ�� ����$�� ZKLOH�
$$9����KDV�D�VSHFL¿F�WURSLVP�IRU�JOLDO�
FHOOV��)LJ������%���)RU�WKLV�UHDVRQ��ZH�
GHFLGHG�WR�XVH�$$9����WR�RYHU�H[SUHVV�
K65(%3�� LQ� DVWURF\WHV�� 2YHUDOO��
$$9���� ZDV� SURYHQ� WR� EH� D� JRRG�
tool to target glial cells in a very wide 
EUDLQ� DUHD�� WKXV� $$9����JID$%&�'�
K65(%3��WG7RPDWR������[������8�P/��
was produced.
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Figure 2.35 Tropism of HSV-gfaABC1D-tdTomato and AAV2/5-gfaABC1D-tdTomato

A-B Representative confocal images of coronal brain slices of wt mice infected with HSV-gfaABC1D-
tdTomato (A) or AAV2/5-gfaABC1D-TdTomato (B) with immunostaining against tdTomato (red) and GFAP, 
IBA1, S100B, NeuN, and DARPP32 (green) to visualize viral tropism. Hoechst were used to counterstain 
nuclei (Ho, blue).

2.6.1 In vivo characterization of 
AAV2/5-gfaABC1D-TdTomato and 
AAV2/5-gfaABC1D-hSREBP2-
TdTomato
To verify the expression and the activity 
RI�K65(%3���57�T3&5�DQG�:HVWHUQ�
%ORW� ZHUH� SHUIRUPHG� RQ� WKH� LQIXVHG�
VWULDWXP�DQG�LSVL�ODWHUDO�FRUWH[�RI�
��Q� ���XQWUHDWHG�ZLOG�W\SH�PLFH
��Q� ���XQWUHDWHG�5����PLFH

��Q� �����5����PLFH�LQIHFWHG�ZLWK�
$$9����JID$%&�'�7G7RPDWR��5����
Tom)
��Q� �����5����PLFH�LQIHFWHG�ZLWK�
$$9����JID$%&�'�K65(%3��
7G7RPDWR��5����K%3��
7KH�YLUDO�YHFWRUV�����/��ZHUH�LQMHFWHG�
LQ�WKH�ULJKW�VWULDWXP�RI�PLFH�DW���ZHHNV�
RI�DJH�DQG�WKH�DQLPDOV�ZHUH�VDFUL¿FHG�
��ZHHNV�DIWHU��)LJ���������
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Figure 2.36 In vivo characterization of AAV2/5-gfaABC1D-tdTomato and AAV2/5-gfaABC1D-hSREBP2-

tdTomato.

Scheme of the viruses and experimental paradigm used in the study. 7-weeks old wt and R6/2 mice were 
unilaterally infected in the right striatum with AAV2/5-gfaABC1D-tdTomato or AAV2/5-gfaABC1D-hSREBP2-
WG7RPDWR��0LFH�ZHUH�VDFUL¿FHG���ZHHNV�ODWHU�DQG�EUDLQV�ZHUH�FROOHFWHG�WR�PHDVXUH�WG7RPDWR�DQG�K65(%3��
mRNA and protein.

$V� VKRZQ� LQ� )LJ�� ����$�� P51$� RI�
TdTomato�ZDV�QRW�SUHVHQW�LQ�ZLOG�W\SH�
DQG�5����EUDLQ��ZKLOH� LW�ZDV�GHWHFWHG�
DQG� TXDQWL¿HG� LQ� 5����7RP� DQG�
5����K%3�� VDPSOHV�� $V� H[SHFWHG��
hSrebp2� ZDV� GHWHFWHG� RQO\� LQ� 5����
K%3�� PLFH� �)LJ�� ����$��� $W� SURWHLQ�
level, TdTomato was measured in 
5����7RP�PLFH�EXW�QRW� LQ�5����K%3��
mice, suggesting that TdTomato 
IXVHG� GRZQVWUHDP� WR� K65(%3�� ZDV�
QRW� HႈFLHQWO\� WUDQVODWHG� LQ� $$9����
JID$%&�'�K65(%3��7G7RPDWR� �)LJ��
����%��� $OWKRXJK� VSHFL¿F� DQWLERGLHV�
IRU�WKH�KXPDQ�IRUP�RI�65(%3��DUH�QRW�
DYDLODEOH��:HVWHUQ� %ORW� DQDO\VLV� ZLWK�
an antibody able to recognize both the 
endogenous (mouse) and exogenous 
�KXPDQ�� 65(%3�� UHYHDOHG� DQ�
LQFUHDVH�LQ�WRWDO�65(%3��SURWHLQ�OHYHO�
LQ� WKUHH� RXW� RI� IRXU� 5����K%3�� PLFH�
�)LJ�� ����%��� 0RUHRYHU�� ZH� FKHFNHG�

WKH� RYHU�H[SUHVVLRQ� RI� K65(%3�� LQ�
WKH� LQIXVHG� VWULDWXP� RI� 5����K%3��
PLFH�E\�LPPXQRÀXRUHVFHQFH�DQDO\VLV��
DV� VKRZQ� LQ� )LJ�� ����&�� )LQDOO\�� ZH�
PHDVXUHG�D�VLJQL¿FDQW�UHGXFWLRQ�RI�WKH�
endogenous mSREBP2�LQ�5�����5����
7RP� DQG� 5����K%3�� PLFH� FRPSDUHG�
WR�ZLOG�W\SH�PLFH� �)LJ�� ����'���:KHQ�
compared to mSrebp2, the level of 
hSrebp2� P51$� ZDV� EHWZHHQ� ����
IROG� DQG� ����IROG� KLJKHU� WKDQ� WKH�
HQGRJHQRXV� WUDQVFULSW� LQ� 5����K%3��
PLFH��)LJ������(��
7KHVH� UHVXOWV� GHPRQVWUDWH� WKDW� LQWUD�
VWULDWDO�LQMHFWLRQ�RI�$$9����JID$%&�'�
K65(%3��7G7RPDWR� DOORZV� WR�
H[SUHVV� K65(%3�� DW� WUDQVFULSWLRQDO�
and protein level in HD mice.
However, TdTomato in the same 
vector is not translated for unknown 
reasons and cannot be used as tag for 
the transgene expression.
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2.6.2 Gene expression analysis 
of SREBP2-related pathways and 
cholesterol metabolism
6LQFH�65(%3��LV�WKH�PDVWHU�UHJXODWRU�
of genes involved in the biosynthesis of 
FKROHVWHURO��WR�HVWDEOLVK�WKH�HႈFDF\�RI�
K65(%3��RYHU�H[SUHVVLRQ�LQ�JOLDO�FHOOV�
to activate the expression of genes 
related to cholesterol biosynthesis, 
gene expression analysis was 
performed on the infused striatum and 
LVSL�ODWHUDO�FRUWH[�RI�

��Q� ���XQWUHDWHG�ZLOG�W\SH�PLFH
��Q� ���XQWUHDWHG�5����PLFH
��Q� ���5����PLFH�LQIHFWHG�ZLWK�$$9����
JID$%&�'�7G7RPDWR��5����7RP�
��Q� ���5����PLFH�LQIHFWHG�ZLWK�$$9����
JID$%&�'�K65(%3��7G7RPDWR��5����
K%3��
Mice were unilaterally infected in the 
ULJKW� VWULDWXP� DW� �� ZHHNV�RI�DJH� DQG�
VDFUL¿FHG���ZHHNV�DIWHU�WKH�LQIHFWLRQ��
7KH� P51$� OHYHO� RI� VHYHUDO� JHQHV�
ORFDWHG� DW� GLႇHUHQW� VWHSV� RI� WKH�
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Figure 2.37 In vivo characterization of AAV2/5-gfaABC1D-tdTomato and AAV2/5-gfaABC1D-hSREBP2-

tdTomato.

A. mRNA levels of tdTomato and hSrebp2 (B) in the infused striatum and ipsi-lateral cortex from untreated wt 
mice, untreated R6/2 mice, R6/2 mice treated with AAV2/5-gfaABC1D-tdTomato (R6/2-Tom), and R6/2 mice 
treated with AAV2/5-gfaABC1D-hSREBP2-tdTomato (R6/2-hBP2) (n=3 mice/group). 
%��3URWHLQ�OHYHOV�DQG�UHODWLYH�GHQVLWRPHWU\�TXDQWL¿FDWLRQ�RI�WG7RPDWR�DQG�K65(%3��LQ�F\WRVROLF�IUDFWLRQV�
from the infused striatum and ipsi-lateral cortex from R6/2 mice treated with either AAV2/5-gfaABC1D-
tdTomato (R6/2-Tom) or AAV2/5-gfaABC1D-hSREBP2-tdTomato (R6/2-hBP2) (n=4 mice/group). Stain-free 
imaging and GAPDH were used as a loading control and for normalization.
C. Representative large images with relative crops of coronal brain slices of R6/2-hBP2 mice with 
immunostaining against SREBP2 (red). Hoechst were used to counterstain nuclei (Ho, blue).
D. mRNA levels of mSrebp2 in the infused striatum and ipsi-lateral cortex from untreated wt mice, untreated 
R6/2 mice, R6/2 mice treated with AAV2/5-gfaABC1D-tdTomato (R6/2-Tom), and R6/2 mice treated with 
AAV2/5-gfaABC1D-hSREBP2-tdTomato (R6/2-hBP2) (n=3 mice/group). 
E. Comparison between the mRNA levels of mSrebp2 and hSrebp2 in the infused striatum and ipsi-lateral 
cortex from R6/2-hBP2 mice (n=3). 
'DWD�DUH�VKRZQ�DV�VFDWWHUSORW�JUDSKV�ZLWK�PHDQV���6(0��(DFK�GRW�FRUUHVSRQGV�WR�WKH�YDOXH�REWDLQHG�IURP�
each animal. 
Statistics: one-way ANOVA with Newman–Keuls post-hoc test (**p<0.01).



Results and Discussion

67

cholesterol biosynthesis pathway was 
DQDO\]HG�� Hmgcr as representative 
of the formation of mevalonate from 
acetate, Mvk of the conversion of 
mevalonate into isoprene, Sqs/Fdft1 
of the polymerization of isoprene 
to squalene and its cyclization to 
lanosterol, Cyp51 and Dhcr7�RI�WKH�¿QDO�
conversion of lanosterol to cholesterol 
�)LJ������$���
Transcript level of Hmgcr, Mvk, Fdft1, 
and Cyp51�ZDV�VLJQL¿FDQWO\�UHGXFHG�LQ�
5����DQG�5����7RP�PLFH�FRPSDUHG�WR�
ZLOG�W\SH�FRQWUROV��2I�QRWH��K65(%3��
RYHU�H[SUHVVLRQ� QRUPDOL]HG� WKH� OHYHO�

RI� WKHVH� JHQHV� LQ� 5����K%3�� PLFH�
�)LJ������%�(��
Dhcr7� P51$� OHYHO� ZDV� VLJQL¿FDQWO\�
UHGXFHG� LQ� 5����7RP� PLFH�� EXW� QRW�
LQ� 5���� PLFH�� FRPSDUHG� WR� ZLOG�W\SH�
littermates, and its transcript level 
ZDV�QRW�LQÀXHQFHG�E\�K65(%3���)LJ��
����)���
7KHVH�¿QGLQJV� LQGLFDWH� WKDW� WKH�RYHU�
H[SUHVVLRQ� RI� K65(%3�� LQ� VWULDWDO�
glial cells of HD mice compensates 
the dysfunctional activity of the 
HQGRJHQRXV� P65(%3�� E\� UHYHUVLQJ�
the reduced transcription of several 
cholesterol biosynthesis genes. 
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To assess whether the enhancement of 
endogenous cholesterol biosynthesis 
in astrocytes by viral delivery of 
K65(%3�� ZDV� DFFRPSDQLHG� E\� D�
FKDQJH�LQ�FKROHVWHURO�HႉX[��WUDQVSRUW��
uptake and removal, the expression 
level of Abca1, ApoE, Lrp1, and 
Cyp46a1� ZDV� HYDOXDWHG� E\� 57�
T3&5�� 7KH� P51$� OHYHO� RI� Abca1 
ZDV�LQFUHDVHG�LQ�ERWK�5����DQG�5����

Tom mice compared to controls but 
VWULDWDO�LQMHFWLRQ�RI�$$9����JID$%&�'�
K65(%3��7G7RPDWR� GRHVQ¶W� DႇHFW� LW�
�)LJ�� ����$��� ApoE and Lrp1� P51$�
level was similar in the striatum and 
FRUWH[� RI� ZLOG�W\SH� DQG� 5���� PLFH�
DQG� ZDV� QRW� FKDQJHG� LQ� 5����7RP�
DQG� 5����K%3�� PLFH� �)LJ�� ����%��
&���)LQDOO\��DOO� WKH�5����PLFH�VKRZHG�
reduced Cyp46a1� P51$� FRPSDUHG�

� � �

� �

Figure 2.38 Gene expression analysis of SREBP2-related pathways and cholesterol metabolism  

A. Cholesterol biosynthetic pathway: the enzymes whose expression was analyzed by qPCR are
colored in red, whereas the products of the Bloch and Kandutsch-Russell pathways in blue and pink, 
respectively.
B-F. mRNA levels of Hmgcr (B), Mvk (C), Fdft1 (D), Cyp51 (E), and Dhcr7 (F) in the infused striatum and 
ipsi-lateral cortex from untreated wt mice, untreated R6/2 mice, R6/2 mice treated with AAV2/5-gfaABC1D-
tdTomato (R6/2-Tom), and R6/2 mice treated with AAV2/5-gfaABC1D-hSREBP2-tdTomato (R6/2-hBP2) 
(n=3 mice/group).
'DWD�DUH�VKRZQ�DV�VFDWWHUSORW�JUDSKV�ZLWK�PHDQV���6(0��(DFK�GRW�FRUUHVSRQGV�WR�WKH�YDOXH�REWDLQHG�IURP�
each animal. 
Statistics: one-way ANOVA with Newman–Keuls post-hoc test (*p<0.05; **p<0.01; ***p<0.001) or unpaired 
Student t-test (#p<0.05).
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to controls indicating decreased 
cholesterol catabolism in HD mice, 
ZKLFK�ZDV�QRW�UHYHUVHG�E\�K65(%3��
RYHU�H[SUHVVLRQ��)LJ������'���
Overall, these data demonstrated that 
K65(%3�� GHOLYHUHG� ZLWK� $$9���� LV�
IXQFWLRQDO�� $FFRUGLQJO\�� K65(%3�� LV�
able to restore the level of genes related 
to cholesterol synthesis that are under 
the control of this transcription factor. 
On the other hand, these data indicated 
WKDW� YLUDO� GHOLYHU\� RI� K65(%3�� GRHV�
QRW� LQÀXHQFH� WKH� WUDQVFULSWLRQ� RI� WKH�
FKROHVWHURO� HႉX[� JHQH� Abca1 and 

RI� WKH� QHXURQ�VSHFL¿F� FKROHVWHURO�
removal gene Cyp46a1, which are 
known to be deregulated in HD mice. 
These may be due to incomplete 
vector coverage and extensive 
pathology at the time of intervention, 
also considering that AAV vectors 
H[KLELW� D� ODJ�SKDVH� EHIRUH� WUDQVJHQH�
H[SUHVVLRQ� IROORZLQJ� LQIHFWLRQ� �������
)LQDOO\�� H[RJHQRXV� K65(%3�� GRHV�
QRW� DႇHFW� P51$� OHYHO� RI� WKH� HႉX[�
gene ApoE� DQG� WKH� QHXURQ�VSHFL¿F�
cholesterol uptake gene Lrp1, which 
SHU�VH�DUH�QRW�LPSDLUHG�LQ�5����PLFH��

� � �

� �

Figure 2.39 Gene expression analysis of cholesterol metabolism  

A-D. mRNA levels of Abca1 (A), Apoe (B), Lrp1 (C), and Cyp46a1 (D) in the infused striatum and ipsi-lateral 
cortex from untreated wt mice, untreated R6/2 mice, R6/2 mice treated with AAV2/5-gfaABC1D-tdTomato 
(R6/2-Tom), and R6/2 mice treated with AAV2/5-gfaABC1D-hSREBP2-tdTomato (R6/2-hBP2) (n=3 mice/
group).
'DWD�DUH�VKRZQ�DV�VFDWWHUSORW�JUDSKV�ZLWK�PHDQV���6(0��(DFK�GRW�FRUUHVSRQGV�WR�WKH�YDOXH�REWDLQHG�IURP�
each animal. 
Statistics: one-way ANOVA with Newman–Keuls post-hoc test (**p<0.01; ***p<0.001; ****p<0.0001).
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2.7 Glial hSREBP2 normalizes the 
level of some presynaptic proteins 
in synaptosomes from cortico-
striatal tissues of R6/2 mice 
Since cholesterol secreted from glial 
cells was proven to be fundamental for 
synapse formation and maintenance 
������ WKH� OHYHO� RI� VHYHUDO� V\QDSWLF�
proteins was evaluated in two sets of 
V\QDSWRVRPHV�SXUL¿HG�IURP�WKH�LQIXVHG�
VWULDWXP�DQG�LSVL�ODWHUDO�FRUWH[�RI�
��Q� ���XQWUHDWHG�ZLOG�W\SH�PLFH
��Q� ���XQWUHDWHG�5����PLFH
��Q� ���ZLOG�W\SH�PLFH�LQIHFWHG�ZLWK�
$$9����JID$%&�'�7G7RPDWR��ZW�
Tom) 
��Q� ���5����PLFH�LQIHFWHG�ZLWK�
$$9����JID$%&�'�7G7RPDWR��5����
Tom)
��Q� ���5����PLFH�LQIHFWHG�ZLWK�
$$9����JID$%&�'�K65(%3��
7G7RPDWR��5����K%3��
Mice were unilaterally infected in the 
ULJKW� VWULDWXP� DW� �� ZHHNV�RI�DJH� DQG�
VDFUL¿FHG���ZHHNV�DIWHU�WKH�LQIHFWLRQ�
Our attention was focused on the 
DQDO\VLV�RI�
�� YHVLFOH� IXVLRQ� PROHFXOHV�
characteristic of the presynapses such 
DV�V\QDSWRSK\VLQ��6<3���V\QDSWRVRPH�
DVVRFLDWHG� SURWHLQ� ��� �61$3���� DQG�
vesicle associated membrane protein 
���9$03���
��VFDႇROGLQJ�SURWHLQV�VXFK�DV�36'���
DQG�6KDQN��
�� QHXURWUDQVPLWWHU� UHFHSWRUV� VXFK� DV�
10'$�UHFHSWRUV�

The aim of these analyses was to 
identify a set of synaptic proteins 
whose expression was altered in HD 
WR� VWXG\� ZKHWKHU� K65(%3�� RYHU�
expression modulates synaptic protein 
machinery.
6<3�OHYHO�ZDV�LQFUHDVHG�LQ�5����PLFH�
FRPSDUHG� WR� ZLOG�W\SH� OLWWHUPDWHV��
$FFRUGLQJO\��5����7RP�PLFH�H[KLELWHG�
KLJKHU� H[SUHVVLRQ� OHYHO� WKDQ� ZW�7RP�
PLFH� DQG� K65(%3�� RYHU�H[SUHVVLRQ�
completely reversed this alteration 
�)LJ������$���
:HVWHUQ� %ORW� DQDO\VLV� IRU� 61$3���
UHYHDOHG� VLPLODU� OHYHO� EHWZHHQ� ZLOG�
W\SH� DQG� 5���� PLFH�� DOWKRXJK� D�
decrease was observed in two out of 
WKUHH� 5���� PLFH� FRPSDUHG� WR� ZLOG�
W\SH� PLFH� DQG� EHWZHHQ� ZW�7RP� DQG�
5����7RP� PLFH�� K65(%3�� GHOLYHU\�
LQFUHDVHG� 61$3��� OHYHO� FRPSDUHG�
WR�ZW�7RP�DQG�5����7RP�WLVVXHV��)LJ��
����%���
9$03��SURWHLQ�OHYHO�ZDV�VLPLODU�LQ�DOO�
WHVWHG�PLFH�DQG�LW�ZDV�QRW�LQÀXHQFHG�
E\�K65(%3���)LJ������&����
7KHVH� ¿QGLQJV� KLJKOLJKWHG� WKDW� WKH�
presynaptic protein machinery is 
DOWHUHG� LQ� FRUWLFR�VWULDWDO� WLVVXHV� RI�
+'�PLFH� DQG� WKH� RYHU�H[SUHVVLRQ� RI�
K65(%3��� OHDGLQJ� WR� VXEVHTXHQW�
enhancement of endogenous 
cholesterol biosynthesis in astrocytes, 
can partially reverse this alteration. 
5HJDUGLQJ�WKH�SRVWV\QDSWLF�VLWH��36'���
H[SUHVVLRQ�OHYHO�ZDV�UHGXFHG�LQ�5����
PLFH� ZLWK� UHVSHFW� WR� ZLOG�W\SH� PLFH��



Results and Discussion

71

+RZHYHU�� QR� VLJQL¿FDQW� GLႇHUHQFHV�
ZHUH�IRXQG�EHWZHHQ�ZW�7RP�PLFH�DQG�
5����7RP�PLFH��DOWKRXJK�LWV�OHYHO�ZDV�
UHGXFHG� LQ� WKUHH� RI� IRXU� 5���� PLFH��
2I� QRWH�� K65(%3�� RYHU�H[SUHVVLRQ�
LQ� DVWURF\WHV� VLJQL¿FDQWO\� LQFUHDVHG�
OHYHO�RI�WKLV�SURWHLQ�LQ�5����K%3��PLFH�
FRPSDUHG� WR� 5����7RP� PLFH� �)LJ��
����'���&RQYHUVHO\��6+$1.�E�GLG�QRW�
show changes in all the tested mice 
DQG�K65(%3��RYHU�H[SUHVVLRQ�GLGQ¶W�
DႇHFW�LWV�OHYHO��)LJ������(���
)LQDOO\�� WKH� SURWHLQ� OHYHO� RI� 10'$5��
ZDV� UHGXFHG� LQ�5����PLFH�FRPSDUHG�
WR�ZLOG�W\SH�PLFH��7KH�VDPH�UHGXFWLRQ�
ZDV�REVHUYHG� LQ�5����7RP�PLFH�ZLWK�
UHVSHFW�WR�ZW�7RP�PLFH��,Q�5����PLFH��
the protein level was normalized to 
WKH�OHYHO�RI�ZW�7RP�PLFH�E\�K65(%3��
RYHU�H[SUHVVLRQ��)LJ������)��
7KH�QRUPDOL]DWLRQ�RI�WKH�OHYHO�RI�6<3�
DQG�10'$5��FRXOG�EH�GXH�WR�KLJKHU�
SURWHLQ�H[SUHVVLRQ��VWDELOLW\�RU�GLႇHUHQW�

localization in synaptic compartments 
contributing to normalize synaptic 
defects in HD mice.
The latter hypothesis is supported 
E\� WKH� REVHUYDWLRQ� WKDW� LQWUD�VWULDWDO�
infusion of cholesterol via osmotic 
PLQLSXPSV� LQ� 5���� PLFH� UHVFXHG�
synaptic communication of striatal 
neurons and increased the number 
of synaptic vesicles of glutamatergic 
synapses that are ready to be released 
�������,QGHHG��JOLD�GHULYHG�FKROHVWHURO�
is required for formation, maturation, 
DQG� PDLQWHQDQFH� RI� V\QDSVHV� �����
�����
Thus, restoring the endogenous 
cholesterol biosynthetic pathway 
E\� RYHU�H[SUHVVLQJ� K65(%3�� LQ�
astrocytes may provide to synapses the 
correct amount of cholesterol, leading 
to ameliorated synaptic function and 
making synapses less vulnerable to 
+'�UHODWHG�VWUHVVHV��
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Figure 2.40 Western blot analysis of synaptic machinery

$�)��3URWHLQ�OHYHOV�DQG�UHODWLYH�GHQVLWRPHWU\�TXDQWL¿FDWLRQ�RI�WKH�V\QDSWLF�YHVLFXODU�PHPEUDQH�SURWHLQ�6<3�
(A), the SNARE complex proteins SNAP25 (B) and VAMP1 (C), the post-synaptic proteins PSD95 (D) 
DQG�6KDQN�E� �(��� DQG�10'$5�� �)�� LQ� V\QDSWRVRPHV�SXUL¿HG� IURP� WKH� LQIXVHG� VWULDWXP�DQG� LSVL�ODWHUDO�
cortex from untreated wt mice, untreated R6/2 mice, wt mice treated with AAV2/5-gfaABC1D-tdTomato (wt-
Tom), R6/2 mice treated with AAV2/5-gfaABC1D-tdTomato (R6/2-Tom), and R6/2 mice treated with AAV2/5-
gfaABC1D-hSREBP2-tdTomato (R6/2-hBP2) (n=3-4 mice/group). Stain-free imaging was used as a loading 
control and for normalization. 
'DWD�DUH�VKRZQ�DV�VFDWWHUSORW�JUDSKV�ZLWK�PHDQV���6(0��(DFK�GRW�FRUUHVSRQGV�WR�WKH�YDOXH�REWDLQHG�IURP�
each animal. 
Statistics: one-way ANOVA with Newman–Keuls post-hoc test (*p<0.05; **p<0.01; ***p<0.001) or unpaired 
Student t-test (#p<0.05; ##p<0.01).
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2.8 Glial hSREBP2 rescues mutant 

Huntingtin (muHTT) aggregation in 

the striatum of R6/2 mice

A hallmark of HD is the presence of 
intracellular aggregates of muHTT 
������ 7R� WHVW� ZKHWKHU� WKH� RYHU�
H[SUHVVLRQ� RI� K65(%3�� LQ� JOLDO� FHOOV�
and the stimulation of endogenous 
V\QWKHVLV�RI�FKROHVWHURO�IRU���ZHHNV�LQ�
WKH� VWULDWXP� RI� 5���� PLFH� LQÀXHQFHV�
muHTT aggregation, we performed 
LPPXQRÀXRUHVFHQFH� VWDLQLQJ� RQ�
EUDLQ�VHFWLRQV�RI�5����7RP�DQG�5����
K%3��PLFH�ZLWK�(0���DQWLERG\��ZKLFK�
VSHFL¿FDOO\� UHFRJQL]H� WKH� SRO\4� WUDFW�
WKDW�LV�SURQH�WR�DJJUHJDWH��)LJ������$���
$V�H[SHFWHG�� WKH�FRQWURO�YHFWRU�RYHU�
H[SUHVVLQJ�7G7RPDWR�GLG�QRW�LQÀXHQFH�
the number and the size of muHTT 

aggregates, which are comparable 
between the contralateral and the 
LQIXVHG�KHPLVSKHUH�RI�5����7RP�PLFH��
On the contrary, when we compared 
the infused and the contralateral 
VWULDWXP� RI� 5����K%3�� PLFH�� WKH�
QXPEHU�DQG�WKH�VL]H�RI�(0���SRVLWLYH�
DJJUHJDWHV�ZHUH�VLJQL¿FDQWO\�UHGXFHG�
�)LJ������%��&��
Overall, these results indicated that 
JOLDO� RYHU�H[SUHVVLRQ� RI� K65(%3��
promotes muHTT clearance, one 
of the main neuropathological 
ODQGPDUNV�LQ�+'��FRQ¿UPLQJ�SUHYLRXV�
results showing that cholesterol 
and cholesterol precursors favour 
DJJUHJDWH� FOHDUDQFH� LQ� +'� ������
����� DQG� LQ� RWKHU� QHXURGHJHQHUDWLYH�
GLVHDVHV�����������������
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2.9 Glial hSREBP2 restores the 
number of DRD2-positive MSNs in 
the striatum of R6/2 mice
6WULDWDO� GHJHQHUDWLRQ� LQ� +'� ¿UVWO\�
RFFXUV� LQ� WKH� LQGLUHFW� SDWKZD\�
061V� H[SUHVVLQJ� '5'��� OHDGLQJ�
WR� PRWRU� G\VIXQFWLRQ� ����� ����� ,W�
KDV� DOZD\V� EHHQ� GLႈFXOW� WR� VWXG\�
QHXURGHJHQHUDWLRQ�LQ�5����PLFH�VLQFH�
WKLV�PRGHO�VKRZV�QRUPDO�PRUSKRORJ\�
RI� WKH� FHQWUDO� QHUYRXV� V\VWHP� �&16��
ZLWK�QR�IRFDO�DUHDV�RI�PDOIRUPDWLRQ�RU�
QHXURGHJHQHUDWLRQ� HYHQ� LI� VHFWLRQV�
RI� WKH� EUDLQV� RI� WKHVH� DQLPDOV� DUH�
FRQVLVWHQWO\�VPDOOHU�WKDQ�WKRVH�RI�ZLOG�
W\SH�OLWWHUPDWHV�������
7KH� DSSDUHQW� DEVHQFH� RI� VSHFL¿F�
QHXURGHJHQHUDWLRQ� LQ� 5���� PLFH�
VXSSRUWV�WKH�K\SRWKHVLV�WKDW�ORFDOL]HG�
DWURSK\�PD\�EH�VHFRQGDU\�WR�D�SULPDU\�

LPEDODQFH� WKDW� LV� GLUHFWO\� UHVSRQVLEOH�
IRU� WKH� FOLQLFDO� V\PSWRPV� WKDW� DUH�
W\SLFDO�RI�+'�������
+RZHYHU�� WKH� GRZQ� UHJXODWLRQ� RI�
Drd2 WUDQVFULSW� LQ� VWULDWDO� 061V� LV�
DQ�HVWDEOLVKHG�HDUO\�PDUN�RI�GLVHDVH�
SURJUHVVLRQ� WKDW� KDV� EHHQ� SURSRVHG�
DV�D�VHQVLWLYH�PHDVXUH�RI� WKH�HႇHFWV�
RI�WKHUDSHXWLFV�������
7R� IRFXV� WKH� DWWHQWLRQ� RQ� '5'��
H[SUHVVLQJ� QHXURQV�� ZH� WRRN�
DGYDQWDJH� RI� 'UG��*)3� FRORQ\� LQ�
ZKLFK� SULPDU\� ODEHOOLQJ� ZDV� IRXQG� WR�
RFFXU�LQ�'5'��SRVLWLYH�061V�IURP�WKH�
LQGLUHFW� EDVDO� JDQJOLD� SDWKZD\�� +HUH�
ZH�FURVVHG�5����PLFH�ZLWK�'UG��*)3�
WR�REWDLQ�DQ�+'�OLQH�ZLWK�QHXURQV�IURP�
WKH�LQGLUHFW�SDWKZD\�H[SUHVVLQJ�*)3��
6LQFH� UHGXFWLRQ� RI� FKROHVWHURO�
ELRV\QWKHVLV� LQ� +'� EUDLQ� LV� HDUOLHU�
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Figure 2.41 muHTT aggregates in R6/2 mice following hSREBP2 over-expression
A. Immunolabeling of muHTT aggregates (green) in the infused and contralateral striatum of R6/2 mice 
treated AAV2/5-gfaABC1D-tdTomato (R6/2-Tom) or with AAV2/5-gfaABC1D-hSREBP2-tdTomato (R6/2-
hBP2) (n=3-5/group). Hoechst (Ho, blue) was used to counterstain nuclei. 
%�&��5HODWLYH�TXDQWL¿FDWLRQ�RI�QXPEHU��%��DQG�VL]H��&��RI�DJJUHJDWHV��
Data are shown as scatterplot graphs with means ± SEM. Each dot corresponds to an image.
Statistics: one-way ANOVA with Newman–Keuls post-hoc test (**p<0.01; ****p<0.0001).
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and more evident in the striatum and 
LW� PD\� DW� OHDVW� SDUWLDOO\� DFFRXQW� IRU�
VWULDWDO� YXOQHUDELOLW\� ������� ZH� DLPHG�
DW� TXDQWLI\LQJ� WKH� QXPEHU� RI� '5'��
HVSUHVVLQJ�061V� LQ� ODUJH� YROXPH� RI�
VWULDWXP��������PP3���������PP3�� WR�
VHH� ZKHWKHU� GHFUHDVHG� QXPEHU� RI�
'5'��SRVLWLYH�061V�LV�PHDVXUDEOH�LQ�
5����PLFH��,I�WKLV�LV�WKH�FDVH��ZH�ZRXOG�
OLNH� WR� XQGHUVWDQG� ZKHWKHU�� IROORZLQJ�
JOLDO� K65(%3�� RYHU�H[SUHVVLRQ��
WKH� H[SUHVVLRQ� RI� '5'�� LQ� 061V� LV�
QRUPDOL]HG��
��ZHHN�ROG� 'UG�*)3�ZW� DQG�
'UG�*)3�5����PLFH�ZHUH�XQLODWHUDOO\�
LQIHFWHG�LQ�WKH�ULJKW�VWULDWXP�DV�IROORZ�
��Q� ���'UG�*)3�ZW�PLFH�LQIHFWHG�
ZLWK�$$9����JID$%&�'�7G7RPDWR�

�'UG�*)3�ZW�7RP��
��Q� ���'UG�*)3�5����PLFH�LQIHFWHG�
ZLWK�$$9����JID$%&�'�7G7RPDWR�
�'UG�*)3�5����7RP�
��Q� ���'UG�*)3�5����PLFH�LQIHFWHG�
ZLWK�$$9����JID$%&�'�K65(%3��
7G7RPDWR��'UG�*)3�5����K%3��
0LFH� ZHUH� VDFUL¿FHG� �� ZHHNV� DIWHU�
WKH�LQIHFWLRQ�DQG�WZR���PP�WKLFN�EUDLQ�
FRURQDO� VOLFHV� �FRPSUHKHQGLQJ� WKH�
VWULDWXP�� ZHUH� SUHSDUHG� IURP� HDFK�
DQLPDO��)LJ��������
)URP�HDFK�VOLFH��WKH�SRUWLRQ�LQFOXGLQJ�
WKH� LQIXVHG� DQG� WKH� FRQWUDODWHUDO�
VWULDWXP� ZDV� LVRODWHG� DQG� FODUL¿HG�
XVLQJ� WKH� ;�&ODULW\� WHFKQRORJ\� �LQ�
FROODERUDWLRQ� ZLWK� 0�� 6LPRQDWR�� 6DQ�
5DႇDHOH�,QVWLWXWH��
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Figure 2.42 Experimental paradigm to obtain Drd2GFP-R6/2 mice
Experimental paradigm used in the study. R6/2 mice were crossed with mice having DRD2-epressing MSNs 
tagged with GFP to obtain an HD line with neurons from the indirect pathway expressing GFP. 7-weeks old 
Drd2GFP-wt mice were infected with AAV2/5-gfaABC1D-tdTomato (Drd2GFP-wt-Tom) while Drd2GFP-R6/2 
mice were infected with AAV2/5-gfaABC1D-tdTomato (Drd2GFP-R6/2-Tom) or with AAV2/5-gfaABC1D-
K65(%3��WG7RPDWR��'UG�*)3�5����K%3����0LFH�ZHUH�VDFUL¿FHG���ZHHNV�ODWHU�DQG�WZR���PP�WKLFN�EUDLQ�
coronal slices (comprehending the striatum) were prepared from each animal. From each slice, the portion 
LQFOXGLQJ�WKH�LQIXVHG�DQG�WKH�FRQWUDODWHUDO�VWULDWXP�ZDV�LVRODWHG�DQG�FODUL¿HG�XVLQJ�WKH�;�FODULW\�WHFKQRORJ\�
(n=5 mice/group).
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$IWHU�WKH�FODUL¿FDWLRQ��WKH�HQGRJHQRXV�
*)3�VLJQDO�ZDV�DFTXLUHG�ZLWK�D� WZR�
SKRWRQ� PLFURVFRSH� �LQ� FROODERUDWLRQ�
ZLWK� WKH� $/(0%,&� IDFLOLW\�� 6DQ�
5DႇDHOH� ,QVWLWXWH�� �)LJ�� ����$��� 7KH�
TXDQWL¿FDWLRQ� UHYHDOHG� WKDW� WKH�
QXPEHU� RI� 061V� H[SUHVVLQJ� '5'��
is reduced in the infused striatum of 
'UG�*)3�5����7RP� PLFH� FRPSDUHG�
WR�'UG�*)3�ZW�7RP�PLFH��)LJ������%��
DQG� LQ� WKH� FRQWUDODWHUDO� VWULDWXP� RI�
'UG�*)3�5����K%3���)LJ������%���2I�
QRWH��WKH�QXPEHU�RI�'5'��H[SUHVVLQJ�

061V� PHDVXUHG� LQ� WKH� LQIXVHG�
VWULDWXP�RI�'UG�*)3�5����K%3��ZDV�
VLPLODU�WR�WKDW�PHDVXUHG�LQ�'UG�*)3�
ZW�7RP�PLFH��)LJ������%���VXJJHVWLQJ�
WKDW�JOLDO�RYHU�H[SUHVVLRQ�RI�K65(%3��
DOORZV�WKHVH�QHXURQV�WR�UHJDLQ�'5'��
H[SUHVVLRQ� DQG�� VXSSRVHGO\�� WR�
LPSURYH� WKHLU� IXQFWLRQ� LQ� D� QRQ�FHOO�
DXWRQRPRXV�PHFKDQLVP�
7KLV� UHSUHVHQWV� DQ� LPSRUWDQW�
in vivo� SURRI� WKDW� VWLPXODWLRQ� RI�
FKROHVWHURJHQHVLV� LQ� DVWURF\WHV� KDV�
EHQH¿FLDO�HႇHFWV�RQ�QHXURQV�LQ�+'�
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Figure 2.43 DRD2 neurons in R6/2 mice 
following hSREBP2 over-expression
A-B. Representative two-photon imaging of the 
endogenous signal of GFP (green) of 1 mm 
thick brain coronal slices from Drd2GFP-wt-
Tom (infused hemisphere), Drd2GFP-R6/2-Tom 
(infused hemisphere), and Drd2GFP-R6/2-hBP2 
(contralateral and infused hemisphere) with relative 
�'�UHFRQVWUXFWLRQ��$��DQG�TXDQWL¿FDWLRQ��%���'DWD�
are shown as scatterplot graphs with means ± SEM. 
Each dot corresponds to an image. The number of 
QHXURQV�ZDV�QRUPDOL]HG�RQ� WKH�]�VWDFN�DFTXLUHG��
Statistics: one-way ANOVA with Newman–Keuls 
post-hoc test (*p<0.05; **p<0.01).
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2.10 Glial hSREBP2 normalizes 
synaptic transmission of striatal 
neurons in R6/2 mice
It is known from the literature that 
VWULDWDO�061V� IURP�5����PLFH� H[KLELW�
altered synaptic transmission during 
GLVHDVH� SURJUHVVLRQ� ������ ������
including a reduced membrane 
capacitance (Cm), a decrease in 
spontaneous excitatory postsynaptic 
FXUUHQW��V(36&V���DQG�DQ�LQFUHDVH�LQ�
spontaneous inhibitory postsynaptic 
FXUUHQW� �V,36&V�� IUHTXHQFLHV� �������
Thus, we next explored whether glial 
RYHU�H[SUHVVLRQ� RI� K65(%3�� DQG�
restoration of endogenous cholesterol 
ELRV\QWKHVLV� RYHU� D� ��ZHHNV� SHULRG�
restored synaptic parameters in HD 
mice. 

:H�¿UVW�FRPSDUHG�ZKROH�FHOO�SDWFK�
FODPS� UHFRUGLQJV� RI� VWULDWDO� 061V�
IURP�EUDLQ�VOLFHV�RI�5����K%3��PLFH��
comparing the contralateral and the 
infused hemisphere.
The membrane capacitance, which 
is proportional to cell size, was 
GHFUHDVHG� LQ� 5����K%3�� PLFH�
FRPSDUHG� WR� ZLOG�W\SH� OLWWHUPDWHV�
ZLWK� QR� GLႇHUHQFHV� EHWZHHQ� WKH�
contralateral and the infused 
KHPLVSKHUH�RI�5����K%3��PLFH��)LJ��
����$��
On the contrary, input resistance, 
UHÀHFWLQJ�WKH�QXPEHU�RI�LRQ�FKDQQHOV�
expressed by the cell, was increased 
in both contralateral and infused 
KHPLVSKHUH� RI� 5����K%3�� PLFH�
FRPSDUHG�WR�ZLOG�W\SH��)LJ������%�� 
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Figure 2.44 Passive properties in R6/2 mice following hSREBP2 over-expression

A-B. Membrane capacitance (Cm, A) and the input resistance (Rin, B) were recorded from 11-weeks old wt 
mice (n=6) and from the contralateral (n=5) and infused (n=7) hemisphere of R6/2 mice treated with AAV2/5-
gfaABC1D-hSREBP2-tdTomato (R6/2-hBP2).
'DWD�DUH�VKRZQ�DV�VFDWWHUSORW�JUDSKV�ZLWK�PHDQV���6(0��(DFK�GRW�FRUUHVSRQGV�WR�WKH�YDOXH�REWDLQHG�IURP�
each animal. 
Statistics: one-way ANOVA with Newman–Keuls post-hoc test (*p<0.05; **p<0.01).
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7R� HYDOXDWH� WKH� HႇHFW� RI� JOLDO�
cholesterol on excitatory transmission, 
spontaneous excitatory postsynaptic 
FXUUHQWV� �V(36&�� ZHUH� UHFRUGHG� DW�
D� KROGLQJ� SRWHQWLDO� RI� ���� P9� �)LJ��
����$��� $Q\� VLJQL¿FDQW� GLႇHUHQFHV�
were found in the average amplitude of 
V(36&V�EHWZHHQ�JURXSV��)LJ������%���

In agreement with previous studies 
������ ������ JOLDO� RYHU�H[SUHVVLRQ� RI�
K65(%3��OHG�WR�D�VLJQL¿FDQW�LQFUHDVH�
LQ� WKH� IUHTXHQF\� RI� V(36&V� LQ� WKH�
LQIXVHG� KHPLVSKHUH� RI� 5����K%3��
mice compared to the contralateral 
striatum, partially rescuing the defect 
�)LJ������&��
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Figure 2.45 Spontaneous excitatory post-synaptic currents analysis in R6/2 mice following hSREBP2 

over-expression

A. Spontaneous EPSCs were recorded from striatal MSNs at a holding potential of -70 mV. 
B-C. Average amplitude (B) and average frequency (C) of EPSCs from wt and R6/2-hBP2 mice MSNs. 
'DWD�DUH�VKRZQ�DV�VFDWWHUSORW�JUDSKV�ZLWK�PHDQV���6(0��(DFK�GRW�FRUUHVSRQGV�WR�WKH�YDOXH�REWDLQHG�IURP�
each animal. 
Statistics: one-way ANOVA with Newman–Keuls post-hoc test (**p<0.01; ***p<0.001; ****p<0.0001).
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7R� WHVW� WKH� HႇHFW� RI� JOLDO� RYHU�
H[SUHVVLRQ� RI� K65(%3�� RQ� WKH�
inhibitory synapses, we recorded 
spontaneous inhibitory synaptic 
FXUUHQWV� �V,36&V�� LQ� EUDLQ� VOLFHV�
IURP�RI�5����K%3��PLFH��FRPSDULQJ�
the contralateral and the infused 
KHPLVSKHUH� �)LJ�� ����$��� 7KH�
DYHUDJH� DPSOLWXGH� RI� V,36&V� ZDV�
QRW� DႇHFWHG� E\� JOLDO�FKROHVWHURO�

production and it was similar between 
WKH� DQDO\]HG� JURXSV� �)LJ�� ����%���
+RZHYHU�� JOLDO� RYHU�H[SUHVVLRQ� RI�
K65(%3�� WULJJHUHG� D� VLJQL¿FDQW�
reduction in the average frequency 
RI�V,36&V�LQ�WKH�LQIXVHG�KHPLVSKHUH�
compared to the contralateral one, 
bringing this parameter similar to the 
RQH�PHDVXUHG�LQ�ZLOG�W\SH�PLFH��)LJ��
����&���
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Figure 2.46 Spontaneous inhibitory post-synaptic currents analysis in R6/2 mice following hSREBP2 

over-expression

A. Spontaneous IPSCs were recorded from striatal MSNs at a holding potential of 0 mV.  
B-C. Average amplitude (B) and average frequency (C) of IPSCs from wt and R6/2-hBP2 mice MSNs. 
'DWD�DUH�VKRZQ�DV�VFDWWHUSORW�JUDSKV�ZLWK�PHDQV���6(0��(DFK�GRW�FRUUHVSRQGV�WR�WKH�YDOXH�REWDLQHG�IURP�
each animal. 
Statistics: one-way ANOVA with Newman–Keuls post-hoc test (****p<0.0001).
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Taken together, these results 
GHPRQVWUDWHG�WKDW�WKH�RYHU�H[SUHVVLRQ�
RI� JOLDO�65(%3��DFWV�GLႇHUHQWLDOO\� RQ�
excitatory and inhibitory synapses. 
In particular, we found that increased 
cholesterol synthesis partially rescued 
excitatory synaptic transmission 
ZKLOH� WKH� UHFRYHU\� RI� WKH�*$%$HUJLF�
frequency was total, suggesting 
FLUFXLW�VSHFL¿F� VLJQDOLQJ� PHFKDQLVPV�
LQ�ZKLFK�FKROHVWHURO�PD\�DFW�GLႇHUHQWO\��

2.11 Glial hSREBP2 restores 
EHKDYLRUDO�GH¿FLWV�LQ�5����PLFH
To assess whether the rescue of 
synaptic activity was correlated to 
D� EHQH¿FLDO� HႇHFW� RQ� WKH� PRWRU� DQG�
FRJQLWLYH�GH¿FLWV�WKDW�FKDUDFWHUL]H�5����
mice, we performed two independent 
behavioral trials with the following 
H[SHULPHQWDO�JURXSV�
��Q� ����ZLOG�W\SH�PLFH�LQIHFWHG�ZLWK�
$$9����JID$%&�'�7G7RPDWR��ZW�
Tom) 
��Q� ����5����PLFH�LQIHFWHG�ZLWK�
$$9����JID$%&�'�7G7RPDWR��5����
Tom)
��Q� ����5����PLFH�LQIHFWHG�ZLWK�

$$9����JID$%&�'�K65(%3��
7G7RPDWR��5����K%3��
0LFH�ZHUH�LQIHFWHG�DW���ZHHNV�RI�DJH�
DQG�EHKDYLRUDO�WHVWV�ZHUH�SHUIRUPHG���
weeks after the infection. 
$V� H[SHFWHG�� DW� ��� ZHHNV� RI� DJH�
5����7RP� PLFH� VKRZHG� UHGXFHG�
JOREDO� DFWLYLW\� FRPSDUHG� WR� ZLOG�W\SH�
OLWWHUPDWHV�� )XUWKHUPRUH�� WKH� WRWDO�
distance travelled in one hour and the 
number of rearing in the activity cage 
WHVW�ZHUH�UHGXFHG�UHVSHFW�WR�ZLOG�W\SH�
FRQWUROV��2I�QRWH��JOLDO�RYHU�H[SUHVVLRQ�
RI�K65(%3��OHG�WR�VOLJKW�EXW�VLJQL¿FDQW�
UHVFXH� RI� WKHVH� SDUDPHWHUV� �)LJ��
����$�&���7R�HYDOXDWH�DQ[LHW\�UHODWHG�
behavior, we also measured the time 
that mice spent exploring the periphery 
or center area of the arena during 
WKH�DFWLYLW\�FDJH�WHVW� �)LJ������'���$V�
H[SHFWHG��5����7RP�PLFH�VSHQW�PRUH�
WLPH�LQ�WKH�SHULSKHU\�FRPSDUHG�WR�ZW�
Tom mice, indicating increased anxiety. 
2I� QRWH�� WKH� EHKDYLRU� RI� 5����K%3��
PLFH�ZDV�VLPLODU�WR�WKH�RQH�RI�ZW�7RP�
mice, indicating that glial cholesterol 
KDV�D�EHQH¿FLDO�HႇHFW�RQ� WKLV� IHDWXUH�
�)LJ������(���
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Figure 2.47 Motor abilities of R6/2 mice following hSREBP2 over-expression

$�&��*OREDO�PRWRU�DFWLYLW\��$���WRWDO�GLVWDQFH�WUDYHOOHG��%���DQG�QXPEHU�RI�UHDULQJV��&��LQ�DQ�RSHQ�¿HOG�WHVW�
at 11 weeks of age in wt-Tom (n=13), R6/2-Tom (n=14), and R6/2-hBP2 (n=13). 
'�(��5HSUHVHQWDWLYH�WUDFN�SORWV��'��JHQHUDWHG�IURP�WKH�RSHQ�¿HOG�WHVW�IURP�ZW�7RP��Q �����5����7RP��Q �����
DQG�5����K%3���Q ����DQG�UHODWLYH�TXDQWL¿FDWLRQ��(��RI�WKH�WLPH�VSHQW�LQ�WKH�FHQWHU�DQG�LQ�WKH�SHULSKHU\�����
of the arena at 11 weeks of age. 
'DWD�DUH�VKRZQ�DV�VFDWWHUSORW�JUDSKV�ZLWK�PHDQV���6(0��(DFK�GRW�FRUUHVSRQGV�WR�WKH�YDOXH�REWDLQHG�IURP�
each animal. 
Statistics: one-way ANOVA with Newman–Keuls post-hoc test (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001) 
or unpaired Student t-test (#p<0.05; ##p<0.01).

:KHQ� ZH� HYDOXDWHG� WKH� PXVFXODU�
strength of mice, we observed reduced 
VWUHQJWK� LQ�5����7RP�PLFH�FRPSDUHG�
WR� ZW�7RP� PLFH�� ,PSRUWDQWO\�� JOLDO�
RYHU�H[SUHVVLRQ� RI� K65(%3�� KDV� D�
EHQH¿FLDO� HႇHFW� RQ� WKLV� SKHQRW\SH�
�)LJ������$���
Then, we performed the paw clasping 
test to study the clasping behavior of 
mice as index of neuronal dysfunction. 
5����7RP� PLFH� KDG� D� ZRUVW�
SHUIRUPDQFH�FRPSDUHG�WR�ZW�7RP�DQG�

WKH� WUHDWPHQW� GLG� QRW� LQÀXHQFH� WKLV�
SDUDPHWHU��)LJ������%���
)LQDOO\�� WR� DQDO\]H� WKH� HႇHFW� RI�
the enhancement of endogenous 
cholesterol synthesis on the cognitive 
GHFOLQH�RI�5����PLFH�ZH�SHUIRUPHG�WKH�
125� WHVW�� 5����7RP� PLFH� ZHUH� QRW�
DEOH� WR� GLVFULPLQDWH� WKH� QRYHO� REMHFW�
respect to the familiar one compared 
WR� ZW�7RP� DQG� JOLDO� RYHU�H[SUHVVLRQ�
RI� K65(%3�� FRPSOHWHO\� UHVFXHG�
FRJQLWLYH�GHFOLQH��)LJ������&���
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Taken together these results 
GHPRQVWUDWHG� WKDW� JOLDO� RYHU�
H[SUHVVLRQ� RI� K65(%3�� OHDGLQJ� WR�
the enhancement of endogenous 

FKROHVWHURO� V\QWKHVLV� LV� VXႈFLHQW� WR�
prevent cognitive and motor decline of 
HD mice.  
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Figure 2.48 Cognitive and motor abilities of R6/2 mice following hSREBP2 over-expression

A. Grip strength (grams) at 11 weeks of age in wt-Tom (n=13), R6/2-Tom (n=15), and R6/2-hBP2 (n=13). 
B. Paw clasping at 11 weeks of age in wt-Tom (n=13), R6/2-Tom (n=15), and R6/2-hBP2 (n=13). 
C. Discrimination index (DI %) in the novel object recognition test of wt-Tom (n=12), R6/2-Tom (n=15), and 
R6/2-hBP2 (n=13) at 11 weeks of age. DI above zero indicates a preference for the novel object; DI below 
zero indicates a preference for the familiar object.
'DWD�DUH�VKRZQ�DV�VFDWWHUSORW�JUDSKV�ZLWK�PHDQV���6(0��(DFK�GRW�FRUUHVSRQGV�WR�WKH�YDOXH�REWDLQHG�IURP�
each animal. 
Statistics: one-way ANOVA with Newman–Keuls post-hoc test (***p<0.001; ****p<0.0001).



Conclusion and Future Perspectives

83

3. Conclusions and Future 

Perspectives 

,Q� WKLV� SURMHFW�� ZH� HYDOXDWHG� WKH�
LPSRUWDQFH� RI� FKROHVWHURO�EDVHG�
strategies as emerging therapeutic 
approach for HD patients. 
)LUVW� RI� DOO�� ZH� FKDUDFWHUL]HG� D� QHZ�
generation of polymeric nanoparticles 
�J��13V�FKROB����� LQ� 5���� PLFH�
to evaluate their safety for clinical 
translation and their therapeutic 
HႈFDF\�� :H� GHPRQVWUDWHG� WKDW� J��
13V�FKROB���� DUH� D� YDOXDEOH� WRRO� WR�
deliver cholesterol to the brain of HD 
PLFH��%\� SHUIRUPLQJ� SKDUPDFRNLQHWLF�
experiments, we showed that 
cholesterol is slowly released from the 
LQMHFWHG� QDQRSDUWLFOHV� �DURXQG� ����
LQ���ZHHNV��DQG�LW�DFFXPXODWHV�LQ�WKH�
brain over time, while it decreased in 
SHULSKHUDO� WLVVXHV� DQG� LQ� EORRG�� %\�
FRPSDULQJ� J��13V�FKROB���� ZLWK� J��
13V�FKROB����� ZH� KDYH� FRQ¿UPHG�
that a high dose of cholesterol is 
needed to have a positive feedback to 
stimulate the endogenous synthesis 
of cholesterol, restoring the primary 
defect of cholesterol metabolism in 
HD. In accordance, only the high 
amount of cholesterol delivered with 
J��13V�FKROB���� OHG� WR� D� SDUWLDO�
UHVFXH�RI�PRWRU�DELOLWLHV�LQ�5����PLFH�
DW���ZHHNV�RI�DJH�EXW�KLJKHU�GRVHV�DUH�
needed to completely counteract the 
defect when the phenotype worsen, 
FRQ¿UPLQJ�WKDW�WKH�EHQH¿FLDO�HႇHFW�RI�

exogenous cholesterol on motor, but 
QRW� RQ� FRJQLWLYH� SKHQRW\SH�� LV� GRVH�
dependent.
,PSRUWDQWO\��ZH�KDYH�FRQ¿UPHG�WKHVH�
UHVXOWV� XVLQJ� WKH� ]4���'1� NQRFN�
in mice, with a milder and longer 
SKHQRW\SH� FRPSDUHG� WR� 5���� PLFH��
more resembling the human HD 
FRQGLWLRQ�DQG�HQDEOLQJ�WR�SHUIRUP�ORQJ�
WHUP�DQG� F\FOLF� WUHDWPHQWV��:H�KDYH�
shown that a single cycle of treatment 
ZLWK� J��13V�FKROB���� LV� VXႈFLHQW�
WR� UHVFXH� +'�UHODWHG� EHKDYLRUDO�
GHIHFWV�� )XUWKHUPRUH�� WKH� GHOLYHU\� RI�
cholesterol with cyclic treatments of 
J��13V�FKROB���� H[HUWV� D� ORQJ�WHUP�
HႇHFW�RQ�PLFH�EHKDYLRU�
Given these promising results, in 
collaboration with G. Tosi (University 
of Modena), we are now working on 
the development of a third generation 
RI� QDQRSDUWLFOHV� �J��13V�FKROB�����
ZLWK� D� GLႇHUHQW� IRUPXODWLRQ� WKDW� ZLOO�
enable to deliver higher amount of 
cholesterol. This will allow us to deliver 
the maximum amount of cholesterol 
DQG�WR�UHGXFH�WKH�QXPEHU�RI�LQMHFWLRQV�
week to minimize handling stress in 
PLFH��)XUWKHUPRUH��WKH�FRPSRQHQWV�RI�
J��13V�FKROB����ZLOO�VSHHG�WKH�NLQHWLF�
RI�FKROHVWHURO�UHOHDVH�IURP�13V��ZKLFK�
will be easily available for neurons. 
To gain more information on the 
mechanism underlying cholesterol 
dysfunction in HD, we took advantage 
of a gene therapy approach consisting 
LQ�XQLODWHUDO�LQWUD�VWULDWDO�LQMHFWLRQ�RI�D�



Conclusion and Future Perspectives

84

UHFRPELQDQW� DGHQR�DVVRFLDWHG� YLUXV�
���� WDUJHWLQJ� DVWURF\WHV� DQG� FDUU\LQJ�
WKH� 1�WHUPLQDO� IUDJPHQW� RI� KXPDQ�
65(%3�� �K65(%3��� WR� UHVWRUH� WKH�
endogenous synthesis of cholesterol. 
:H�IRXQG�WKDW�K65(%3��ZDV�IXQFWLRQDO�
DV�LW�ZDV�DEOH�WR�LQFUHDVH�P51$�OHYHO�
of key cholesterol biosynthetic genes 
and to normalize brain endogenous 
FKROHVWHURO�ELRV\QWKHVLV�5����PLFH�
In the brain, astrocytes are important 
regulatory cells. They regulate neuronal 
and synaptic function by responding 
to neurotransmitters and by releasing 
JOLRWUDQVPLWWHUV�PROHFXOHV� DW� WULSDUWLWH�
V\QDSVHV� ������� ZKLFK� VXJJHVWV� WKDW�
they have an active involvement in brain 
function and behavior. Over the time, 
several studies have been conducted 
RQ� DVWURF\WH�QHXURQ� LQWHUDFWLRQV� WR�
analyze the role of astrocyte activity 
on neuronal function. 
,Q� +'�� WKHUH� LV� DQ� HYLGHQW� DQG� ZHOO�
VWXGLHG�FURVV�WDON�EHWZHHQ�DVWURF\WHV�
and neurons regarding cholesterol 
production and impairment in astrocytic 
cholesterol synthesis negatively 
impact on neuronal properties. 
Accordingly, astrocytes derived from 
5����PLFH� VHFUHWHG� ORZHU� DPRXQW� RI�
cholesterol bound to ApoE lipoproteins 
in the culture medium, leading to a 
reduced availability of cholesterol 
IRU�+'�QHXURQV� WKDW� LQ� WXUQV�DႇHFWHG�
neurite outgrowth and synaptic related 
SURSHUWLHV� ������� )XUWKHUPRUH�� JOLD�
conditioned medium (GCM) from 

ZLOG�W\SH� DVWURF\WHV� UHVFXHG� QHXULWH�
RXWJURZWK� GHIHFW� LQ� 16�GHULYHG� +'�
QHXURQV��FRQ¿UPLQJ�WKH�LPSRUWDQFH�RI�
astrocytes.
5HFHQWO\�� WKH� HႇHFWV� RI� VHOHFWLYH�
astrocytic stimulation on synaptic 
plasticity and memory has been 
LQYHVWLJDWHG�E\�RYHU�H[SUHVVLQJ�LQ�WKH�
KLSSRFDPSDO� DVWURF\WHV� WKH� K0�'T�
DREADD, an engineered receptor that 
activates astrocytes upon stimulation 
ZLWK� FOR]DSLQH�1�R[LGH� �&12�� �������
Interestingly they have shown that, in 
SUHVHQFH� RI� &12�� DVWURF\WH� FDOFLXP�
activity and synaptic transmission were 
enhanced. Of note, the enhancement 
persisted over the time, suggesting 
WKDW� DVWURF\WH� DFWLYDWLRQ� LV� VXႈFLHQW�
WR�LQGXFH�ORQJ�WHUP�SRWHQWLDWLRQ��/73��
RI� V\QDSVHV�� )XUWKHUPRUH�� WKH\� KDYH�
VKRZQ� WKDW� WKLV�/73� LV�GHSHQGHQW�RQ�
10'$�UHFHSWRUV�
Several evidences suggest that 
FKROHVWHURO�GHSOHWLRQ�SUHYHQWV�10'$�
GHSHQGHQW� &D��� LQÀX[� LQ� QHXURQDO�
FHOOV� ������ DQG� LQKLELWV� 10'$�
LQGXFHG� KLSSRFDPSDO� /73� �������
$FFRUGLQJO\��DJH�GHSHQGHQW�GHFUHDVH�
in hippocampal cholesterol content, 
OHDGV�WR�GH¿FLWV�LQ�JOXWDPDWH�UHFHSWRU�
LQWHUQDOL]DWLRQ� DQG� FRQVHTXHQW� ORQJ�
WHUP� GHSUHVVLRQ� �/7'�� LPSDLUPHQW��
through a mechanism mediated 
E\� 3,�.�$NW�� ,QWUDFHUHEUDO� LQIXVLRQ�
RI� FKROHVWHURO� UHVFXHV� DJH�UHODWHG�
KLSSRFDPSDO� /7'� GHFUHDVH� DQG�
LPSURYHV� KLSSRFDPSDO�UHODWHG�
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learning and memory processes in 
DJLQJ� DQLPDOV� ������� 6LQFH� /73� LV�
commonly associated to enhanced 
memory and learning and since we 
KDYH� PHDVXUHG� LQFUHDVHG� 10'$�
receptors level in synaptosomes of 
5����K%3�� PLFH� FRPSDUHG� WR� 5����
7RP��LPSURYHG�1257�SHUIRUPDQFH�RI�
5����K%3��PLFH�PD\�EH�H[SODLQHG�E\�
DVWURF\WLF� VWLPXODWLRQ� DIWHU� K65(%3��
RYHU�H[SUHVVLRQ��
)XUWKHUPRUH��JOLDO�GHULYHG�FKROHVWHURO��
together with the restoration of 
cholesterol biosynthetic pathway may 
also explain the reduction of muHTT 
aggregates that we have observed in 
5����K%3��PLFH��,W�LV�NQRZQ�IURP�WKH�
literature that cholesterol precursors 
stimulate autophagy leading di 
decreased protein aggregation in 
some neurodegenerative diseases 
������ LQFOXGLQJ� 3DUNLQVRQ¶V� GLVHDVH�
�������)XUWKHUPRUH��65(%3��LV�OLQNHG�
WR� VWLPXODWLRQ� RI� P725&�� DFWLYLW\�
������ OHDGLQJ� WR� LQFUHDVHG� FOHDUDQFH�
pathways. 
)LQDOO\�� ZH� KDYH� VKRZQ� WKDW� JOLDO�
K65(%3�� DFWV� LQ� D� QRQ�FHOO�
autonomous manner on neurons, 
QRUPDOL]LQJ� WKH� QXPEHU� RI� '5'��
SRVLWLYH�061V��,W�ZRXOG�EH�RI�LQWHUHVW�

to analyze whether this rescue is due 
to a closer contact between neurons 
and astrocytes. Accordingly, it has 
been demonstrated in vivo using the 
QHXURQ�DVWURF\WH�SUR[LPLW\�DVVD\�WKDW�
DVWURF\WHV� IURP� 5���� PLFH� GLVSOD\HG�
VPDOOHU� WHUULWRULHV� FRPSDUHG� WR� ZLOG�
type astrocytes.
)XUWKHUPRUH�� WKH� QXPEHU� RI� WKH�
most proximate astrocyte processes 
to cortical inputs are decreased in 
V\PSWRPDWLF�5����PLFH��ZKHUHDV�WKLV�
parameter is increased for thalamic 
inputs. Interestingly, these changes 
occurred before loss of cortical and 
WKDODPLF� SUHV\QDSWLF� Y*OXW�� DQG�
Y*OXW�� DVVHVVHG� E\� LPPXQRVWDLQLQJ�
�������
Given these promising results, it would 
DOVR� EH� LQWHUHVWLQJ� WR� SHUIRUP� ORQJ�
WHUP�VWXGLHV�XVLQJ�]4���'1�NQRFN�LQ�
mice, which would allow longer periods 
of viral infection.
Overall, results from our studies aimed 
at delivering exogenous cholesterol 
or at normalizing endogenous 
cholesterol synthesis highlighted 
the therapeutic potential of brain 
FKROHVWHURO� LQ� FRQWUDVWLQJ� GLVHDVH�
related neurobehavioral impairments 
LQ�WZR�GLႇHUHQW�PRXVH�PRGHO�RI�+'�
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4. Materials and Methods 

4.1 Mice colony management 
All animal experiments were approved 
and carried out in accordance with 
,WDOLDQ�*RYHUQLQJ�/DZ��'��/JV����������
$XWKRUL]DWLRQ� Q����������35� LVVXHG�
0D\���������E\�0LQLVWU\�RI�+HDOWK�DQG�
$XWKRUL]DWLRQ� Q����������35� LVVXHG�
-XO\� ���� ����� E\�0LQLVWU\� RI� +HDOWK���
WKH�1,+�*XLGH�IRU�WKH�&DUH�DQG�8VH�RI�
/DERUDWRU\�$QLPDOV�������HGLWLRQ��DQG�
EU directives and guidelines (EEC 
&RXQFLO�'LUHFWLYH���������8(���
2XU� 5���� FRORQ\� OLIHVSDQ� ZDV�
DSSUR[LPDWHO\� RI� ������ ZHHNV� DQG�
only males were used to maintain it 
������� 7UDQVJHQLF� ��ZHHN�ROG� 5����
PDOHV� ZHUH� PDWHG� ZLWK� ZLOG�W\SH�
IHPDOHV��%�&%$)��-��SXUFKDVHG�IURP�
Charles River). CAG repeat length that 
FRXOG�DႇHFW�VWUDLQ�SURGXFWLYLW\��JHQHUDO�
behavior, litter size, pup survival, 
genotype frequency, phenotype was 
monitored every 6 months with a range 
EHWZHHQ���������&$*V��
]4���'1� PLFH� FRORQ\� ������ ZDV�
maintained using both males 
and females heterozygous mice. 
$FFRUGLQJO\�� ��ZHHN�ROG� ]4���'1�
PLFH�ZHUH�PDWHG�ZLWK�ZLOG�W\SH�PLFH�
�&��%/��-�� SXUFKDVHG� IURP� &KDUOHV�
River). 
'UG��*)3� FRORQ\� ZDV� JHQHUDWHG�
LQ� ����� E\� WKH� *(16$7� �*HQH�
([SUHVVLRQ� 1HUYRXV� 6\VWHP� $WODV��
SURMHFW� DW� 5RFNHIHOOHU� 8QLYHUVLW\� LQ�

1HZ� <RUN� ������� 3ULPDU\� ODEHOOLQJ�
ZDV� IRXQG� WR�RFFXU� LQ�'5'��SRVLWLYH�
061V�IURP�WKH� LQGLUHFW�EDVDO�JDQJOLD�
SDWKZD\��,Q�WKLV�ZRUN����ZHHN�ROG�'UG��
IHPDOHV�ZHUH�FURVVHG�ZLWK���ZHHN�ROG�
5���� PDOHV� LQ� RUGHU� WR� ODEHO� in vivo 
'5'��H[SUHVVLQJ� 061V� LQ� DQ� +'�
context.
)RU�DOO�WKH�FRORQLHV��PLFH�ZHUH�ZHDQHG�
DQG�WKHQ�JHQRW\SHG�DW���ZHHNV�RI�DJH�
�������GD\V���0LFH�ZHUH�KRXVHG�XQGHU�
standard conditions in enriched cage 
���� �� ��&�� ���� UHODWLYH� KXPLGLW\�� ���
KRXUV� OLJKW�GDUN� VFKHGXOH�� �±�� PLFH�
cage, with food and water ad libitum). 
$IWHU�3&5�JHQRW\SLQJ�������������PDOH�
and female mice were included and 
randomly divided into experimental 
JURXSV��/LWWHUPDWHV�ZHUH� LQFOXGHG�DV�
controls.

4.2 Mice treatment 
4.2.1 NPs injections
7KH� FKHPLFR�SK\VLFDO� SURSHUWLHV��
concentration and cholesterol 
DPRXQW� LQ� J��13V� XVHG� LQ� WKLV�ZRUN��
provided and characterized by G. Tosi 
(University of Modena and Reggio 
(PLOLD��� DUH� GHVFULEHG� LQ� 7DEOH� ����
�SDUDJUDSK���������
)RU�ELRGLVWULEXWLRQ�VWXGLHV� �SDUDJUDSK�
������ FKROHVWHURO� UHOHDVH� VWXG\�
�SDUDJUDSK� ������� DQG� TXDQWLWDWLYH�
DQDO\VLV� �SDUDJUDSK� �������� ��ZHHN�
ROG� ZLOG�W\SH� RU� 5���� PLFH� ZHUH�
WUHDWHG�ZLWK���RU��� ,�3�� LQMHFWLRQV��)RU�
DOO� WKH� RWKHU� H[SHULPHQWV�� 5����PLFH�
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ZHUH� WUHDWHG� ZLWK� �� ,�3�� LQMHFWLRQV� DW�
ZHHN��IURP���WR���ZHHNV�RI�DJH��:LWK�
]4���'1� PLFH�� F\FOLF� WUHDWPHQWV�
ZHUH� SHUIRUPHG��$V� ZHOO� DV� IRU� 5����
mice, each cycle of treatment lasted 
��ZHHNV�LQ�ZKLFK�PLFH�UHFHLYHG���,�3��
LQMHFWLRQV�ZHHN��,Q�WKH�¿UVW�F\FOH��PLFH�
ZHUH�WUHDWHG�IURP���WR���ZHHNV�RI�DJH�
�SUH�V\PSWRPDWLF� VWDJH��� WKH� VHFRQG�
cycle of treatment was performed from 
��� WR� ���ZHHNV� RI� DJH� �V\PSWRPDWLF�
stage). In all the experiments, mice 
UHFHLYHG�����µg of cholesterol in each 
LQMHFWLRQ�

4.2.2 Viral injection
$YHUWLQ� ����� ZDV� SUHSDUHG� GLOXWLQJ�
�� J� RI� ������7ULEURPRHWKDQRO� �6LJPD�
$OGULFK�� �7��������*�� LQ� �� P/� RI�
��PHWK\O���EXWDQRO� �6LJPD� $OGULFK��
���������� 0LFH� ZHUH� GHHSO\�
DQHVWKHWL]HG� XVLQJ� ��� �/� RI� $YHUWLQ�
�����SHU�JUDP�RI�ERG\�ZHLJKW��2QFH�
UHVSRQVHV� WR� WDLO�WRH� SLQFKHV� DQG�
LQWDFWQHVV� RI� WKH� RFXODU� UHÀH[� ZHUH�
assessed, scalp was shaved, and 
mice were placed into a stereotaxic 
DSSDUDWXV� ���%LRORJLFDO� ,QVWUXPHQW�� 
7KH� YLUXV� RI� LQWHUHVW� ZDV� LQMHFWHG� E\�
implantation of a borosilicate glass 
needle into the right striatum of 
SUH�V\PSWRPDWLF� ��ZHHN�ROG� PLFH�
via stereotaxic surgery using an 
DXWRPDWHG�LQIXVLRQ�V\ULQJH�SXPS��.'�
6FLHQWL¿F��.'6������RQ�ZKLFK�D�����/�
*DVWLJKW�6\ULQJH�0RGHO������7//�ZLWK�
37)(� /XHU� /RFN� �+DPLOWRQ�� �������

FRXOG�EH�PRXQWHG��������7KH�IROORZLQJ�
FRRUGLQDWHV�ZHUH�XVHG� ��PP�ODWHUDO�WR�
PLGOLQH�������PP�URVWUDO�WR�WKH�EUHJPD��
���� PP� YHQWUDO� WR� WKH� VNXOO� VXUIDFH��
IURP� 3D[LQRV� *� DQG�:DWVRQ� &�� 7KH�
5DW�%UDLQ� LQ�6WHUHRWD[LF�&RRUGLQDWHV��
$FDGHPLF�3UHVV��6DQ�'LHJR��7KH�UDWH�
RI� LQMHFWLRQ� ZDV� ��� �/�K� ZLWK� D� WRWDO�
YROXPH�RI����/�
)ROORZLQJ�VXUJHU\��PLFH�ZHUH�UHPRYHG�
from the stereotaxic apparatus and 
placed on a warm cover to awaken 
IURP� DQHVWKHVLD�� 3RVW�RSHUDWLYH� SDLQ�
and distress were monitored using a 
VSHFL¿F�WDEOH�IRU�SDLQ�VFRULQJ�EDVHG�RQ�
EHKDYLRUDO�LQGLFDWRUV�RI�ZHOO�EHLQJ�DQG�
monitoring mice body weight �������

4.3 Immunohistochemistry 
4.3.1 In vivo analysis of biodistribution 
and cholesterol release of g7-NPs-
chol_2.0 
Mice were deeply anesthetized by 
,�3�� LQMHFWLRQ� RI� $YHUWLQ� ����� DQG�
WUDQVFDUGLDOO\� SHUIXVHG�ZLWK� 3)$� ����
%UDLQV�� OXQJV� DQG� OLYHU� ZHUH� SRVW�
¿[HG� IRU� �K� LQ� WKH� VDPH� VROXWLRQ� DW�
��&��QRW�ORQJHU�WR�DYRLG�ÀXRUHVFHQFH�
EOHDFKLQJ�� DQG� WKHQ� LQ� ���� VXFURVH�
to prevent ice crystal damage during 
IUHH]LQJ� LQ� 2&7�� ��� ȝP�WKLFN� EUDLQ�
coronal sections or lung and liver 
sections were counterstained with the 
QXFOHDU�G\H�+RHFKVW������������������
Invitrogen) and then mounted under 
cover slips using Vectashield (Vector 
/DERUDWRULHV��� 7KH� ÀXRUHVFHQFH�



Materials and Methods

88

VLJQDOV�RI�F\��DQG�ERGLS\�FKROHVWHURO�
were acquired the following day.
7R� DQDO\]H� WKH� FR�ORFDOL]DWLRQ� RI� J��
13V�FKROB����ZLWK� QHXURQDO� DQG� JOLDO�

PDUNHUV�� ��� ȝP�WKLFN� EUDLQ� FRURQDO�
sections were incubated with primary 
DQWLERGLHV� GHVFULEHG� LQ� 7DEOH� ���� IRU�
�K�DW�57��

�����
� ���� ������ ���
�	�� ����������
������

������ �����' ����� ��!!����"�!!�"� ���	
��(� �#(&� ����� ��!!�$#%� ���


��� �����' ����� �� # �����
��� �����' ����� �� # ������
�

Table 4.1 Antibody used for the study

List of the antibodies used in this study, including host, dilution, producer, and catalogue number. 

$QWL�UDEELW�$OH[D�)OXRU����-FRQMXJDWHG�
JRDW� VHFRQGDU\� DQWLERGLHV� ��������
,QYLWURJHQ��RU�DQWL�PRXVH�$OH[D�)OXRU�
���-FRQMXJDWHG� JRDW� VHFRQGDU\�
DQWLERGLHV� �������� ,QYLWURJHQ�� ZHUH�
XVHG�IRU�GHWHFWLRQ���K�DW�57���6HFWLRQV�
were counterstained with the nuclear 
G\H� +RHFKVW� ������ �����������
Invitrogen) and then mounted under 
cover slips using Vectashield (Vector 
/DERUDWRULHV��
 
4.3.2 Viral spread and tropism
Mice were deeply anesthetized by 

,�3�� LQMHFWLRQ� RI� $YHUWLQ� ����� DQG�
WUDQVFDUGLDOO\�SHUIXVHG�ZLWK�3)$�����
%UDLQV� ZHUH� SRVW�¿[HG� RYHUQLJKW� LQ�
WKH�VDPH�VROXWLRQ�DW���&�DQG�WKHQ�LQ�
���� VXFURVH� WR� SUHYHQW� LFH� FU\VWDO�
damage during freezing in OCT.
Immunohistochemistry was 
SHUIRUPHG�RQ����ȝm coronal sections 
RU� RQ� IUHH�ÀRDWLQJ� ��� ȝm coronal 
sections. Epitopes were demasked at 
���&�ZLWK�1D&LWUDWH����P0�DQG�WKHQ�
slices were incubated with primary 
DQWLERGLHV�GHVFULEHG� LQ�7DEOH����� IRU�
�K�DW�57��
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Table 4.2 Antibody used for the study

List of the antibodies used in this study, including host, dilution, producer, and catalogue number. 

$QWL�UDEELW�$OH[D�)OXRU����-FRQMXJDWHG�
JRDW� VHFRQGDU\� DQWLERGLHV� ��������
,QYLWURJHQ���DQWL�UDEELW�$OH[D�)OXRU����-
FRQMXJDWHG� JRDW� VHFRQGDU\� DQWLERGLHV�
��������,QYLWURJHQ��RU�DQWL�PRXVH�$OH[D�
)OXRU� ���-FRQMXJDWHG� JRDW� VHFRQGDU\�

DQWLERGLHV���������,QYLWURJHQ��ZHUH�XVHG�
IRU�GHWHFWLRQ���K�DW�57���6HFWLRQV�ZHUH�
counterstained with the nuclear dye 
+RHFKVW� ������ ����������� ,QYLWURJHQ��
and then mounted under cover slips 
XVLQJ�9HFWDVKLHOG��9HFWRU�/DERUDWRULHV���
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4.3.3 Mutant Huntingtin (muHTT) 
aggregates analysis
Mice were deeply anesthetized by 
,�3�� LQMHFWLRQ� RI� $YHUWLQ� ����� DQG�
WUDQVFDUGLDOO\�SHUIXVHG�ZLWK�3)$�����
%UDLQV� ZHUH� SRVW�¿[HG� RYHUQLJKW� LQ�
WKH�VDPH�VROXWLRQ�DW���&�DQG�WKHQ�LQ�
���� VXFURVH� WR� SUHYHQW� LFH� FU\VWDO�

damage during freezing in OCT. 
Immunohistochemistry was 
SHUIRUPHG� RQ� ��� ȝm coronal 
sections. Epitopes were demasked at 
���&�ZLWK�1D&LWUDWH����P0�DQG�WKHQ�
slices were incubated with primary 
DQWLERGLHV�GHVFULEHG�LQ�7DEOH�����IRU�
�K�DW�57��
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Table 4.3 Antibody used for the study

List of the antibodies used in this study, including host, dilution, producer, and catalogue number. 

$QWL�PRXVH� $OH[D� )OXRU� ���-
FRQMXJDWHG�JRDW�VHFRQGDU\�DQWLERGLHV�
�������� ,QYLWURJHQ�� ZHUH� XVHG� IRU�
GHWHFWLRQ� ��K� DW� 57��� 6HFWLRQV� ZHUH�
counterstained with the nuclear 
G\H� +RHFKVW� ������ �����������
Invitrogen) and then mounted under 
cover slips using Vectashield (Vector 
/DERUDWRULHV���

4.4 Image acquisition and 

TXDQWL¿FDWLRQ
4.4.1 In vivo analysis of biodistribution 
and cholesterol release of g7-NPs-
chol_2.0
To study the biodistribution and 
FKROHVWHURO� UHOHDVH� RI� J��13V�
FKROB����� FRQIRFDO� LPDJHV� ZHUH�
DFTXLUHG� ZLWK� D� /(,&$� 63�� ODVHU�
VFDQQLQJ� FRQIRFDO�PLFURVFRSH�� /DVHU�
intensity and detector gain were 
maintained constant for all images 
DQG� ��]� VWHSV� LPDJHV�ZHUH� DFTXLUHG�
DW���[�

7R� TXDQWLI\� WKH� QXPEHU� RI� J��13V�
FKROB���� LQ� HDFK� WLVVXH�� ,PDJH-�
software was used to measure the 
ÀXRUHVFHQFH� RI� F\��� ,PDJHV� ZHUH�
GLYLGHG� LQWR� WKUHH�FRORU� FKDQQHOV�DQG�
the same global threshold was set 
�Q ��LPDJHV�PRXVH�WLVVXH��
To quantify the released bodipy 
FKROHVWHURO� IURP� J��13V�FKROB�����
Volocity software was used using the 
SOXJ�LQ� ³¿QG� REMHFWV´� DQG� ³FDOFXODWH�
REMHFW� FRUUHODWLRQ´� �Q �� LPDJHV�
PRXVH�WLVVXH���

4.4.2 Viral spread and tropism
To study the spread of the viruses, 
large images were acquired with a 
1LNRQ�&UHVW�;�/LJKW�9��PLFURVFRSH�DW�
�[��7R�VWXG\�WKH�WURSLVP�RI�WKH�YLUXVHV��
confocal images were acquired 
ZLWK� D� /(,&$� 63�� ODVHU� VFDQQLQJ�
FRQIRFDO� PLFURVFRSH�� /DVHU� LQWHQVLW\�
and detector gain were maintained 
FRQVWDQW� IRU�DOO� LPDJHV�DQG��� WR����]�
VWHSV�LPDJHV�ZHUH�DFTXLUHG�DW���[��
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4.4.3 Mutant Huntingtin (muHTT) 
aggregates
To count muHTT aggregates, confocal 
LPDJHV�ZHUH�DFTXLUHG�ZLWK�D�/(,&$�63��
laser scanning confocal microscope. 
/DVHU�LQWHQVLW\�DQG�GHWHFWRU�JDLQ�ZHUH�
maintained constant for all images and 
��WR����]�VWHSV�LPDJHV�ZHUH�DFTXLUHG�
DW� ��[�� 7R� FRXQW� DJJUHJDWHV� LQ� WKH�
EUDLQ�RI�$$9�WUHDWHG�PLFH�����LPDJHV�
PLFH� IURP� �� VHFWLRQV� WKURXJKRXW� WKH�
infused and the contralateral striatum 
were taken. To quantify the number 
DQG� WKH� VL]H� RI� DJJUHJDWHV�� ,PDJH-�
software was used to measure the 
ÀXRUHVFHQFH�� ,PDJHV� ZHUH� GLYLGHG�
LQWR� WKUHH�FRORU� FKDQQHOV� DQG� WKH�
same global threshold was set. 

����4XDQWL¿FDWLRQ�DQDO\VLV�RI�G��
cholesterol 
To quantify the amount of cholesterol 
UHOHDVHG� IURP� J��13V�FKROB���� DQG�
J��13V�FKROB����� PLFH� ZHUH� GHHSO\�
DQHVWKHWL]HG�E\�,�3��LQMHFWLRQ�RI�$YHUWLQ�
������ %ORRG� ZDV� FROOHFWHG� IURP� WKH�
venus sinus in a tube containing 
��� µ/� RI� KHSDULQ� DQG� FHQWULIXJHG� DW�
������� USP� DW� ��&� IRU� ��� PLQXWHV�
to collect the plasma. Mice were 
WUDQVFDUGLDOO\� SHUIXVHG� ZLWK� 3%6� WR�
avoid the contamination of cholesterol 
from the periphery. Striatum, cortex, 
cerebellum, lung, liver and kidney 
were collected and immediately frozen 
on dry ice. Mass spectrometry analysis 
were performed in collaboration with 

0��1HJUL�,QVWLWXWH��0��6DOPRQD�JURXS��
DV�GHVFULEHG�LQ�����

4.6 Gas chromatography-mass 
spectrometry (GC-MS) analysis for 
neutral sterols and 24S-OHC
To quantify the amount of neutral 
VWHUROV� DQG� ��6�2+&�� PLFH� ZHUH�
GHHSO\� DQHVWKHWL]HG� E\� ,�3�� LQMHFWLRQ�
RI� $YHUWLQ� ����� DQG� WUDQVFDUGLDOO\�
SHUIXVHG� ZLWK� 3%6� WR� DYRLG� WKH�
contamination of cholesterol from the 
periphery. Striatum and cortex were 
collected and immediately frozen on 
dry ice. Mass spectrometry analysis 
were performed in collaboration with 
&��%HVWD��9��/HRQL�DQG�&��&DFFLD��DV�
GHVFULEHG�LQ�����

4.7 Bioplex assay 
To measure cytokines and chemokines, 
mice were deeply anesthetized by 
,�3�� LQMHFWLRQ� RI� $YHUWLQ� ������ %ORRG�
was collected from the venus sinus 
LQ�D� WXEH�FRQWDLQLQJ����µ/�RI�KHSDULQ�
DQG�FHQWULIXJHG�DW��������USP�DW���&�
IRU� ���PLQXWHV� WR� FROOHFW� WKH� SODVPD��
Tissues (striatum, cortex, and liver) 
ZHUH� LVRODWHG� DQG� IUR]HQ�� ��� PJ�
of striatum, cortex and liver were 
homogenize using a tissue grinder in 
��P/� RI� O\VLQJ� VROXWLRQ� FRPSRVHG� RI�
��� µ/� RI� IDFWRU� ��� ��� µ/� RI� IDFWRU� ���
������/�RI�FHOO� O\VLV�EXႇHU�DQG����µ/�
RI�306)�����P0��%LRSOH[��&HOO�/\VLV�
.LW�� %LRUDG�� ������������� 7KH� O\VDWH�
ZDV�IUR]HQ�DW�����&�IRU���PLQXWHV�DQG�
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then, following thawing on ice, it was 
VRQLFDWHG�DW�����IRU����VHFRQGV�DQG�
FHQWULIXJHG� DW� ������ UFI� DW� ��&� IRU� ��
minutes to collect the supernatant.
7KH�VXSHUQDWDQW�ZDV�TXDQWL¿HG�XVLQJ�
'&�� 3URWHLQ� $VVD\� .LW� ,� �%LRUDG��
���������� DQG� VDPSOHV�ZHUH� GLOXWHG�
WR�D�¿QDO�FRQFHQWUDWLRQ�RI�����µJ�P/��
7R�SHUIRUP�WKH�%LRSOH[�DVVD\������µ/�
RI�DVVD\�EXႇHU�ZHUH�DGGHG�WR�����µ/�
of samples. 
Concerning the plasma, samples were 
FHQWULIXJHG� DW� ������ UFI� DW� ��&� IRU� ��
PLQXWHV�����µ/�RI�DVVD\�EXႇHU�DQG�����
µ/�RI�VDPSOH�GLOXHQW�ZHUH�DGGHG�WR����
µ/�RI�SODVPD��
Cytokines level was measured by using 
D� %LRSOH[� PXULQH� F\WRNLQH� ���3OH[�
DVVD\� NLW� �%LRUDG�� �0�����5'3'��
ZKLFK�HYDOXDWHG�WKH�OHYHO�RI��(RWD[LQ��
,/��D�� ,/��E�� ,/���� ,/����� ,/���� ,/���� ,/�
��� ,/���� ,/����� ,/����S����� ,/����S�����
,/����� ,/����� 71)�DOSKD�� JUDQXORF\WH�
FRORQ\�VWLPXODWLQJ� IDFWRU� �*�&6)���
JUDQXORF\WH�PDFURSKDJH� FRORQ\�
VWLPXODWLQJ� IDFWRU� �*0�&6)��� ,)1�
JDPPD�� .&�� 5$17(6�� PDFURSKDJH�
LQÀDPPDWRU\� SURWHLQ� �0,3��D� DQG�
0,3��E�� DQG� PRQRF\WH� FKHPRWDFWLF�
SURWHLQ����
%ULHÀ\��PDJQHWLF�EHDGV�ZHUH�DGGHG�WR�
D����ZHOO� SODWH�ZKLFK�ZDV�¿[HG�RQ�D�
handheld magnetic washer. Samples 
were added and the plate was shacked 
DW� ���� USP� IRU� ��� PLQXWHV� DW� URRP�
WHPSHUDWXUH�� $IWHU� �� ZDVKLQJ� VWHSV��
detection antibodies were added, and 

WKH� SODWH� ZDV� VKDFNHG� DW� ���� USP�
IRU� ��� PLQXWHV� DW� URRP� WHPSHUDWXUH��
$IWHU� �� ZDVKLQJ� VWHSV�� VWUHSWDYLGLQ�
3(� ZDV� DGGHG�� DQG� WKH� SODWH� ZDV�
VKDFNHG� DW� ���� USP� IRU� ��� PLQXWHV�
DW�URRP�WHPSHUDWXUH��$IWHU���ZDVKLQJ�
VWHSV�� DVVD\� EXႇHU� ZDV� DGGHG� DQG�
the cytokines level was read on the 
/XPLQH[� ���� 6\VWHP�� 0XOWLSOH[� %LR�
$VVD\�$QDO\]HU�DQG�TXDQWL¿HG�EDVHG�
on standard curves for each cytokine 
LQ�WKH�FRQFHQWUDWLRQ�UDQJH�RI��±�������
SJ�P/����

4.8 RNA extraction and qRT-PCR
0LFH� ZHUH� VDFUL¿FHG� E\� FHUYLFDO�
dislocation and tissues were isolated 
DQG� IUR]HQ�� 7RWDO� 51$� IURP� WKH�
LQIXVHG� VWULDWXP� DQG� WKH� LSVL�ODWHUDO�
cortex of treated mice was isolated 
with Trizol reagent according to the 
manufacture’s instruction (Thermo 
)LVKHU�� ������������ 7R� FKHFN� WKH�
TXDOLW\�RI�WKH�H[WUDFWHG�51$��WRWDO�51$�
ZDV� UXQ� RQ� DQ� DJDURVH� JHO� ����7KH�
JHQRPLF�'1$�SUHVHQW�LQ�WKH�H[WUDFWHG�
51$� VDPSOHV� ZDV� GLJHVWHG� XVLQJ�
WKH�$PELRQ��'1$�IUHH��.LW�� '1DVH�
Treatment and Removal Reagents 
�,QYLWURJHQ���$0������
7HPSODWH� F'1$� ZDV� SUHSDUHG� E\�
UHYHUVH�WUDQVFULSWLRQ�RI�����QJ�RI�51$�
XVLQJ� WKH� L6FULSW� F'1$� V\QWKHVLV� NLW�
�%LR5DG�� ����������� 7ZR� GLႇHUHQW�
reverse transcription were performed. 
)RU�HDFK�UHYHUVH�WUDQVFULEHG�SURGXFW��
RQH� RU� WZR� UHDO�WLPH� 3&5� DQDO\VHV�
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were performed for each of the 
DQDO\]HG� JHQHV�� &);��� UHDO�7LPH�
6\VWHP��%LR5DG��ZDV�XVHG�WR�HYDOXDWH�

gene expressions. 
Reactions were performed as 
GHVFULEHG�LQ�WKH�7DEOH�����
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Table 4.4 Reagents used for qRT-PCR

List of the reagents used in this study to perform qRT-PCR.

Thermocycling conditions were 
GHVLJQHG�DV�IROORZV��
��HQ]\PH�DFWLYDWLRQ�DW����&�IRU���PLQ��
�����F\FOHV�RI�GHQDWXUDWLRQ�DW����&�IRU�
���VHF��

��DQQHDOLQJ�H[WHQVLRQ�DW�7D�IRU����VHF��
�� PHOWLQJ� FXUYH� IURP� ���� WR� ���&� E\�
UDLVLQJ�7�RI����HYHU\�����VHF�
7DEOH� ���� VXPPDUL]HV� WKH� SULPHU�
sequences used in this work.  
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Table 4.5 Primers used for qRT-PCR

List of the primers used in this study to perform qRT-PCR.
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4.9 Synaptosomes preparation and 
Western Blot analysis 
0LFH� ZHUH� VDFUL¿FHG� E\� FHUYLFDO�
dislocation and tissues were isolated 
and frozen. Synaptosomes were 
SXUL¿HG� IURP� WKH� LQIXVHG� VWULDWXP�
DQG�WKH�LSVL�ODWHUDO�FRUWH[�RI�WUHDWHG�
PLFH� XVLQJ� 6\Q�3(5� 6\QDSWLF�
3URWHLQ�([WUDFWLRQ�5HDJHQW��7KHUPR�
)LVKHU�� �������� DFFRUGLQJO\� WR� WKH�
PDQXIDFWXUHU� LQVWUXFWLRQ��%ULHÀ\�� ���
P/� RI� 6\Q�3(5�5HDJHQW� SHU� JUDP�
of tissue were added and tissues 
were homogenized on ice. The 
KRPRJHQDWH�ZDV�FHQWULIXJHG�DW�������
UFI�IRU����PLQXWHV�DW���&�WR�SHOOHW�WKH�
membrane fragments and nuclei. 
The resulting supernatant, containing 
the synaptosomes and the cytosolic 
IUDFWLRQ�� ZDV� FHQWULIXJHG� DW� �������
UFI� IRU� ��� PLQXWHV� DW� ��&� WR� SHOOHW�
synaptosomes. The synaptosome 
SHOOHW� ZDV� UHVXVSHQGHG� LQ� 6\Q�

3(5�5HDJHQW�ZLWK�D�YROXPH�RI�����
P/� SHU� JUDP� RI� VDPSOH� VR� WKDW� WR�
UHVXOW� LQ� ���� �J��/�� DV� TXDQWL¿HG�
ZLWK�3LHUFH��%&$�3URWHLQ�$VVD\�.LW�
�7KHUPR�)LVKHU���������
&ULWHULRQ�7*;�6WDLQ�)UHH�3UHFDVW�*HOV�
ZLWK� VWDFNLQJ� JHO� ��� DQG� UHVROYLQJ�
JHO�HLWKHU�������%LR5DG������������
RU�$Q\�N'��%LR5DG������������ZHUH�
XVHG� IRU� :HVWHUQ� %ORW� DQDO\VLV��
After the electrophoretic run, the 
precast gel was transferred into the 
&KHPL'RF�03� 6\VWHP� �%LR5DG�� WR�
measure the total amount of protein 
loaded in each lane of the gel 
WKDQNV� WR� WKH� VWDLQ�IUHH� WHFKQRORJ\��
by exploiting a proprietary trihalo 
compound to enhance the 
ÀXRUHVFHQFH� RI� WU\SWRSKDQ� DPLQR�
acids when exposed to UV light.
Membranes were incubated with 
primary antibodies described in 
7DEOH�����RYHU�QLJKW�DW���&��
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Table 4.6 Antibody used for the study

List of the antibodies used in this study, including host, dilution, producer, and catalogue number. 

*RDW� DQWL�PRXVH� ,J*�+53� ���������

%LR5DG�� ���������� RU� *RDW� DQWL�

UDEELW� ,J*�+53� ��������� %LR5DG��

���������� ZHUH� XVHG� IRU� GHWHFWLRQ�

��K� DW� 57��� 3URWHLQV� ZHUH� GHWHFWHG�

XVLQJ�&ODULW\�:HVWHUQ� (&/�6XEVWUDWH�

�%LR5DG�� ���������� RU� 6XSHU6LJQDO�

:HVW� )HPWR� 0D[LPXP� 6HQVLWLYLW\�

6XEVWUDWH� �7KHUPR� )LVKHU�� ��������

XVLQJ�&KHPL'RF�03�6\VWHP��%LR5DG���
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The detected chemiluminescent signal 
ZDV� TXDQWL¿HG� E\� D� GHQVLWRPHWULF�
analysis and proteins level was 
QRUPDOL]HG� XVLQJ� *$3'+� �IRU� WKH�
F\WRVROLF� IUDFWLRQ��RU�XVLQJ���GLႇHUHQW�
SURWHLQ� EDQGV� RI� WKH� VWDLQ�IUHH� �IRU�
synaptosomes). 

4.10 X-Clarity and 2-photon imaging  
Mice were deeply anesthetized by 
LQWUDSHULWRQHDO� LQMHFWLRQ� RI� $YHUWLQ�
����� DQG� WUDQVFDUGLDOO\� SHUIXVHG�
ZLWK� 3)$� ���� %UDLQV�ZHUH� SRVW�¿[HG�
RYHUQLJKW�LQ�WKH�VDPH�VROXWLRQ�DW���&��
)ROORZLQJ�ZDVKLQJ�WR�UHPRYH�UHVLGXDO�
3)$��EUDLQ�VOLFLQJ�ZDV�SHUIRUPHG�ZLWK�
D� /HLFD� 97����6� 9LEUDWLQJ� EODGH�
PLFURWRPH� �/HLFD� %LRV\VWHPV��� )URP�
HDFK�PRXVH�� WZR���PP� WKLFN�FRURQDO�
brain slices were obtained, from 
ZKLFK� WKH� LQIXVHG� DQG� WKH� FRQWUD�
lateral striatum were isolated. Tissues 
ZHUH� FODUL¿HG� XVLQJ� WKH� ;�&ODULW\�
V\VWHP� �/RJRV� %LRV\VWHP�� DFFRUGLQJ�
WR� PDQXIDFWXUHU� LQVWUXFWLRQV�� %ULHÀ\��
tissues were incubated in embedding 
VROXWLRQ��/RJRV�%LRV\VWHPV��&�������
DW� ��&� IRU� ��� K� DQG� WKHQ� WUDQVIHUUHG�
LQ� WKH� ;�&/$5,7<�� 3RO\PHUL]DWLRQ�
6\VWHP� DW� ���&� IRU� �� KRXUV� XQGHU�
YDFXXP�FRQGLWLRQ� ����N3D���7R�FODULI\�
tissues, slices were rinsed with 
Electrophoretic Tissue Clearing (ETC) 
6ROXWLRQ��/RJRV�%LRV\VWHPV��&�������
DQG� LQFXEDWHG� LQWR� WKH�;�&/$5,7<��
7LVVXH� &OHDULQJ� 6\VWHP� ,,� �/RJRV�
%LRV\VWHPV��&�������FKDPEHU�DW�����

$�DW����&�IRU�����KRXUV�
7KH� HQGRJHQRXV� VLJQDO� �*)3��
ZDV� DFTXLUHG� E\� XVLQJ� DQ� $�� 03��
PLFURVFRSH� �1LNRQ�� LQ� FROODERUDWLRQ�
ZLWK�$OHPELF� �6DQ�5DႇDHOH� ,QVWLWXWH���
,PDJHV� �DSSUR[LPDWHO\� ���� ȝP� RI�
]�VWDFN� ZLWK� D� ]�VWHS� VL]H� RI� �� ȝP��
ZHUH�DFTXLUHG�DW���[��)RU�HDFK�VOLFH��
����LPDJHV�ZHUH�DFTXLUHG��7R�TXDQWLI\�
'5'��SRVLWLYH�QHXURQV�� LPDJHV�ZHUH�
DQDO\]HG� XVLQJ� WKH� VRIWZDUH� 1,6�
(OHPHQWV��1LNRQ���D�PDVN�ZDV�DSSOLHG�
XVLQJ� D� SOXJLQ� IRU� �'� UHFRQVWUXFWLRQ��
)RU� HDFK� LPDJH�� WKH� QXPEHU� RI� FHOOV�
H[SUHVVLQJ� *)3� ZDV� QRUPDOL]HG� RQ�
WKH�]�VWDFN�DFTXLUHG�

4.11 Behavioral tests
Animals were assigned randomly, 
and sex was balanced in the various 
experimental groups. All the behavioral 
analyses were performed in blind.
$FWLYLW\� FDJH� DQG� QRYHO� REMHFW�
recognition test was performed as 
GHVFULEHG�LQ�����
Grip strength test: mice were lifted by 
the lower back and tail and lowered 
WRZDUGV� WKH� JULS� �8JR� %DVLOH�� XQWLO�
the animal grabbed it with both front 
paws. The animal was then lowered 
toward the platform and gently pulled 
straight back with consistent force 
until it released its grip. The forelimb 
grip force, measured in grams, was 
UHFRUGHG��7KH�WHVW�ZDV�UHSHDWHG�IRU���
times, and measures were averaged. 
After testing, animals were placed 
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back into their home cage.
Paw clasping test: mice were 
VXVSHQGHG�E\�WKH�WDLO� IRU����VHFRQGV�
and the clasping phenotype was 
graded according to the following 
VFDOH�� OHYHO� ��� QR� FODVSLQJ�� OHYHO� ���
one hindlimb retracted toward the 
DEGRPHQ�� OHYHO� ��� ERWK� KLQGOLPEV�
UHWUDFWHG�WRZDUG�WKH�DEGRPHQ��OHYHO����
both hindlimbs entirely retracted and 
touching the abdomen. After testing, 
animals were placed back into their 
home cage.

4.12 Electrophysiological analysis 

Experiments were performed in 
FROODERUDWLRQ�ZLWK�*��%LHOOD��8QLYHUVLW\�
RI� 3DYLD�� RQ� VXEPHUJHG� EUDLQ� VOLFHV�
REWDLQHG� IURP� DGXOW� PLFH� ���� ZHHNV�
RI�DJH����ZHHNV�DIWHU�WKH�LQIHFWLRQ�LQWR�
WKH�ULJKW�VWULDWXP�DV�GHVFULEHG�LQ������

4.13 Statistics 

7R� SUH�GHWHUPLQH� VDPSOH� VL]HV�� ZH�
XVHG� *�SRZHU� DQDO\VLV� EDVHG� RQ�
SLORW� RU� SUHYLRXV� VWXGLHV�� 7DEOH� ����
VXPPDUL]HV�DOO�WKH�WULDOV�DQG�UHDG�RXWV�
SHUIRUPHG�� %HIRUH� DQDO\]LQJ� GDWD��
Grubbs’ test was applied to identify 
outliers. Statistical analyses were 
SHUIRUPHG� XVLQJ� 3ULVP� �� �*UDSK3DG�
software).
'DWD� DUH� SUHVHQWHG� DV� PHDQV� ��
standard error of the mean (SEM). 
)RU�HDFK�VHW�RI�GDWD�WR�EH�FRPSDUHG��
we determined whether data were 
normally distributed or not to select 
parametric or not parametric statistical 
WHVWV��7KH�VSHFL¿F�VWDWLVWLFDO�WHVW�XVHG�
is indicated in the legend of all results 
¿JXUHV�� 'LႇHUHQFHV� ZHUH� FRQVLGHUHG�
VWDWLVWLFDOO\�LI�WKH�S�YDOXH�ZDV�OHVV�WKDQ�
������
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Table 4.7 List of the animals used for the study

Summary of all the trial performed and the animals used for this study. 
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6. Appendix 

6.1 Contribution to published articles

������(FDF\�RI�&KROHVWHURO�1RVH�WR�%UDLQ�'HOLYHU\�IRU�%UDLQ�7DUJHWLQJ�LQ�
Huntington’s disease
$OLFH� 3DVVRQL�� 0RQLFD� )DYDJURVVD�� /DXUD� &RORPER�� 5HQ]R� %DJQDWL�� 0DUFR�
*REEL��/XLVD�'LRPHGH��Giulia Birolini��(OHRQRUD�'L�3DROR��0DUWD�9DOHQ]D��(OHQD�
Cattaneo, and Mario Salmona
ACS Chemical Neuroscience 2020 11��������������
'2,����������DFVFKHPQHXUR��E�����

The aim of this paper is to study the feasibility of intranasal delivery to supply 
cholesterol to the brain of a transgenic mouse model of Huntington’s disease (e.g. 
5����PLFH���1RVH�WR�EUDLQ�GHOLYHU\�LV�D�QRQ�LQYDVLYH�VWUDWHJ\�WKDW�LV�DOUHDG\�XVHG�
LQ�KXPDQV�WR�GHOLYHU�GUXJV�WR�WKH�EUDLQ�E\SDVVLQJ�WKH�EORRG�EUDLQ�EDUULHU��+HUH��
ZH� WUHDWHG� ZLOG�W\SH�PLFH� ZLWK� D� VLQJOH�PXOWLSOH� LQWUDQDVDO� GRVH� RI� OLSRVRPHV�
loaded with cholesterol and we measured the exogenous cholesterol by mass 
VSHFWURPHWU\�LQ�GLႇHUHQW�EUDLQ�DUHDV�DQG�LQ�PLFH�SODVPD�DW�GLႇHUHQW�WLPH�SRLQW��

0\�FRQWULEXWLRQ�LQ�WKLV�ZRUN�LQFOXGHG�
��PDLQWHQDQFH�RI�WKH�5����PLFH�FRORQ\�E\�PDWLQJ��ZHDQLQJ�DQG�JHQRW\SLQJ�WKH�
DQLPDOV�
��LQWUDQDVDO�DGPLQLVWUDWLRQ�RI�OLSRVRPHV�WRJHWKHU�ZLWK�(�'�3�DQG�/�&��
��PLFH�VDFUL¿FH�WKURXJK�LQWUD�FDUGLDF�SHUIXVLRQ�ZLWK�VDOLQH�VROXWLRQ�
�� FROOHFWLRQ� RI� SODVPD�� VWULDWXP�� FRUWH[� DQG� FHUHEHOOXP� WR� SHUIRUP� PDVV�
VSHFWURPHWU\�DQDO\VLV��)LJXUHV������DQG�����
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6.1.2 Striatal infusion of cholesterol promotes a dose-dependent behavioral 
EHQH¿W�DQG�H[HUWV�GLVHDVH�PRGLI\LQJ�H௺HFWV�LQ�+XQWLQJWRQ¶V�GLVHDVH�PLFH
Giulia Birolini�� 0DUWD� 9DOHQ]D�� (OHRQRUD� 'L� 3DROR�� (OHQD� 9H]]ROL�� )UDQFHVFD�
7DOSR��&ODXGLD�0DQLH]]L��&ODXGLR�&DFFLD��9DOHULR�/HRQL��9LWWRULD�'��%RFFKL��3DROD�
&RQIRUWL��(OLVD�6RJQH��/DUD�3HWULFFD��&ULVWLQD�&DULXOR��0DUJKHULWD�9HUDQL��$QGUHD�
&DULFDVROH��$QGUHD�)DOTXL��*HUDUGR�%LHOOD��(OHQD�&DWWDQHR
EMBO Mol Med (accepted)

'2,�����������HPPP����������

The aim of this paper is to identify an appropriate regimen to deliver cholesterol 
WR� EUDLQ� RI� +'�PLFH� WR� UHFRYHU� +'�UHODWHG� SDUDPHWHUV��$FFRUGLQJO\�� ZH� XVHG�
RVPRWLF�PLQLSXPSV�WR�LQIXVH�WKUHH�HVFDODWLQJ�GRVHV�RI�FKROHVWHURO�GLUHFWO\�LQWR�WKH�
VWULDWXP�RI�+'�PLFH�LQ�D�FRQWLQXRXV�DQG�UDWH�FRQWUROOHG�PDQQHU�DQG�ZH�SHUIRUPHG�
behavioral, functional and biochemical assays to study HD phenotypes. 

0\�FRQWULEXWLRQ�LQ�WKLV�ZRUN�LQFOXGHG�
��PDLQWHQDQFH�RI�WKH�5����PLFH�FRORQ\�E\�PDWLQJ��ZHDQLQJ�DQG�JHQRW\SLQJ�WKH�
DQLPDOV�
��VXUJLFDO�LPSODQWDWLRQ�RI�RVPRWLF�PLQLSXPSV�WRJHWKHU�ZLWK�(�'�3��
�� EHKDYLRUDO� DQDO\VLV� LQFOXGLQJ� URWDURG� WHVW�� QRYHO� REMHFW� UHFRJQLWLRQ� WHVW� DQG�
DFWLYLW\�FDJH�WHVW�WRJHWKHU�ZLWK�(�'�3���)LJXUH����
��PLFH�VDFUL¿FH�WR�SHUIRUP�VXEVHTXHQW�DQDO\VLV�
��SUHSDUDWLRQ�RI�EUDLQ�VOLFHV�WR�SHUIRUP�LPPXQR�KLVWRFKHPLFDO�H[SHULPHQWV�
��,+&�IRU�65(%3���PX+77��S���DQG�/$03���)LJXUHV������DQG����
�� DFTXLVLWLRQ� RI� DOO� WKH� FRQIRFDO� LPDJHV� LQ� WKH� SDSHU� �65(%3�� WUDQVORFDWLRQ�
DQDO\VLV�� PX+77� DJJUHJDWLRQ� DQDO\VLV�� S���/$03� �� DQDO\VLV�� ZLWK� UHODWLYH�
TXDQWL¿FDWLRQ��)LJXUHV������DQG������
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6.2 Contribution to in progress articles

6.2.1 SREBP2 delivery to striatal astrocytes enhances brain cholesterol 
biosynthesis defect and ameliorates pathological features in Huntington’s 
disease
Giulia Birolini��*LDQOXFD�9HUOHQJLD��)UDQFHVFD�7DOSR��&ODXGLD�0DQLH]]L��/RUHQD�
=HQWLOLQ��0DXUR�*LDFFD��3DROD�&RQIRUWL��&ODXGLR�&DFFLD��9DOHULR� /HRQL�� )UDQFR�
7DURQL��*HUDUGR�%LHOOD��0LFKHOH�6LPRQDWR��(OHQD�&DWWDQHR��0DUWD�9DOHQ]D
Manuscript ready to be submitted  

The aim of this paper is to demonstrate in vivo� WKH� LPSRUWDQFH�RI�65(%3��IRU�
EUDLQ�FKROHVWHURO�V\QWKHVLV��$FFRUGLQJO\��ZH�RYHU�H[SUHVVHG�WKH�1�WHUPLQDO�DFWLYH�
IUDJPHQW�RI�K65(%3�� LQ�VWULDWDO�DVWURF\WHV�RI�5����PLFH�XVLQJ�D� UHFRPELQDQW�
DGHQR�DVVRFLDWHG�YLUXV������$$9�����WR�HQKDQFH�in vivo endogenous cholesterol 
biosynthesis. 

0\�FRQWULEXWLRQ�LQ�WKLV�ZRUN�LQFOXGHG�
��PDLQWHQDQFH�RI�WKH�5����PLFH�FRORQ\�E\�PDWLQJ��ZHDQLQJ�DQG�JHQRW\SLQJ�WKH�
DQLPDOV�
��LQWUD�VWULDWDO�VXUJLFDO�LQIHFWLRQ�RI�PLFH�ZLWK�$$9����DQG�+69�
��EHKDYLRUDO�DQDO\VLV�LQFOXGLQJ�URWDURG�WHVW��QRYHO�REMHFW�UHFRJQLWLRQ�WHVW��DFWLYLW\�
FDJH�WHVW��SDZ�FODVSLQJ�WHVW�DQG�JULS�VWUHQJWK�WHVW��)LJXUH����WRJHWKHU�ZLWK�0�9��
��PLFH�VDFUL¿FH�DQG�WLVVXHV�LVRODWLRQ�IRU�VXEVHTXHQW�H[SHULPHQWV��
��EUDLQ�VOLFHV�SUHSDUDWLRQ�WR�SHUIRUPHG�LPPXQR�KLVWRFKHPLFDO�H[SHULPHQWV�DQG�
WLVVXH�FODUL¿FDWLRQ�
��,+&�IRU�YLUDO�VSUHDG�DQG�WURSLVP�DQG�PX+77�DJJUHJDWHV��)LJXUHV���DQG����
��DFTXLVLWLRQ�RI�DOO� WKH�FRQIRFDO� LPDJHV� LQ� WKH�SDSHU� �YLUDO�VSUHDG�DQG� WURSLVP��
PX+77�DJJUHJDWHV�DQDO\VLV��ZLWK�UHODWLYH�TXDQWL¿FDWLRQ��)LJXUH���DQG����
�� SUHSDUDWLRQ� RI� V\QDSWRVRPHV� IURP� FRUWLFR�VWULDWDO� WLVVXHV� DQG� ZHVWHUQ� EORW�
DQDO\VLV�WR�VWXG\�WKH�OHYHO�RI�SUH�DQG�SRVWV\QDSWLF�SURWHLQV��)LJXUH�������
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6.2.2 Brain-targeted hybrid nanoparticles boost cholesterol delivery to the 
central nervous system and rescues behavioral phenotypes in Huntington’s 
disease
Giulia Birolini,� ,ODULD� 2WWRQHOOL�� -DVRQ� 7�� 'XVNH\�� $OLFH� 3DVVRQL�� 0RQLFD�
)DYDJURVVD�� &ODXGLR� &DFFLD�� 9DOHULR� /HRQL�� /DXUD� &RORPER��0DXUR� %RPEDFL��
5HQ]R� %DJQDWL�� )UDQFR� 7DURQL�� 0DULD� $QJHOD� 9DQGHOOL�� )ODYLR� )RUQL�� %DUEDUD�
Ruozi, Mario Salmona, Giovanni Tosi, Marta Valenza, Elena Cattaneo
Manuscript ready to be submitted  

The aim of this paper is to characterize in vivo�J��13V�FKROB����DQG�FRPSDUH�
WKHP�WR�J��13V�FKROB����XVHG�LQ�9DOHQ]D�et al. EMBO Mol Med, ������)LUVW�RI�DOO��
nanoparticles distribution and cholesterol release have been studies. Then, we 
HYDOXDWHG�WKH�HႇHFW�RI�WKH�GHOLYHUHG�FKROHVWHURO�RQ�WKH�EHKDYLRU�RI�+'�PLFH�DQG�
RQ� WKH�HQGRJHQRXV�V\QWKHVLV�RI�FKROHVWHURO� LQ� WKHLU�EUDLQ��)LQDOO\��ZH�FKHFNHG�
FHQWUDO�DQG�V\VWHPLF�LQÀDPPDWLRQ�IROORZLQJ�FKURQLF�WUHDWPHQW�

0\�FRQWULEXWLRQ�LQ�WKLV�ZRUN�LQFOXGHG�
��PDLQWHQDQFH�RI�WKH�5����PLFH�FRORQ\�E\�PDWLQJ��ZHDQLQJ�DQG�JHQRW\SLQJ�WKH�
DQLPDOV�
��LQWUDSHULWRQHDO�LQMHFWLRQ�RI�QDQRSDUWLFOHV�LQ�5����PLFH�
��EHKDYLRUDO�DQDO\VLV�LQFOXGLQJ�URWDURG�WHVW��QRYHO�REMHFW�UHFRJQLWLRQ�WHVW��DFWLYLW\�
FDJH�WHVW��SDZ�FODVSLQJ�WHVW�DQG�JULS�VWUHQJWK�WHVW��)LJXUH����WRJHWKHU�ZLWK�0�9��
��PLFH�VDFUL¿FH�DQG�WLVVXHV�LVRODWLRQ�IRU�VXEVHTXHQW�H[SHULPHQWV��
��EUDLQ�VOLFHV�SUHSDUDWLRQ�WR�SHUIRUPHG�LPPXQR�KLVWRFKHPLFDO�H[SHULPHQWV�
��,+&�IRU�QDQRSDUWLFOHV�ELRGLVWULEXWLRQ�DQG�FKROHVWHURO�UHOHDVH��)LJXUHV���DQG����
��DFTXLVLWLRQ�RI�DOO�WKH�FRQIRFDO�LPDJHV�LQ�WKH�SDSHU��QDQRSDUWLFOHV�GLVWULEXWLRQ�DQG�
FKROHVWHURO�UHOHDVH��ZLWK�UHODWLYH�TXDQWL¿FDWLRQ��)LJXUHV���DQG����
��SUHSDUDWLRQ�RI�VDPSOHV��VWULDWXP��FRUWH[��OLYHU��DQG�SODVPD��IRU�%LRSOH[�DQDO\VLV�
DQG�UHODWLYH�TXDQWL¿FDWLRQ�WRJHWKHU�ZLWK�0�9���)LJXUH�������
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ABSTRACT: The current pharmacological treatment of
Huntington’s disease (HD) is palliative, and therapies to
restore functions in patients are needed. One of the pathways
affected in HD involves brain cholesterol (Chol) synthesis,
which is essential for optimal synaptic transmission. Recently,
it was reported that in a HD mouse model, the delivery of
exogenous Chol to the brain with brain-permeable nano-
particles protected animals from cognitive decline and rescued
synaptic communication, indicating Chol as a therapeutic
candidate. We examined whether nose-to-brain delivery,
already used in human therapy, could be an alternative,
noninvasive strategy to deliver Chol to the adult brain and, in
the future, replenish Chol in the HD brain. We gave wild-type
(WT) mice a single intranasal (IN) dose of liposomes loaded with deuterium-labeled cholesterol (Chol-D6, to distinguish and
quantify the exogenous cholesterol from the native one) (200 μg Chol-D6/dose). After different intervals, Chol-D6 levels,
determined by LC-MS in plasma, striatum, cortex, and cerebellum, reached a steady-state concentration of 0.400 ng/mg
between 24 and 72 h. A subsequent acute study confirmed the kinetic profiles of Chol-D6 in all tissues, indicating
correspondence between the dose (two doses of 200 μg Chol-D6/dose) and the calculated brain area concentration (0.660 ng/
mg). Finally, in WT mice given repeated IN doses, the average Chol-D6 level after 24 h was about 1.5 ng/mg in all brain areas.
Our data indicate the effectiveness of IN Chol-loaded liposomes to deliver Chol in different brain regions, opening the way to
future investigations in HD mice.
KEYWORDS: Huntington’s disease, brain cholesterol, nose-to-brain delivery, intranasal administration, LC-MS analysis, liposomes

1. INTRODUCTION
The brain is the most cholesterol-rich organ as more than 70%
of cholesterol (Chol) is located in myelin sheaths, and the
remainder is a structural and functional component of glial and
neuronal membranes. Chol is located in specific membrane
microdomains, known as lipid rafts, that initiate, propagate,
and maintain signal transduction.1 In the adult brain, Chol
levels are maintained by local de novo synthesis because the
blood-brain barrier (BBB) prevents its uptake from the
circulation.2 Synaptic transmission is sensitive to newly
synthesized Chol, so changes in Chol biosynthesis affect
vesicle formation, recycling, and fusion, as well as the activity
of neurotransmitter receptors.3−5

Several diseases have been linked to dyshomeostasis of brain
Chol production and degradation, including Huntington’s
disease (HD). HD is a dominantly inherited neurodegener-
ative disorder caused by an abnormal expansion of cytosine-
adenosine-guanine (CAG) repeats in the first exon of the IT15

gene, leading to the formation of a pathological polyQ tract (Q
> 40) in huntingtin (HTT) protein (The Huntington’s Disease
Collaborative Research Group, 1993). As a consequence,
neurons become dysfunctional and eventually die, leading to
choreiform movements, cognitive decline, and psychiatric
disturbance.6−8 Different molecular and cellular dysfunctions
have been reported in HD cells and mouse models and in
human post-mortem material,9,10 including alterations of brain
Chol biosynthesis.11,12 Chol precursors such as lanosterol,
lathosterol, and desmosterol and the enzymatic activity of 3-
hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR)
were found downregulated in the brain of several HD animal
models, already in the presymptomatic stage of the disease,
leading to a significantly lower Chol content at later
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times.13−15 Chol treatment ameliorates neurite outgrowth
defects in HD neurons in vitro16 and brain-permeable
nanoparticles loaded with Chol prevent cognitive decline and
rescue synaptic dysfunction in HD mice,17 indicating a
relationship between neuronal function and exogenous Chol.
Targeting the brain with drugs or molecules that do not pass

the BBB (such as Chol) has always been challenging, and
noninvasive strategies are attractive. Most treatments for
central nervous system (CNS) disorders employ peripheral
drug administration, which is limited by the difficulty of drug
access to the CNS from the blood. Moreover, drugs given by
these routes incur the first-pass metabolism and systemic
clearance, which reduce their bioavailability.18

An alternative strategy for targeting CNS is nose-to-brain
delivery, which can overcome the BBB. The neuroepithelium
of the olfactory region is the only part of the body where the
peripheral environment is in direct contact with the brain.19

Olfactory and trigeminal nerve pathways mostly mediate drug
transport from the nasal cavity to the CNS. Through the
olfactory nerve pathway, a drug crosses the cribriform plate
and reaches the olfactory bulbs and the deeper part of the
brain. Meanwhile, through the trigeminal nerve pathway, the
drug is transported mostly to the pons and cerebrum, and to a
lesser extent to the frontal and olfactory brain. Pathways
involving vasculature, cerebrospinal fluid and lymphatic system
all enrich the transport of molecules from the nasal cavity to
the CNS.20,21

Thus, the aim of this work was to explore the potential of
intranasal (IN) Chol-D6-loaded liposomes as a noninvasive
strategy for Chol delivery into the HD brain. We report
quantifiable levels of Chol-D6 after acute and repeated IN
treatments. We also found that Chol-D6 distributes evenly and
accumulates in the brain of WT and HD mice, paving the way
for further preclinical investigations. In addition, to quantify
the brain distribution of exogenous Chol, we developed a
liquid chromatography mass spectrometry (LC-MS)-based
method, validated according to the European Medicine Agency
(EMA) guidelines,22 in plasma and brain.

2. RESULTS AND DISCUSSION
2.1. Development and Validation of the LC-MS

Method. Validation data are reported in detail in the
Supplementary Results.
2.2. Acute Treatments of 8-Week-Old WT and HD

Mice. To assess the efficacy of IN delivery of Chol into the
brain, we initially gave 8-week-old WT mice an acute dose of
Chol-D6-loaded liposomes (200 μg/mouse); animals were
then euthanized after 1, 3, 6, 24, 48, and 72 h (3 animals/time-
point). Chol-D6 concentrations were measured in plasma and
three brain areas (Figure 1). Plasma concentrations reached a
maximum of 2417 ± 313 ng/mL (mean ± SD) after 24 h,
declining to 839 ± 76 ng/mL (mean ± SD) at 72 h. In the
brain areas, Chol-D6 levels rose in the first 24 h but, unlike in
plasma, did not decline, and they remained stable until 72 h.
These data suggest a slow elimination rate in the brain.
We then ran an acute study to confirm the passage of the

BBB and assess the relationship between administered dose
and concentrations in plasma and different brain areas in WT
and HD mice. Eight-week-old WT and HD mice were treated
with two IN doses of 200 μg/mouse of Chol-D6, 5 h apart (5
mice/time point/genotype), and were euthanized 3, 24, 48,
and 72 h after the second dose. Plasma concentrations reached
a maximum of 4350 ± 1207 ng/mL (mean ± SD) and 4760 ±

703 ng/mL (mean ± SD) after 24 h in HD and WT mice,
respectively. Plasma levels declined with similar kinetic profiles
in HD and WT mice to 1698 ± 295 ng/mL (mean ± SD; n =
7) after 72 h. There were no significant differences between
WT and HD mice since Chol-D6 had the same time-course
profiles (Figure 2).

Finally, we compared Chol-D6 levels at 24 h for single and
double IN doses in plasma and brain areas of WT mice. Chol-
D6 levels rose at least 61% after two IN doses, suggesting a
linear relationship with the dose. Interestingly, Chol-D6 levels
in the striatum rose 105% after two doses, confirming the
effectiveness of nose-to-brain delivery to the target tissue of
HD (Table 1).

2.3. Repeated Treatment in WT Mice. To assess the
accumulation of Chol-D6 in the brain after multiple IN doses,
we repeated the treatments of WT mice at 8 weeks of age with
Chol-D6-loaded liposomes (200 μg/dose). Chol-D6 levels in
the striatum, cortex, and cerebellum were markedly higher after
a single dose, indicating accumulation in the brain (Figure 3).
With this schedule, Chol-D6 reached at least 1.5 ng/mg tissue
in all the brain areas. Statistical analysis showed no significant
differences in Chol-D6 levels in the brain areas after repeated
dosing, confirming homogeneous distribution of Chol-D6 in

Figure 1. Chol-D6 levels in plasma (gray) (A), striatum (blue), cortex
(red) and cerebellum (green) (B) of WT mice after single intranasal
doses (connecting lines with error bars, mean ± SD; n = 3/time
point).

Figure 2. Chol-D6 levels in plasma (A), striatum (B), cortex (C), and
cerebellum (D) of WT and HD mice after two intranasal doses, each
with 200 μg/mouse, 5 h apart (means ± SD; n = 5/time-point/
genotype; blue, WT; red, HD).
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the whole brain, suggesting both olfactory and trigeminal
pathways are involved. The connections between the nasal
cavity and the CNS through olfactory and trigeminal neurons
have already been described.19,21,23 From the nasal olfactory
epithelium, drugs are taken up into neuronal cells and
transported to the olfactory bulb and the cerebrospinal fluid
through the olfactory nerve pathways. The trigeminal nerve
innervates both the olfactory and respiratory epithelium and
enters the CNS in the pons, leading the distribution of drugs in
the rostral brain.19,24 These two pathways permit the
distribution of drugs to all brain areas. Our observations
confirm the efficacy of nose-to-brain Chol delivery as a
potential noninvasive approach to increase Chol availability in
the HD brain.

3. CONCLUSIONS
To develop a new therapeutic strategy for HD based on Chol
delivery to the brain, we set up an experimental approach to
investigate the efficacy of exogenous IN Chol. We based our
assumption on evidence that Chol biosynthesis is reduced in
HD mouse brains11,13−15 and that exogenous Chol can rescue
the HD phenotypes (ref 17 and unpublished data).
Importantly, nose-to-brain delivery is safe and noninvasive
and avoids hepatic first-pass metabolism. The nasal route for
delivery of drugs that otherwise could not cross the BBB could
be beneficial if translatable to clinical practice, and there are
already examples in the literature.25−28

In the present study, we also developed and validated
according to EMA guidelines, a new LC-MS method to
quantify the levels of exogenous Chol-D6 in brain areas and
plasma after single or repeated IN doses. Chol-D6 reached
measurable levels in the brain and persisted at least 72 h thanks
to its slow elimination rate (Figure 1). After two doses HD and
WT mice did not present any significant differences in Chol-
D6 distribution and accumulation. The final comparison of the
two acute treatments showed increases in Chol-D6 in plasma
and the brain areas, from 61% in cortex up to 105% in the
striatum. These results confirmed the effectiveness of nose-to-
brain delivery. The Chol-D6 levels rose most in the striatum,
the target tissue of HD (Table 1). Finally, Chol-D6 distributed
and accumulated without differences after 10 IN doses in
striatum, cortex, and cerebellum (Figure 3), indicating the
involvement of both olfactory and trigeminal pathways.
The experimental design in this initial approach provides a

detailed view of the effectiveness of the nose-to-brain delivery
of Chol. It could also help lay the basis for further preclinical
studies for evaluating the therapeutic potential of this approach
to supply Chol to neurons affected in HD.

4. MATERIALS AND METHODS
4.1. Standard and Chemicals. Deuterated cholesterol (Chol-

D6) (isotopic purity: 97 atom % D), phosphatidylcholine (PC), and
β-sitosterol were obtained from Sigma-Aldrich (St Louis, MO,
U.S.A.). LC-MS grade acetonitrile and formic acid were from Carlo

Table 1. Chol-D6 Levels 24 h after the Last IN Dose in WT Mice Given One or Two IN Doses

tissues 1 IN 2 IN % increase 2 IN over 1 IN

plasma (ng/mL) 2650 ± 305 4760 ± 703 79.6
striatum (ng/mg) 0.416 ± 0.176 0.853 ± 0.095 105.0
cortex (ng/mg) 0.368 ± 0.034 0.594 ± 0.118 61.4
cerebellum (ng/mg) 0.400 ± 0.022 0.694 ± 0.179 73.5

a1 IN = one dose, 200 μg/dose; 2 IN = two doses, 5 h apart, 200 μg/dose; mean ± SD.

Figure 3. Chol-D6 levels in the striatum (A), cortex (B) and
cerebellum (C) in WT mice after acute or repeated intranasal
treatments. WT mice were treated every 2 days for 19 days (10 IN).
Two days after the ninth dose, four mice/genotype were euthanized
before the tenth treatment (PRE 9 IN). The remaining mice received
the tenth IN and were euthanized at 24 and 48 h after the treatment.
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Erba, Milan, Italy. LC-MS grade deionized water was obtained from
Milli-Ro 60 Water System, Millipore, Milford, MA, U.S.A. Chol-D6
and β-sitosterol, used as the internal standard (IS), were prepared as
stock solutions in methanol (MeOH) at 1 mg/mL. The Chol-D6
stock solution was diluted in MeOH to obtain a series of seven
working solutions for the construction of calibration curves, validation
and sample analysis. The IS stock solution was diluted to 5 μg/mL in
the same organic solvent. All solutions were stored at −20 °C until
use.
4.2. Liposomes. Chol-D6 was entrapped in oligolamellar, 280−

300 nm-wide liposomes, following the dehydration−rehydration
method.29,30 Briefly, Chol-D6 and PC were dissolved in chloroform
at a 1:1 molar ratio. After solvent evaporation, the lipid film was
rehydrated with phosphate buffer solution (PBS) and ultracentrifuged
at 100 000g for 35 min at 4 °C to separate residual lipids. Liposomes
were resuspended with 10 mM phosphate-buffered saline, pH 7.4.
The concentration of Chol-D6 entrapped in liposomes was
determined by HPLC (System Gold instrument − Beckman)
equipped with an Eco Cart-LiChrospher 60 RP-select B column
(125 × 3 mm, particle size 5 μm, pore size 60 Å, Merck) at 214 nm.
Separation was done with isocratic elution at 100% methanol:isopro-
panol:NH4OH (70%:30%, 5 mM) for 12 min. The flow rate was 0.6
mL/min. Entrapment efficacy was ±90%, and liposomes were diluted
to a final Chol-D6 concentration of 5.6 mg/mL.
4.3. Animal Model and Treatment Schedules. We used an

R6/2 colony generated to overexpress the first exon of the human
mutant huntingtin gene with approximately 144−150 CAG repeats.
The R6/2 line was genotyped by polymerase chain reaction (PCR) on
DNA from tail samples at weaning.31

The IRFMN adheres to the principles set out in the following laws,
regulations, and policies governing the care and use of laboratory
animals: Italian Governing Law (D.lgs 26/2014; Authorisation n.19/
2008-A issued March 6, 2008 by Ministry of Health); Mario Negri
Institutional Regulations and Policies providing internal authorization
for persons conducting animal experiments (Quality Management
System Certificate − UNI EN ISO 9001:2015 − Reg. No. 6121); the
NIH Guide for the Care and Use of Laboratory Animals (2011
edition) and EU directives and guidelines (EEC Council Directive
2010/63/UE).
Liposomes were administered to mice by applying 6 μL of a 5.6

mg/mL solution three times to the inner surface of each nostril for a
total of 36 μL, corresponding to a final dose of 200 μg of Chol-D6/
mouse.32 For the first acute studies, 8-week-old wild-type (WT) mice
were euthanized 1, 3, 6, 24, 48, and 72 h after a single IN dose (3
mice/time point). For the acute study, 8-week-old WT and R6/2
mice were given two doses of 200 μg/mouse of Chol-D6, 5 h apart (5
mice/time point/genotype). Mice were euthanized 3, 24, 48, and 72 h
from the second IN treatment. For repeated treatments, 8-week-old
WT mice received 9 or 10 IN doses, once every 2 days (4 mice/time
point). One group of animals was euthanized 2 days after the ninth IN
treatment, while the others received the tenth IN dose and were
euthanized 24 and 48 h later. Blood samples were collected with the
anticoagulant K3EDTA, and plasma samples were obtained by
centrifugation at 2000g for 15 min. Brains were immediately removed
and striatum, cortex, and cerebellum were collected separately. All
samples were stored at −80 °C until LC-MS analysis.
4.4. LC-MS. Chol-D6 levels were determined using a 1200 Series

HPLC system (Agilent Technologies, Santa Clara, CA, U.S.A.)
interfaced to an API 5500 triple quadrupole mass spectrometer (Sciex,
Thornhill, Ontario, Canada). The mass spectrometer was equipped
with an atmospheric pressure chemical ionization (APCI) source
operating in positive ion and selected reaction monitoring (SRM)
mode to measure the product ions obtained in a collision cell from the
protonated [M − H2O ]+ ions of the analytes. The transitions
identified during the optimization of the method were m/z 375.3−
152.1 (quantification transition) and m/z 375.3−167.1 (qualification
transition) for Chol-D6; m/z 397.3−147.1 (quantification transition)
and m/z 397.3−161.1 (qualification transition) for β-sitosterol as IS.
The ion source settings were as follows: nebulized current (NC) 3;
curtain gas (CUR) 30; collision gas (CAD) 7; source temperature 400

°C; ion source gas 1 (GS1) 60 and gas 2 (GS2) 30. Chol-D6 and
beta-sitosterol were separated on a Gemini C18 column (50 × 2 mm;
5 μm particle size), using an isocratic gradient in methanol at 35 °C.

4.4.1. Sample Preparation. Plasma. Fifty microliters of plasma
was diluted with 200 μL of ethanol containing 200 ng of IS. Samples
were vortexed and centrifuged at 13 200 rpm for 15 min; 4 μL
aliquots of the supernatants were injected directly into the LC-MS
system.

Striatum, Cortex, and Cerebellum. Forty milligrams of each brain
area was homogenized in 1 mL of ethanol/water 4:1 (v/v), containing
500 ng of IS. Homogenates were centrifuged for 15 min at 13 200
rpm at 4 °C, and the supernatants were injected into the LC-MS
apparatus.

4.4.2. Validation. The LC-MS method was validated in mouse
plasma and brain tissue following EMA guidelines22 (EMA). Accuracy
was determined by expressing the calculated concentration as a
percentage of the nominal concentration. Accuracy had to be within
15% of the nominal value for each concentration (±20% of the
nominal value for the lower limit of quantification (LLOQ) as an
exception); the precision, expressed by the CV (%), had not to exceed
15% for all concentrations, except 20% for the LLOQ. A freshly
prepared calibration curve was analyzed during each validation run.

Calibration Curves. All calibration curves during the validation
included one zero point and six calibration points at the
concentrations of 50, 100, 250, 500, 1000, 2500, and 5000 ng/mL
and 0.030, 0.100, 0.300, 1.00, 3.00, and 10.0 ng/mg of Chol-D6
respectively for plasma and brain samples. The IS concentration was
100 ng/mL in plasma and 0.010 ng/mg in brain homogenates.
Responses, expressed as the peak area ratio of the analyte to the IS,
were plotted against the corresponding Chol-D6 concentration, and
the data were fitted with a linear regression curve. The quality of
calibration curves was evaluated from the determination coefficient
(r2) and by comparing the back-calculated concentrations of
calibrators with the corresponding nominal values.

Carry-over. The carry-over of the analytical instrumentation was
checked by injecting Chol-D6 at the highest concentration (upper
limit of quantitation, ULOQ), followed by repeated injections of
blank samples. The carry-over was considered absent if the Chol-D6
signal measured in the blank samples immediately after the ULOQ
was <20% of the LLOQ signal.

Recovery. Recovery was determined by comparing the peak area of
Chol-D6 spiked to plasma and brain samples before extraction (C)
and the peak area of the analyte spiked to the same samples after
extraction (A). The same method was used to calculate the recovery
of IS, as follows % Rec = C/A × 100

4.5. Statistical Analysis. Data were analyzed by ANOVA
multiple comparisons and Tukey’s tests, using GraphPad v7
(GraphPad Software Inc.). The limit of statistical significance was
set at p < 0.05.
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2

34 VALIDATION OF THE LC-MS METHOD FOR CHOL-D6 QUANTITATION

35 1.1. Calibration curve

36 The calibration curve was linear in the selected range of Chol-D6 concentrations. In five different analytical 

37 sessions, the determination coefficients (r2) and linear regression analysis gave averages of 0.998 and 0.997 in 

38 plasma and brain, respectively. The slope values were highly reproducible among different analytical sessions 

39 (Tables 1 and 2). The mean accuracy of the back-calculated concentrations ranged from 99% to 102% in 

40 plasma samples. The mean accuracy was varied slightly more in brain samples, from 93% to 108%. The 

41 precision of back-calculated concentrations was expressed as coefficient of variation (CV%) and was 

42 acceptable for all calibration points in both matrices. Figure 1 presents representative calibration curves in 

43 plasma (1A) and brain (1B).

44
45 Table 1. Linearity and LLOQ of Chol-D6 in plasma 

Linearity and LLOQ (50 ng/mL) of Chol-D6 in mouse plasma

5 runs Nominal concentration (ng/mL) Calibration curve

50.00 100.0 250.0 500.0 1000 2500 5000 slope r2

Calculated concentration (ng/mL)

Mean 50.44 98.10 251.2 494.0 1009 2466 5118 0.00014 0.9980
± SD 0.8591 2.146 8.258 18.14 59.83 89.33 536.5 0.00002 0.0031
Accuracy (%) 101% 98% 100% 99% 101% 99% 102%

M
ou

se
 p

la
sm

a

Precision (CV%) 2% 2% 3% 4% 6% 4% 10%
46

47 Table 2. Linearity and LLOQ of Chol-D6 in brain 

Linearity and LLOQ (0.03 ng/mg) of Chol-D6 in mouse brain

5 runs Nominal concentration (ng/mg) Calibration curve

0.0300 0.1000 0.3000 1.000 3.000 10.00 slope r2

Calculated concentration (ng/mg)
Mean 0.0298 0.1019 0.3038 1.007 2.740 10.57 0.09286 0.9971
± SD 0.0003 0.0045 0.0106 0.0471 0.1598 0.4949 0.01633 0.0020
Accuracy (%) 100% 101% 99% 100% 93% 108%

M
ou

se
 b

ra
in

Precision (CV%) 2% 5% 6% 5% 6% 6%
48

49
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50
51 Figure 1A. Representative calibration curve in plasma, from 0.05 to 5 µg/mL 1B. Representative calibration curve in 

52 brain homogenate, from 0.03 ng/mg and 10 ng/mg

53 1.2. Carry-over

54 The carry-over effect was investigated by examining the Chol-D6 signal in blank plasma and brain samples 

55 after injection of the highest Chol-D6 concentration. The residual signals were about 4% and 40% of the LLOQ 

56 signal in plasma and brain samples, respectively. After injection of samples containing concentrations higher 

57 than 3 ng/mg for the brain, blank samples were injected in order to reduce interference (up to 10%). 



4

58 1.3. Accuracy and precision

59 In mouse plasma the mean intra-day accuracy ranged from 87 to 98%, with mean precision 5% (Table 3). 

60 Intra-day accuracy for brain homogenates ranged from 93% and 108%, with slightly higher mean precision 

61 (7.5 %) (Table 4). The mean inter-day accuracy of plasma samples was similar to the mean intra-day accuracy, 

62 from 93% to 98% with the same mean inter-day precision (Table 5). The mean inter-day accuracy and precision 

63 of brain homogenates were higher than intra-day results but within EMA guideline limits for all concentrations 

64 (Table 6).

65

66 Table 3. Intra-day accuracy and precision of Chol-D6 in plasma

Intra-day accuracy and precision of Chol-D6 in mouse plasma

Nominal 
concentration      

(ng/mL)
Calculated concentration (ng/mL) Mean 

(ng/mL) ± SD Accuracy 
(%)

Precision 
(CV%)

50.00 45.72 48.43 48.63 48.31 50.81 50.14 48.67 1.768 97% 4%
150.0 142.3 138.4 153.4 143.2 157.2 145.1 146.6 7.185 98% 5%

1000 897.1 897.1 886.3 772.4 900.3 757.3 851.8 67.65 87% 6%

Mouse 
Plasma

3000 2970 2870 3010 2720 2780 2730 2847 123.7 95% 4%
67

68 Table 4. Intra-day accuracy and precision of Chol-D6 in brain

Intra-day accuracy and precision of Chol-D6 in mouse brain

Nominal 
concentration      

(ng/mg)
Calculated concentration (ng/mg) Mean 

(ng/mg) ± SD Accuracy 
(%)

Precision 
(CV%)

0.0300 0.0322 0.0334 0.0382 0.0271 0.0312 0.0315 0.0320 0.0036 108% 11%
0.2000 0.1871 0.1900 0.1712 0.2322 0.1774 0.2014 0.1930 0.0218 97% 11%
2.000 1.610 1.811 1.720 1.371 1.940 2.093 1.758 0.2534 88% 14%

Mouse 
Brain

6.000 5.443 5.731 5.831 6.022 6.413 5.850 5.882 0.3229 98% 5%
69

70

71

72

73

74
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75 Table 5. Inter-day accuracy and precision of Chol-D6 in plasma 

Inter-day accuracy and precision of Chol-D6 in mouse plasma

Calculated concentration (ng/mL)Nominal 
concentration 

(ng/mL) day 1 day 2 day 3
Mean 

(ng/mL) ± SD Accuracy 
(%)

Precision  
(CV%)

50.00 48.24 48.45 46.43 51.23 52.11 49.39 49.31 2.084 98% 4%
150.0 157.4 145.4 141.2 138.1 149.1 152.0 147.2 7.110 98% 5%
1000 897.1 900.0 883.4 970.3 948.5 980.2 929.8 41.65 93% 4%

Mouse 
Plasma

3000 3010 2720 2480 2700 2860 2930 2783 190.6 93% 7%
76

77

78 Table 6. Inter-day accuracy and precision of Chol-D6 in brain 

Inter-day accuracy and precision of Chol-D6 in mouse brain

Calculated concentration (ng/mg)Nominal 
concentration 

(ng/mg) day 1 day 2 day 3
Mean 

(ng/mg) ± SD Accuracy 
(%)

Precision 
(CV%)

0.0300 0.0321 0.0322 0.0343 0.0314 0.0241 0.0374 0.0319 0.0044 102% 14%
0.2000 0.1822 0.2021 0.2384 0.2371 0.2283 0.1773 0.2109 0.0275 105% 13%
2.000 1.930 1.800 1.980 2.440 1.730 1.920 1.967 0.2496 98% 13%

Mouse 
Brain

6.000 5.780 5.670 5.820 6.010 6.130 5.410 5.803 0.2541 97% 4%
79

80

81 1.4. Recovery

82 The analyte recovery of the extraction procedure was evaluated for Chol-D6 in six independent plasma samples 

83 and brain homogenates at LQC and HQC concentrations. In plasma, Chol-D6 recoveries were 98% and 95% 

84 for LQC and HQC samples, respectively. In brain homogenates, the recoveries were slightly lower (57% and 

85 43% for LQC and HQC samples) because of the more complicated extraction procedure and the higher matrix 

86 effect (Table 7).

87 Table 7. Recovery of Chol-D6 in plasma and brain 

Recovery of Chol-D6 in plasma and brain matrices
Recovery (%)

Chol-D6 in plasma Chol-D6 in brain
Nominal conc. (ng/mL)

Mean ± SD CV (%)
Nominal conc. (ng/mg)

Mean ± SD CV (%)

LQC (150.0 ng/mL) 98% 4% 4% LQC (0.2000 ng/mg) 57% 8% 14%
HQC (3000 ng/mL) 95% 3% 4% HQC (6.000 ng/mg) 43% 6% 13%

88

89
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90 1.5. Stability

91 We examined Chol-D6 stability in plasma and brain homogenates under three conditions in order to simulate 

92 the working conditions of the analytical sessions. We checked bench-top stability, long-term storage stability 

93 and stability after freeze-thaw cycles. These studies were done on the mouse plasma QC samples at LQC (50 

94 ng/mL) and HQC (3000 ng/mL) in six replicates; QC sample concentrations were obtained against a freshly 

95 prepared calibration curve. All the results indicated Chol-D6 stability in plasma and brain homogenates in the 

96 conditions used (Tables 8 and 9).

97 Table 8. Stability of Chol-D6 in plasma in different analytical conditions: bench top stability, long-term storage and 
98 freeze and thaw stability

Stability of cholesterol-D6 in mouse plasma
LQC – 150.0 ng/mL HQC – 3000 ng/mL

Stability test 
conditions Mean 

(ng/mL) ± SD
Mean 

Accuracy 
(%)

Deviation 
(%)

CV 
(%)

Mean 
(ng/mL) ± SD

Mean 
Accuracy 

(%)

Deviation 
(%)

CV 
(%)

Freshly prepared 146.3 7.202 98% 5% 2847 123.7 95% 4%
Bench top
(2h RT) 145.5 8.167 97% -0.6% 6% 3037 249.3 101% 6.7% 8%

2 weeks (-20° C) 143.5 7.007 96% -1.9% 5% 2762 118.7 92% -3.0% 4%
Freeze-thaw

1st cycle 146.5 7.791 98% 0.1% 5% 2860 77.97 95% 0.5% 3%

99

100 Table 9. Stability of Chol-D6 in brain homogenate in different analytical conditions: bench top stability, long-term 
101 storage and freeze and thaw stability

Stability of cholesterol-D6 in mouse brain
LQC - 0.2 ng/mg HQC - 6 ng/mg

Stability test 
conditions Mean 

(ng/mL) ± SD
Mean 

Accuracy 
(%)

Deviation 
(%)

CV 
(%)

Mean 
(ng/mL) ± SD

Mean 
Accuracy 

(%)

Deviation 
(%)

CV 
(%)

Freshly prepared 0.1900 0.0262 95%  14% 5.790 0.4144 96%  7%
Bench top
(2h RT) 0.2200 0.0105 110% 16% 5% 6.550 0.2259 109% 13.2% 3%

2 weeks (-20° C) 0.1867 0.0187 93% -2% 10% 5.852 0.1829 98% 1.1% 3%
Freeze-thaw

1st cycle 0.2225 0.0264 111% 17% 12% 5.982 0.4912 100% 3.4% 8%

102
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Striatal infusion of cholesterol promotes
dose-dependent behavioral benefits and exerts
disease-modifying effects in Huntington’s
disease mice
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Andrea Falqui6 , Gerardo Biella3 & Elena Cattaneo1,2,**

Abstract

A variety of pathophysiological mechanisms are implicated in
Huntington’s disease (HD). Among them, reduced cholesterol
biosynthesis has been detected in the HD mouse brain from pre-
symptomatic stages, leading to diminished cholesterol synthesis,
particularly in the striatum. In addition, systemic injection of
cholesterol-loaded brain-permeable nanoparticles ameliorates
synaptic and cognitive function in a transgenic mouse model of
HD. To identify an appropriate treatment regimen and gain mecha-
nistic insights into the beneficial activity of exogenous cholesterol
in the HD brain, we employed osmotic mini-pumps to infuse three
escalating doses of cholesterol directly into the striatum of HD
mice in a continuous and rate-controlled manner. All tested doses
prevented cognitive decline, while amelioration of disease-related
motor defects was dose-dependent. In parallel, we found morpho-
logical and functional recovery of synaptic transmission involving
both excitatory and inhibitory synapses of striatal medium spiny
neurons. The treatment also enhanced endogenous cholesterol
biosynthesis and clearance of mutant Huntingtin aggregates.
These results indicate that cholesterol infusion to the striatum
can exert a dose-dependent, disease-modifying effect and may be
therapeutically relevant in HD.
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Introduction

The brain is the most cholesterol-rich organ, accounting for about

25% of the whole body’s cholesterol (Dietschy & Turley, 2004;

Dietschy, 2009). Its biosynthesis occurs through a stepwise cascade

involving several enzymes under transcriptional regulation by sterol

regulatory element binding protein 2 (SREBP2) transcription factor

(Seo et al, 2012). In the adult brain, a small amount of cholesterol

continues to be synthesized locally, where it regulates multiple

processes including synapse formation and maintenance, synaptic

vesicle (SV) recycling, and optimal release of neurotransmitters for

downstream intracellular signaling pathways (Mauch et al, 2001;

Rohrbough & Broadie, 2005; Fukui et al, 2015; Postila & Róg, 2020).

Consequently, dysregulation of brain cholesterol homeostasis is

linked to several chronic neurological and neurodegenerative

diseases (Valenza & Cattaneo, 2011; Martin et al, 2014). Among

these conditions is Huntington’s disease (HD), an adult-onset disor-

der characterized by motor, cognitive, and psychiatric features.

The basis of HD is expansion of a CAG trinucleotide repeat in the

gene encoding the Huntingtin protein (HTT; Saudou & Humbert,

2016). In HD, the striatal medium spiny neurons (MSNs) and
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cortical pyramidal neurons projecting to the striatum are primarily

affected and degenerate (Zuccato et al, 2010; Rüb et al, 2016). One

of the underlying pathophysiological mechanisms is disruption of

brain cholesterol biosynthesis due to reduced nuclear translocation

of SREBP2 and diminished expression of its downstream target

genes in the cholesterol biosynthesis pathway (Valenza et al, 2005,

2015a; Di Pardo et al, 2020). This defect occurs in astrocytes, which

are the major producers of cholesterol in the adult brain, with

consequent reduction of newly synthetized cholesterol available for

neuronal function (Valenza et al, 2010, 2015a). This compromised

process is manifested in reduced mRNA levels of key enzymes in

the cholesterol synthesis pathway in HD cells, HD mouse models,

and post-mortem brain from HD patients (Sipione et al, 2002;

Valenza et al, 2005, 2015a; Bobrowska et al, 2012; Lee et al, 2015).

Also evident is a reduction in cholesterol precursors, in particular

lathosterol and lanosterol, as judged by isotopic dilution mass spec-

trometry (ID-MS) in HD cells (Ritch et al, 2012) and in seven rodent

HD models (Valenza et al, 2007a,b, 2010; Shankaran et al, 2017);

moreover, striatal level of lathosterol is inversely correlated with

CAG repeat number (Shankaran et al, 2017). In addition, the stria-

tum of knock-in zQ175 mice (Shankaran et al, 2017) shows reduced

synthesis of new cholesterol after administration of deuterated

water in vivo at the pre-symptomatic stage (Shankaran et al, 2017)

and decreased cholesterol at late time points, as measured by gas

chromatography–mass spectrometry (GC-MS). Finally, levels of the

brain-derived cholesterol catabolite 24S-hydroxycholesterol (24S-

OHC) are decreased in brain and blood from HD mice (Valenza

et al, 2007b, 2010; Shankaran et al, 2017), post-mortem caudate

(Boussicault et al, 2016), plasma of HD patients (Leoni et al, 2008,

2011), as well as in pre-HD manifesting patients who are close to

the disease onset (Leoni et al, 2013).

All of these findings support the idea that the primary event of

cholesterol dysfunction in the HD brain is decreased synthesis,

followed by reduced conversion of cholesterol into 24S-OHC, ulti-

mately leading to reduced cholesterol content at the late-sympto-

matic stages (Shankaran et al, 2017). In two studies conducted in

two HD animal models (R6/2 and zQ175 mice), enhancement of

cholesterol catabolism in the striatum via neuronal overexpression

of cholesterol 24-hydroxylase (Cyp46A1) increased striatal levels of

24S-OHC and endogenous cholesterol biosynthesis and rescued

several disease phenotypes (Boussicault et al, 2016; Kacher et al,

2019). Despite conflicting data regarding the amount of striatal

cholesterol measured in the two studies in R6/2 and zQ175 adult

mice (Boussicault et al, 2016; Kacher et al, 2019), this strategy

proved to be of therapeutic relevance in targeting cholesterol

biosynthesis in HD brain.

We previously reported that systemic administration of brain-

permeable polymeric nanoparticles loaded with cholesterol (g7-NPs-

chol) reversed synaptic alterations and prevented cognitive defects

in a HD transgenic mouse model (Valenza et al, 2015b). This work

provided the first proof-of-concept that cholesterol delivery to the

HD brain is beneficial, but the low cholesterol content of g7-NPs-

chol did not allow for full characterization of a target therapeutic

dose or its effects on motor and cognitive capacity.

Here we sought to evaluate the dose-dependent effects of

cholesterol infusion on molecular, functional, and behavioral

parameters. For this purpose, we took advantage of osmotic mini-

pumps to infuse three escalating doses of cholesterol directly into

the striatum of HD mice, in a continuous and rate-controlled

manner. In this model, all three doses prevented cognitive defects,

and the highest dose attenuated also disease-related motor pheno-

types. In parallel with these behavioral benefits, we detected

morphological and functional recovery of synaptic transmission

that involved both excitatory and inhibitory synapses on striatal

MSNs. Striatal infusion of cholesterol in HD mice also increased

levels of the brain-specific cholesterol catabolite 24S-OHC and

enhanced endogenous cholesterol biosynthesis, restoring the

primary cholesterol defect in HD. At the cellular level, we show

that striatal infusion of cholesterol reduced muHTT aggregates by

reducing lysosome accumulation.

Results

Striatal infusion of cholesterol prevents motor and cognitive
deficits in HD mice

To identify the target therapeutic dose of cholesterol to administer,

we infused three escalating doses of cholesterol—15 lg (chol-low),

185 lg (chol-medium), and 369 lg (chol-high)—directly into one

hemi-striatum of the R6/2 transgenic model of HD (Mangiarini et al,

1996). For this purpose, we used miniature infusion osmotic pumps

implanted subcutaneously on the back and connected to a catheter.

We targeted the striatum as the most affected brain region in HD

and the earliest and most obvious site of decreased cholesterol

biosynthesis (Shankaran et al, 2017). Mice were operated at age

7 weeks, and motor and cognitive tests were performed over a 4-

week infusion period (Fig 1A).

Before testing HD mice and to reduce the number of animals in

the main study without compromising statistical power, we

performed a pilot experiment with healthy wild-type (wt) mice to

assess the behavioral influence of osmotic mini-pump implantation

and 4 weeks of high-dose cholesterol administration. Mini-pumps

filled with artificial cerebrospinal fluid (ACSF) or high-dose choles-

terol were implanted in wt mice, and behavioral tests were

performed. Coordination, motor activity, and memory recognition

were similar among unoperated wt, wt ACSF, and wt chol-high mice

(Fig EV1A–F). Using GC-MS, we verified increased cholesterol

content in the infused striatum and ipsilateral cortex of wt chol-high

mice compared to wt ACSF animals (Fig EV1G and H). These results

allowed us to include only unoperated wt mice as controls in subse-

quent studies.

To visualize the spread of exogenous cholesterol and study its

partition in striatum, we tested an analogue of cholesterol tagged

with a fluorescent BODIPY group at carbon 24 (BODIPY-chol),

using the experimental paradigm described in Fig 1A. After a 4-

week infusion period, BODIPY–chol covered 39.7% ! 5.9% of

the infused hemi-striatum of R6/2 mice, whereas we found no

signal in the contralateral hemisphere (Fig 1B). Within the stria-

tum, BODIPY–cholesterol did not localize with TGN46, a marker

of Golgi or with calnexin, a marker of endoplasmic reticulum

(ER) (Fig EV1I–J). Instead, BODIPY-cholesterol partially co-loca-

lized with late endosome marker Rab9A and with plasma

membrane marker PMCA-ATPase (Fig EV1K–L) while complete

co-localization was found with LAMP1, a marker of lysosomes

(Fig EV1M).
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In all trials, with the aim of obtaining the maximum solubility

and diffusion of the exogenous cholesterol (Loftsson et al, 2005),

we used water-soluble methyl-b-cyclodextrin (MbCD)-balanced
cholesterol. To exclude any potential effect of MbCD, we performed

motor and cognitive tests in an additional control group, comparing

R6/2 ACSF and R6/2 mice with mini-pumps containing ACSF and

the equivalent quantity of MbCD to be used with chol-high (R6/2

ACSF-MbCD). We found that the presence of MbCD in ACSF did not

influence outcomes in the motor and cognitive tasks (Fig EV2A–F).
Furthermore, cholesterol content and levels of cholesterol precur-

sors and 24S-OHC were not influenced by MbCD (Fig EV2G–K).
We next tested three doses of exogenous cholesterol in R6/2 mice.

We used GC-MS to quantify cholesterol content in the striatum and

cortex of R6/2 mice and verify the success of chronic cholesterol

infusion. Compared to animals implanted with osmotic mini-pumps

filled with ACSF, R6/2 mice infused with the three doses of choles-

terol showed a dose-dependent increase in cholesterol content in the

striatum (Fig 1C). The increase was significant with the chol-

medium and chol-high doses (Fig 1C). Of note, striatal cholesterol

content was consistently decreased in late-symptomatic R6/2 and

R6/2 ACSF mice (for a total of 20 MS measurements performed in 10

mice) compared to wt mice (14 MS measurements in 7 mice; Figs 1C

and EV3B; Valenza et al, 2010). A significant increase in cholesterol

content was also observed in the ipsilateral cortex of R6/2 chol-high

groups (Fig EV3A) but not in the contralateral striatum and cortex of

these animals compared to R6/2 ACSF mice (Fig EV3B and C). These

results demonstrate the efficiency of osmotic mini-pumps in releas-

ing exogenous cholesterol around the site of infusion and partially

into the surrounding cortex in HD animals.

For all the experiments, the body weight of mice was moni-

tored over time. Before the surgery, at 7 weeks of age, body

weight was similar across all groups (Fig EV3D and E). At

12 weeks of age, R6/2-ACSF males, as well as R6/2 chol-low and

R6/2 chol-high males, lost body weight compared to wt males. Of

note, R6/2 chol-high males did not lose body weight over time as

they were comparable to that of wt mice (Fig EV3F). No signifi-

cant changes were observed in all female groups regardless of

genotype or treatment (Fig EV3G).

Compared to wt mice, R6/2 ACSF animals showed a progressive

deterioration in fine motor coordination, as assessed by an acceler-

ating rotarod test, from the early-symptomatic (8 weeks of age) to

late-symptomatic stages (10 weeks of age; Fig 1D). In contrast, R6/

2 chol-high mice presented a partial but significant amelioration in

rotarod performance at 10 weeks compared to R6/2 chol-medium

and R6/2 chol-low groups (Fig 1D).

To further test motor abilities, we evaluated spontaneous loco-

motor activity in the activity cage test. R6/2 ACSF mice exhibited a

severe hypokinetic phenotype with disease progression, i.e., at

11 weeks (Fig 1E, right panel) compared to 6 weeks (Fig 1E, left

panel; Fig 1E). Of note, global activity deficits were normalized in

R6/2 chol-high mice, while the low and medium dose of cholesterol

did not produce any effect (Fig 1E). Other parameters, such as

distance traveled (Fig 1F), mean velocity (Fig 1G), and stereotyped

movements (Fig 1H), significantly improved in R6/2 chol-high mice

compared to R6/2 ACSF mice. An ANOVA multiple comparison test

revealed a significant decrease in the number of vertical movements

(rearings) in all R6/2 groups (Fig 1I). However, a significant

increase in rearings was found only in R6/2 chol-high group

(P = 0.0419, unpaired t-test), indicating an effect of exogenous

cholesterol on this parameter only at the highest dose. By compar-

ing among R6/2 groups treated with the three doses of cholesterol,

we identified a dose-dependent effect, with a progressive increase in

◀ Figure 1. Striatal infusion of three escalating doses of cholesterol ameliorates cognitive and motor deficits in HD mice.

A Experimental paradigm performed in all the trials: Mini-pumps were implanted in the striatum of 7-week-old mice. A battery of behavioral tests was performed
before and after mini-pump implantation. In bold, a list of R6/2 phenotypes (above) and read-outs analyzed following cholesterol (chol) infusion (below). References:
(1) Valenza (2010); (2) Valenza et al (2015a,b); (3) Boussicault et al (2016); (4) Mangiarini et al (1996); (5) Cepeda et al (2003); (6) Cepeda et al (2004); (7) Valenza
et al (2005); (8) Bobrowska et al (2012); (9) Valenza et al (2007a,b).

B Representative large image of a brain slice from R6/2 mice after 4-week striatal infusion of fluorescent cholesterol (BODIPY-chol, green). In the inlet, infused
striatum is shown. Hoechst (Ho, blue) was used to counterstain nuclei. Scale bar: 1000 lm.

C Cholesterol content measured by mass spectrometry in infused striatum of untreated wt (N = 7) and R6/2 (N = 4), R6/2 ACSF (N = 5), R6/2 chol-low (N = 5), R6/2
chol-medium (N = 5), and R6/2 chol-high (N = 5) mice at 12 weeks of age after 4-week striatal cholesterol infusion. The low, medium, and high doses, respectively,
correspond to 15 lg, 185 lg, and 369 lg of cholesterol infused in the striatum after 4 weeks.

D Latency to fall (seconds) from an accelerating rotarod from 5 weeks (pre-surgery; i.e., before pump implantation) to 10 weeks of age in wt (N = 23 at 5 weeks,
N = 28 at 8 and 10 weeks), R6/2 ACSF (N = 35 at 5 weeks, N = 31 at 8 weeks and N = 30 at 10 weeks), R6/2 chol-low (N = 22 at 5 weeks, N = 14 at 8 weeks and
N = 13), R6/2 chol-medium (N = 13 at 5 weeks, N = 9 at 8 weeks and N = 8 at 10 weeks), and R6/2 chol-high (N = 19 at 5 weeks, N = 17 at 8 and 10 weeks) mice.
The graph shows means ! standard error for each time point.

E–I Global motor activity (E), total distance traveled (F), mean velocity (G), stereotyped movements (H), and number of rearings (I) in an open-field test at 6 weeks of
age (pre-surgery) and 11 weeks of age (4 weeks after infusion) of wt (N = 16 at 9 weeks, N = 22 at 11 weeks), R6/2 ACSF (N = 27 at 9 weeks, N = 23 at 11 weeks),
R6/2 chol-low (N = 20 at 9 weeks, N = 13 at 11 weeks), R6/2 chol-medium (N = 9 at 9 weeks, N = 7 at 11 weeks), and R6/2 chol-high (N = 18 at 9 weeks, N = 16 at
11 weeks) mice.

J, K Representative track plots (J) generated from the open-field test from wt (N = 16 at 9 weeks, N = 22 at 11 weeks), R6/2 ACSF (N = 26 at 9 weeks, N = 23 at 11
weeks), R6/2 chol-low (N = 11 at 9 weeks, N = 7 at 11 weeks), R6/2 chol-medium (N = 11 at 9 weeks, N = 7 at 11 weeks), and R6/2 chol-high mice (N = 18 at
9 weeks, N = 16 at 11 weeks) and relative quantification (K) of the time spent in the center and in the periphery (%) of the arena.

L Discrimination index (DI; %) in the novel object recognition test at 6 weeks of age (before pump implantation) and 11 weeks of age (4 weeks after cholesterol
infusion) of wt (N = 16 at 9 weeks, N = 21 at 11 weeks), R6/2 ACSF (N = 28 at 9 weeks, N = 23 at 11 weeks), R6/2 chol-low (N = 21 at 9 weeks, N = 13 at 11 weeks),
R6/2 chol-medium (N = 10 at 9 weeks, N = 7 at 11 weeks), and R6/2 chol-high mice (N = 18 at 9 weeks, N = 16 at 11 weeks). DI above zero indicates a preference
for the novel object; DI below zero indicates a preference for the familiar object.

M Principal component analysis by combining all the values related to motor and cognitive tasks from wt mice (blue dots), R6/2 ACSF mice (green dots), and R6/2
chol-high mice (red dots).

Data information: The data in (C–L) are from five independent trials and shown as scatterplot graphs with means ! standard error. Each dot (C, E–I, L) corresponds to
the value obtained from each animal. Statistics: one-way ANOVA with Newman–Keuls post hoc test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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all activity-related values from low to medium to high doses of

cholesterol (Table EV1).

As a measure of anxiety-like behavior, we also evaluated the

time that mice spent exploring the periphery or center area of the

arena during the activity cage test (Fig 1J). R6/2 ACSF animals

spent more time in the periphery compared to wt mice, indicating

anxiety-related behavior. R6/2 chol-high mice spent more time in

the center compared to R6/2 ACSF mice, with animals performing

similarly to the wt group (Fig 1K), indicating a normalization of

anxiety-related behavior.

To assess if striatal infusion of cholesterol influences also cogni-

tive abilities, we used the novel object recognition test (NORT).

Long-term memory declined during disease progression in R6/2

ACSF mice, with a marked impairment in the ability to discriminate

novel and familiar objects at age 11 weeks (Fig 1L). R6/2 mice in

all cholesterol-dose groups performed similarly to wt mice (Fig 1L).

Finally, principal component analysis (PCA) of all values related to

motor and cognitive tests for chol-high animals identified two distin-

guishable groups (wt and R6/2 ACSF) that separated in the first

principal component, with the R6/2 chol-high mice displaying a

greater overlap with wt group than R6/2 ACSF mice (Fig 1M).

Taken together, these results indicate that extensive behavioral

recovery occurs in HD mice after striatal infusion of cholesterol.

Striatal infusion of cholesterol rescues excitatory synaptic
defects in HD mice

Cholesterol is involved in synaptic function (Pfrieger, 2003), and

functionality and morphology of excitatory and inhibitory synapses

are both altered in HD (Cepeda et al, 2003, 2004). For this reason,

we adopted a combination of techniques to explore whether and

how exogenous cholesterol can influence on synaptic function and

morphology. The analyses were performed in R6/2 chol-high mice

and relevant controls.

We first compared whole-cell patch-clamp recordings of striatal

MSNs from brain slices of wt, R6/2 ACSF, and R6/2 chol-high mice

(Fig 2A). The membrane capacitance, which is proportional to cell

size, was significantly lower in R6/2 ACSF compared to wt MSNs

and unaffected in R6/2 chol-high mice (Table EV2). Similarly, input

resistance, reflecting the number of ion channels expressed by the

cell, was significantly increased in both R6/2 ACSF and R6/2 chol-

high compared to wt cells, but unaffected by cholesterol administra-

tion (Table EV2).

To evaluate the effect of cholesterol on excitatory transmission,

we recorded spontaneous excitatory postsynaptic currents (sEPSC)

in MSNs at a holding potential of "70 mV (Fig 2B). We did not find

any significant differences in the average amplitude of sEPSCs

between groups (Fig 2C). In agreement with previous studies

(Cepeda et al, 2003), we found a significant reduction in frequency

of sEPSCs in R6/2 MSNs compared to wt MSNs (Fig 2D). Of note,

striatal infusion of cholesterol led to a significant increase in the

frequency of sEPSCs in R6/2 chol-high compared to R6/2 ACSF

mice, partially rescuing this defect (Fig 2D).

To identify the structural bases underlying the functional recov-

ery of excitatory synapses after striatal infusion of cholesterol, we

undertook a series of morphological studies by electron micro-

scopy. We employed the combination of focused ion beam milling

and scanning electron microscopy (FIB/SEM) followed by the 3D

reconstruction of complete synaptic junctions in large volumes of

tissue (Fig 2E and F). The high spatial resolution of the FIB/SEM

images and long series of serial sections allowed for classification

of all synapses as asymmetric or symmetric using morphological

criteria (Merchán-Pérez et al, 2009), providing the actual number

of synapses per volume of the striatal region. Fig 2F shows an

example of the 3D reconstruction of excitatory synapses (in

yellow) in a large portion of the tissue blocks used for the analysis

(10 lm × 5 lm × 10 lm) from wt, R6/2, R6/2 ACSF, and R6/2

chol-high mice. The density of excitatory synapses was reduced in

the striatal neurons of R6/2 compared to wt mice, but cholesterol

infusion did not rescue this defect (Fig 2G). We then tested

whether cholesterol could influence synaptic parameters at the

active site of excitatory synapses. Using transmission electron

microscopy (TEM), we visualized the synaptic vesicles (SVs) to

quantify their density (Fig 2H and I). The number of total and

docked SVs was reduced in R6/2 and R6/2 ACSF mice compared

to wt mice (Fig 2J and K). These structural defects were comple-

tely rescued by striatal infusion of cholesterol in R6/2 chol-high

mice (Fig 2J and K). Instead, postsynaptic density (PSD) area and

length (Fig EV4A and B), pre-synaptic area, and active zone (AZ)

length (Fig EV4C and D) were not altered in R6/2 groups

compared to wt mice.

Collectively, these findings indicate that cholesterol partially

rescues excitatory synaptic transmission by enhancing the formation

and/or release of SVs at the pre-synaptic site, but not by increasing

the number of excitatory synapses.

Striatal infusion of cholesterol rescues GABAergic inhibitory
synaptic defects in HD mice

To test the effect of exogenous cholesterol at the inhibitory

synapses, we recorded spontaneous inhibitory synaptic currents

(sIPSCs) in brain slices from wt, R6/2 ACSF, and R6/2 chol-high

mice at a holding potential of 0 mV (Fig 3A). The average amplitude

of sIPSCs was similar between wt and R6/2 ACSF MSNs and was

unaffected by cholesterol (Fig 3B). However, the average frequency

of sIPSCs was significantly increased in R6/2 ACSF compared to wt

cells (Fig 3C) as known in the literature (Cepeda et al, 2004). Of

note, striatal infusion of cholesterol led to a significant reduction in

the average frequency of sIPSCs, bringing this parameter close to

what we observed in wt MSNs (Fig 3C) and indicating that exoge-

nous cholesterol contributes to restoring GABAergic inhibitory

synaptic defects.

To identify the structural changes underlying the functional

recovery of inhibitory synaptic transmission after striatal infusion of

cholesterol, we first analyzed the number of inhibitory synapses per

volume of striatal tissue, looking at the serial sections obtained by

FIB/SEM. We identified symmetric junctions by the presence of a

thin postsynaptic density and performed 3D reconstruction for all

groups (Fig 3D). The density of inhibitory synapses was signifi-

cantly increased in striatal neurons in both R6/2 and R6/2 ACSF

mice compared to wt mice (Fig 3E), in agreement with the electro-

physiological findings of increased frequency. Cholesterol striatal

infusion reduced the density of inhibitory synapses, rescuing the

morphological defect (Fig 3E). TEM analysis of inhibitory synapses

showed no alterations in SVs density in R6/2 and R6/2 chol-high

mice compared to wt animals (Fig EV4E and F).
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Figure 2. Striatal infusion of the high dose of cholesterol partially rescues synaptic activity and ultrastructure of excitatory synapses in HD MSNs.

A Schematic representation of the electrophysiological parameters analyzed in the infused striatum of 12-week-old mice following 4 weeks of striatal infusion of
cholesterol.

B Spontaneous EPSCs were recorded from striatal MSNs (wt = 6; R6/2 ACSF = 5; R6/2 chol-high = 5) at a holding potential of "70 mV.
C, D Average amplitude (C) and average frequency (D) of EPSCs from wt, R6/2 ACSF, and R6/2 chol-high MSNs.
E–G Number of excitatory synapses per volume of striatum by using FIB/SEM followed by 3D reconstruction. (E) Representative tissue block of striatum

(10 lm × 15 lm × 10 lm) used for the 3D analysis. (F) Representative FIB-SEM segmentation and reconstruction of excitatory synapses (yellow) in 200 serial
sections of striatum for a total volume of 500 lm3, of wt, R6/2, R6/2 ACSF, and R6/2 chol-high mice. (G) Density of excitatory synapses in at least 1,500 lm3 of
striatal tissue from wt, R6/2, R6/2 ACSF, and R6/2 chol-high mice (N = 3 animals/group).

H, I TEM images (H) and 2D profile (I) of pre-synaptic terminal sections contain SVs and mitochondria (m). Docked vesicles are indicated by a white arrowhead (H) and
black circle (I) and are defined as a vesicle with its center located within 20 nm from the pre-synaptic membrane. Scale bar: 100 nm.

J, K Quantification showing the total SVs/lm2 (J) and the docked SVs/lm (K) in R6/2, R6/2 ACSF, and wt striatal synapses (N = 3 animals/group). N = 60 excitatory
synapses/group were counted.

Data information: The data in (C, D, G, J, and K) are shown as scatterplot graphs with means ! standard error. Each dot corresponds to the value of each cell recorded
(C and D), the number of synapses counted/lm3 in different blocks of striatal tissue (G), and the number of total SVs/lm2 (J) and docked SVs/lm of active zone (K)
counted in each synapse. Statistics: one-way ANOVA with Newman–Keuls post hoc test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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These findings indicate that striatal infusion of cholesterol acts

differentially on excitatory and inhibitory synapses and rescues

alterations in inhibitory synaptic transmission by reducing the

number of inhibitory synapses.

Striatal infusion of cholesterol does not rescue myelin defects in
HD mice

Cholesterol influences myelin membrane biogenesis and the func-

tionality of mature myelin (Saher & Stumpf, 2015). To evaluate

whether striatal infusion of cholesterol counteracts myelin deficits

in HD mice, we examined myelin in the striatum and corpus callo-

sum of wt, R6/2, R6/2 ACSF, and R6/2 chol-high mice at age 12

weeks. The G-ratio of myelinated axons, a measure of myelin sheath

thickness as evaluated by electron microscopy, was increased in

both the striatum and corpus callosum of all R6/2 groups compared

to wt mice (Appendix Fig S1A–F), indicating thinner myelin sheaths

in HD mice even after striatal infusion of cholesterol. Periodicity, a

measure of myelin compaction calculated as the mean distance

between two major dense lines was similar in the striatum and in

the corpus callosum among all groups (Appendix Fig S1G–I). These
data suggest the presence of a thinner myelin sheath in the striatum

and corpus callosum of R6/2 mice and that cholesterol treatment

did not rescue this defect.

Striatal infusion of cholesterol induces changes in sterol
metabolism in HD mice

The synthesis of new cholesterol and production of its neuronal-

specific catabolite 24S-OHC are closely related (Lund et al, 2003).

To maintain constant levels of cholesterol in the brain, any excess

of cholesterol is catabolized into 24S-OHC that can cross the blood–
brain barrier and enter the circulation (Björkhem et al, 1997; Leoni

et al, 2008, 2013).

Figure 4A shows a schematic representation of the enzymes

involved in cholesterol biosynthesis and catabolism and how they

are affected in HD. In this study, we first measured 24S-OHC level

by ID-MS and found reductions in the contralateral and ipsilateral

striatum of R6/2 ACSF compared to wt mice (Fig 4B). 24S-OHC

level was increased in the infused striatum of R6/2 chol-high mice

compared to R6/2 ACSF mice, with higher levels compared to wt

mice (Fig 4B). Student’s t-test analysis revealed a significant

increase in 24S-OHC level in the infused striatum of wt mice treated

with the high dose of cholesterol compared to wt ACSF mice,

A

D E

B C

Figure 3. Striatal infusion of the high dose of cholesterol rescues synaptic activity and ultrastructure of inhibitory synapses in MSNs of HD mice.

A Spontaneous IPSCs were recorded from striatal MSNs (wt = 6; R6/2 ACSF = 5; R6/2 chol-high = 5) at a holding potential of 0 mV.
B, C Average amplitude (B) and average frequency (C) of IPSCs from wt, R6/2 ACSF, and R6/2 chol-high MSNs.
D, E Evaluation of the number of inhibitory synapses per volume of striatum by using FIB/SEM followed by 3D reconstruction. (D) Representative FIB-SEM segmentation

and reconstruction of inhibitory synapses (green) in 200 serial sections of striatum for a total volume of 500 lm3 in wt, R6/2, R6/2 ACSF, and R6/2 chol-high mice.
(E) Density of inhibitory synapses in at least 2000 lm3 of striatal tissue of wt, R6/2, R6/2 ACSF, and R6/2 chol-high mice (N = 3 mice/group).

Data information: The data in (B, C, and E) are shown as scatterplot graphs with means ! standard error. Each dot corresponds to the value of each cell recorded
(B, C) and to the number of synapses counted/lm3 in different blocks of tissue for each group of animals (N = 3 animals/group) (E). Statistics: one-way ANOVA with
Newman–Keuls post hoc test (**P < 0.01; ***P < 0.001).
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suggesting a genotype-independent effect on 24S-OHC level

(Fig EV5A). The low dose of cholesterol did not affect striatal level

of 24S-OHC in either wt or R6/2 mice (Fig EV5A and B).

Exogenous cholesterol might operate in negative feedback on

endogenous cholesterol biosynthesis, which is already compromised

in HD mice. A robust deficit in levels of the key cholesterol precur-

sors lanosterol and lathosterol was found in the striatum of R6/2 and

R6/2 ACSF mice compared to wt animals (Fig 4C and D), confirming

previous results (Valenza et al, 2007b, 2010). Unexpectedly, we also

found a significant increase in striatal levels of lanosterol, lathosterol,

and desmosterol in R6/2 chol-high mice compared R6/2 or R6/2

ACSF animals (Fig 4C–E), indicating enhancement of endogenous

cholesterol biosynthesis following striatal cholesterol infusion. This

increase was specific for the infused striatum and was not observed

in the contralateral striatum of the same mice (Fig 4C–E). Increased
levels of all cholesterol precursors were also found in wt mice treated

with the high dose of cholesterol compared to wt ACSF mice

(Fig EV5C, E, G), whereas we observed no changes in wt or R6/2

mice treated with the low dose of cholesterol (Fig EV5C–H).
Translocation into the nucleus of the N-terminal (active) frag-

ment of SREBP2 triggers expression of genes involved in cholesterol

biosynthesis (Brown & Goldstein, 1997). We sought to assess

whether nuclear translocation of SREBP2 mediates the increase in

endogenous cholesterol biosynthesis after striatal cholesterol infu-

sion. For this purpose, we performed immunofluorescence staining

with a specific antibody that targets the N-terminal fragment of this

protein. As expected, SREBP2 localization was both nuclear and

perinuclear in the striatum of wt mice (Fig 4F and G). On the

contrary, reduced nuclear distribution of SREBP2 was found in the

striatum of untreated R6/2 mice compared to wt mice (Fig 4F and

G), as expected on the basis of the evidence of reduced cholesterol

synthesis in R6/2 striatum. As shown in Fig 4H, we found a marked

increase in nuclear distribution of SREBP2 in the infused striatum

compared to the contralateral striatum of R6/2 chol-high mice, as

confirmed by the relative quantification (Fig 4I). Specifically, by

coupling the antibody against SREBP2 with a neuronal or an astro-

cytic marker (NeuN and GFAP, respectively), we found that the

increased nuclear localization of SREBP2 was specific for glial cells

(Fig 4J and K), the major producers of cholesterol in the adult brain

(Mauch et al, 2001; Camargo et al, 2012; Ferris et al, 2017).

Taken together, these findings indicate that the high dose of

cholesterol enhances 24S-OHC availability and that increased

endogenous cholesterol biosynthesis may occur through nuclear

translocation of SREBP2 in glial cells.

Striatal infusion of cholesterol induces clearance of muHTT
aggregates in R6/2 mice

A hallmark of HD is the presence of intracellular aggregates of

muHTT (DiFiglia et al, 1997; Gutekunst et al, 1999; Maat-Schieman

et al, 1999; Herndon et al, 2009). To test whether striatal infusion of

cholesterol influences muHTT aggregation, we employed different

methods to visualize and quantify different forms of muHTT during

the process of aggregation. We first performed immunofluorescence

staining on brain sections of R6/2 ACSF and R6/2 chol-high mice by

using the EM48 antibody, which is specific for the expanded polyQ

tract prone to aggregate (Fig 5A). The number and size of EM48-

positive aggregates (size aggregates # 2 lm) was similar in the stria-

tum of both hemispheres in R6/2 ACSF mice but significantly

reduced in the infused striatum compared to the contralateral stria-

tum in R6/2 chol-high mice (Fig 5B and C; Appendix Fig S2A and B).

Evidence of reduced muHTT aggregates in cortical tissues of R6/2

mice, however, was variable among the animals (Appendix Fig S2C

and D), likely depending on a heterogeneous diffusion of cholesterol

into the cortex. We did not observe fewer aggregates in the

hippocampus of the same animals (Appendix Fig S2E and F).

Double immunofluorescence staining with EM48 antibody in

combination with an antibody against DARPP32 (MSN marker) or

GFAP (astrocyte marker) allowed us to count the number of muHTT

nuclear aggregates in the striatum of R6/2 chol-high mice in dif-

ferent cell types. In the infused compared to the contralateral stria-

tum of R6/2 chol-high mice, the number of nuclear aggregates was

reduced 6-fold in neurons (Fig 5D and E) and 2-fold in astrocytes

(Fig 5F and G).

To investigate the morphology and localization of muHTT aggre-

gates after striatal infusion of cholesterol, we employed electron

▸Figure 4. Striatal infusion of the high dose of cholesterol increases endogenous cholesterol catabolism and synthesis in the striatum of HD mice.

A Schematic pathway of cholesterol synthesis and cholesterol precursors and catabolites in the brain. Green arrows indicate enzymes with downregulated mRNA in
HD, and red arrows indicate cholesterol precursors or metabolites that were decreased per ID-MS; SREBP2-dependent genes are in bold. Here, lanosterol,
7-lathosterol, desmosterol, and 24S-OHC (highlighted in the boxes) were measured by ID-MS. References: (1) Bobrowska et al (2012); (2) Lee et al (2015); (3) Valenza
et al (2005); (4) Samara et al (2014); (5) Boussicault et al (2016); (6) Kacher et al (2019); (7) Valenza et al (2007a); (8) Valenza et al (2007b); (9) Shankaran et al
(2017); (10) Valenza et al, 2010; (11) Valenza et al (2015a,b).

B 24S-OHC level measured by mass spectrometry in the infused and contralateral striatum of wt, R6/2-ACSF, and R6/2 chol-high mice at 12 weeks of age after a
4-week striatal infusion of cholesterol (N = 4/group). All values are expressed as % above the mean of wt, and these data are shown as scatterplots with
means ! standard error. Each dot corresponds to the value obtained from each animal.

C–E Lanosterol (C), lathosterol (D), and desmosterol (E) level measured by mass spectrometry in the infused and contralateral striatum of wt, R6/2 ACSF, and R6/2
chol-high mice at 12 weeks of age after 4-week striatal infusion of cholesterol (N = 4/group). All values are expressed as % above the mean of wt, and these data
are shown as scatterplots with means ! standard error. Each dot corresponds to the value obtained from each animal.

F–I Nuclear (white arrows) and perinuclear (yellow arrows) localization of endogenous SREBP2 in the striatum of wt, R6/2, and R6/2-chol mice. Representative confocal
image (F and H) and relative quantification (G and I) of SREBP2 (red) in wt and R6/2 mice and in the infused and contralateral striatum of R6/2 chol-high mice
(N = 4). Hoechst (Ho, blue) was used to counterstain nuclei. Scale bar in F and H: 10 lm. Graphs in (G and I) represent the intensity of SREBP2 normalized on
nuclei (%). Data are shown as scatterplots with means ! standard error. Each dot corresponds to the value obtained from each image. Statistics: Student’s t-test
(**P < 0.01; ****P < 0.0001).

J, K Representative high-magnification confocal images of immunostaining against SREBP2 (red) and NeuN (J) or GFAP (K) (green) on coronal sections of brains from
R6/2 chol-high mice. A cell in the infused striatum, positive for NeuN and GFAP, respectively, is shown. Hoechst (Ho, blue) was used to counterstain nuclei. Scale
bars: 1 lm.
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microscopy using pre-embedded immunogold labeling for EM48 to

visualize muHTT in striatal neurons of wt, R6/2, R6/2 ACSF, and

R6/2 chol-high mice. Immunogold-labeled HTT fragments were

found either as protofibril-like structures of about 300 nm or

dispersed in the cytoplasm and nucleus of striatal neurons from R6/

2 ACSF mice (Fig 5H). In contrast, muHTT was found dispersed and

A

D

H

J K L M

I

E F G

B C

Figure 5.
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never composed in a fibril network in striatal neurons from R6/2

chol-high animals (Fig 5H).

We next sought to apply a more reliable quantitative measure of

muHTT oligomers during the early phases of aggregation process

(Baldo et al, 2012; Weiss et al, 2012). For this purpose, we employed

a time-resolved Förster resonance energy transfer (TR-FRET)-based

immunoassay (Baldo et al, 2012) to quantify muHTT species in stri-

atal tissues from R6/2 ACSF and R6/2 chol-high mice using specific

antibodies. In particular, we used the 4C9-4C9 combination to detect

specifically muHTT aggregates, while the 2B7-MW1 combination

recognized soluble muHTT and other muHTT species (Fig 5I). First,

we validated the feasibility and specificity of the assay in striatal

samples of wt and R6/2 mice (Fig 5J and K). Then, we quantified

TR-FRET detection of aggregated muHTT (4C9-4C9 combination)

and found no difference between R6/2 chol-high and R6/2 ACSF

mice (Fig 5L). In contrast, a significant decrease in soluble and other

muHTT species (2B7-MW1 combination) was found in the striatum

of R6/2 chol-high compared to R6/2 ACSF mice (Fig 5M). Collec-

tively, these findings demonstrate that striatal infusion of cholesterol

counteracts the aggregation of different muHTT species which may

ultimately contribute to reduced toxicity in HD mice.

Striatal infusion of cholesterol reverses lysosomal accumulation
in HD mice

We next sought to test whether striatal infusion of cholesterol can stim-

ulate clearance pathways involving autophagy or lysosomal activity.

For this purpose, we performed immunofluorescence staining on brain

sections of wt, R6/2 ACSF, and R6/2 chol-high mice with antibodies

against p62, a protein involved in the recognition and delivery of

substrates to autophagosomes, and against the lysosomal-associated

membrane protein LAMP1. p62 (red signal) was present in round

bodies in the perinuclear area of wt cells but was present primarily as

cellular dots in the contralateral and infused striatum of R6/2 ACSF

and R6/2 chol-high mice (Fig 6A). Quantification analysis revealed an

increase in p62 dots in all R6/2 animal groups compared to wt mice

(Fig 6B), suggesting a high basal autophagy in the presence of muHTT,

which cholesterol treatment did not significantly influence.

In contrast, immunofluorescence staining for LAMP1 (Fig 6C) and

relative quantification (Fig 6D) showed increased LAMP1 density in

the striatum of R6/2 ACSF mice and in the contralateral striatum of

R6/2 chol-high compared to wt mice, suggesting an accumulation of

lysosomes in HD cells. Of note, LAMP1 density was restored to physio-

logical levels in the infused striatum of R6/2 chol-high mice (Fig 6C).

Taken together, these results suggest that striatal infusion of

cholesterol in HD mice may affect lysosome function and counteract

muHTT aggregates by reducing their accumulation in HD cells.

Discussion

In this work, we identified the therapeutic dose of cholesterol that

can prevent both motor and cognitive defects in HD mice and

ameliorate synaptic transmission while reducing muHTT aggregate

load in the brain. Moreover, we showed that all tested doses of

infused cholesterol prevented cognitive decline. In particular, the

lower dose of cholesterol used here (15 lg) is similar to that

employed in our previous work in which we delivered cholesterol

via brain-targeted polymeric nanoparticles (Valenza et al, 2015b).

The success in preventing mouse cognitive decline in both studies

using this cholesterol dose is in line with reports highlighting a link

between cholesterol and cognitive impairments in adult patients

(Martin et al, 2014; Segatto et al, 2014). In contrast, only the high-

est dose of cholesterol we used here could also counteract progres-

sion of motor defects, suggesting that restoration of motor circuit

function may require a higher cholesterol dose.

Cholesterol infusion can exert these beneficial effects by several

mechanisms. One is improving the function of residual synaptic

circuits. In fact, we showed here that striatal infusion of cholesterol

restored both glutamatergic activation and GABAergic inhibition in

MSNs of HD mice. Accordingly, exogenous cholesterol increased the

number of total and docked vesicles of glutamatergic synapses,

accounting for the increasing probability of vesicle release demon-

strated through partial normalization of glutamatergic spontaneous

synaptic current frequency. Furthermore, exogenous cholesterol

reduced the number of GABAergic inhibitory synapses, as also demon-

strated by a reduced frequency of spontaneous inhibitory currents.

The magnitude of rescue was more evident for inhibitory transmis-

sion/synapses, suggesting circuit-specific signaling mechanisms in

which cholesterol may act differently. Specific proteins involved in

◀ Figure 5. Striatal infusion of the high dose of cholesterol rescues muHTT aggregation in the striatum of HD mice.

A–G Immunolabeling of muHTT aggregates (red) in R6/2 ACSF and R6/2 chol-high mice (N = 3/group). Zoom of representative confocal images of immunostaining
against muHTT aggregates (red) showing muHTT aggregates positive for EM48 antibody in the infused and contralateral striatum (A) and relative quantification of
number (B) and size (C) of aggregates. Hoechst (Ho, blue) was used to counterstain nuclei. 18 images/animal were analyzed from 9 sections throughout the entire
striatum. Representative confocal images of immunostaining against muHTT (red) and DARPP32 (D) or GFAP (F) (green) showing muHTT aggregates positive for
EM48 antibody in the infused striatum in neurons or astrocytes and relative quantification (E, G). Hoechst (Ho, blue) was used to counterstain nuclei. All values are
expressed as % above the mean of aggregates in the contralateral striatum of R6/2 ACSF or of R6/2 chol-high. The data in (B, C, E, and G) are shown as scatterplots
with means ! standard error. Each dot corresponds to aggregates counted in all the images from 3 animals. Scale bars: 10 lm (A) and 5 lm (D, F). Statistics: one-
way ANOVA followed by Newman–Keuls multiple comparison tests (*P < 0.05; **P < 0.01; ****P < 0.0001).

H TEM images of EM48 pre-embedding immunogold labeling showing muHTT aggregates in the striatal neuron cell bodies of R6/2 ACSF mice and R6/2 chol-high
mice (upper panels). In the lower panels, muHTT aggregates are clearly visible and the magnifications show the area indicated by the black square in the upper
images. Arrows indicate large muHTT aggregates with a fibrous structure in the nucleus, and arrowheads indicate single 10-nm gold particles in MSN. Nucleus (N),
nucleolus (n), mitochondrion (m), rough endoplasmic reticulum (rer), Golgi apparatus (g), and white arrows indicate the nuclear envelope (N = 3 animals/group).
Scale bars: 700 nm and 300 nm.

I–M Quantification of aggregated and total muHTT in the infused striatum of HD mice after 4-week cholesterol infusion by TR-FRET analysis using different antibody
pairs. Schematic representation of employed TR-FRET assay (I). Preliminary assessment of the sustainability of the assay in wt and R6/2 striata (N = 5/group) using
4C9-4C9 and 2B7-MW1 antibodies in combination to detect, respectively, muHTT aggregates (J), and total muHTT (K). Quantification of muHTT aggregates (L) and
soluble and other muHTT species (M) in the infused striata of R6/2 ACSF and R6/2 chol-high mice. Data in (J–M) are shown as scatterplots with means ! standard
error. Each dot corresponds to the value obtained from one striatum. Statistics: Student’s t-test (*P < 0.05).
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inhibitory transmission might bind cholesterol for their function, exert-

ing a major effect on this circuit with respect to the excitatory one.

Exogenous cholesterol may also act by partnering specifically

with cellular proteins and influencing cell physiology. A recent

proteome-wide mapping of cholesterol-interacting proteins in

mammalian cells detected more than 250 proteins that bind

cholesterol. These proteins are involved in vesicular transport,

degradation pathways, and membrane structure and dynamics,

and many of them are linked to neurological disorders (Hulce

et al, 2013). Among them, several membrane receptors bind

cholesterol in cholesterol-enriched lipid rafts at the plasma

membrane, and their interaction determines their function (Oddi

et al, 2011; Guixà-González et al, 2017; Rahbek-Clemmensen

et al, 2017; preprint: Casarotto et al, 2020). Once infused, exoge-

nous cholesterol localizes at the plasma membrane and it might

renormalize the stoichiometry between plasma proteins and

receptors and rescue the impaired intracellular and receptor

signaling in HD.

Cholesterol supplementation in animal models of Pelizaeus–
Merzbacher disease and of multiple sclerosis results in a permis-

sive environment for myelin repair, preventing disease progres-

sion (Saher et al, 2012; Berghoff et al, 2017). Changes in myelin

also occur in different HD animal models (Xiang et al, 2011; Teo

et al, 2016) and in patients showing pre-HD signs (Rosas et al,

2018). In those studies, overexpression of muHTT in primary

oligodendrocytes was accompanied by reduced expression of

cholesterol biosynthesis genes and myelin-binding protein in vitro

(Xiang et al, 2011), and muHTT interfered with oligodendrocyte

maturation in vivo (Rosas et al, 2018). However, striatal infusion

of cholesterol failed to promote myelin repair in the R6/2 HD

mouse model used here. Although restoration of myelin defects

in this rapid, aggressive HD model was not observed under our

experimental conditions, cholesterol administration may normalize

myelin phenotypes in less aggressive HD murine models such as

the YAC128 and knock-in mice (Huang et al, 2015; Teo et al,

2016).

A B

C D

Figure 6. Striatal infusion of the high dose of cholesterol promotes lysosomal clearance and autophagy in the striatum of HD mice.

A–D Representative confocal images showing p62 (A, red) or LAMP1 (C, green) in the infused and contralateral striatum on brain coronal sections from wt, R6/2 ACSF,
and R6/2 chol-high mice (N = 3/group). Hoechst (Ho, blue) was used to counterstain nuclei. Quantification of dots for p62 (B) and density for LAMP1 (D) in the
contralateral and infused striatum of R6/2 ACSF and R6/2 chol-high mice. 20 images from 3 sections in the middle of the striatum for each animal were acquired
and analyzed. The data in (B and D) are shown as scatterplots with means ! standard error, and each dot corresponds to the value obtained from each image.
Statistics: one-way ANOVA followed by Newman–Keuls multiple comparison tests (***P < 0.001; ****P < 0.0001). Scale bars in (A, C): 10 lm.

Source data are available online for this figure.
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In this study, we also found that striatal infusion of the high dose

of cholesterol restored the primary defect of brain cholesterol

biosynthesis in HD mice. Cholesterol biosynthesis, as judged by

cholesterol precursor levels (Valenza et al, 2007b, 2010) or its

synthesis rate (Shankaran et al, 2017), is significantly reduced in

the striatum of HD mice before disease onset, as we confirm here.

The significant increase in levels of cholesterol precursors, along

with increased nuclear translocation of SREBP2 mainly in astro-

cytes, is consonant with an enhanced endogenous cholesterol

biosynthesis in the striatum of R6/2 chol-high mice. This outcome is

specific for the infused striatum and the highest dose of cholesterol,

possibly indicating that excess exogenous cholesterol is converted

into 24S-OHC in neurons that in turn stimulates endogenous synthe-

sis in astrocytes (Janowski et al, 1999; Abildayeva et al, 2006).

Accordingly, the level of 24S-OHC was also increased in the infused

striatum of R6/2 chol-high mice in this work, supporting evidence

that synthesis and catabolism are closely related in the disease state

as well, as previously reported (Shankaran et al, 2017). This

connection is in agreement with two recent studies showing that

adeno-associated virus over-expressing Cyp46A1, the neuronal-

specific enzyme for cholesterol conversion to 24S-OHC, increased

lanosterol and desmosterol levels in the striatum of R6/2 mice and

zQ175 mice (Boussicault et al, 2016; Kacher et al, 2019). However,

we cannot exclude that different and independent mechanisms

participate to increase cholesterol precursors and 24S-OHC levels in

HD striatum following striatal infusion of cholesterol.

The increase in cholesterol precursors may also explain the reduc-

tion that we observed in muHTT aggregates in R6/2 mice. Lanosterol

reverses protein aggregation in cataracts (Zhao et al, 2015),

suppresses the aggregation and cytotoxicity of misfolded proteins

linked to neurodegenerative diseases (Upadhyay et al, 2018), and

promotes autophagy in Parkinson’s disease models (Lim et al, 2012).

In our study, clearance of muHTT in R6/2 chol-high mice may have

been secondary to stimulation of mTORC1 activity (Narita et al, 2011;

Lee et al, 2015). Several studies have established links between

mTORC1 activation and cholesterol metabolism. For example, the

expression of the active form of the mTORC1 regulator, Rheb, in the

HD mouse brain ameliorates aberrant cholesterol homeostasis and

increases autophagy (Lee et al, 2015). In addition, mTORC1 activation

increases nuclear translocation of SREBP2 and sterol synthesis (Yecies

& Manning, 2011; Owen et al, 2012). Moreover, an increase in lysoso-

mal cholesterol has been reported to activate mTORC1 (Castellano

et al, 2017), and cholesterol is reduced in HD lysosomes (Koga et al,

2011). How exactly the increased nuclear translocation of SREBP2

and decreased muHTT aggregates observed here are linked to

mTORC1 activity and lysosomes is currently unknown. Exogenous

cholesterol, which partially co-localizes with late endosomes, may

also act on the axonal transport, which is compromised in HD

(Gunawardena et al, 2003; Gauthier et al, 2004; White et al, 2015),

and contribute to diminish organelles accumulation (Ferguson, 2018).

The fact that we found no significant reduction in aggregated

muHTT with the TR-FRET assay (4C9-4C9 combination) suggests that

cholesterol is not sufficient to degrade muHTT oligomers at the begin-

ning of aggregation process. However, the significant decrease in

muHTT species (assessed by TR-FRET with B27-MW1 combination)

coupled with the reduction in macro-aggregates (assessed by

immunofluorescence) and the absence of amyloid-like fibers (by EM)

supports the hypothesis that cholesterol mitigates different steps of

muHTT aggregation in vivo and that its targeted administration to the

brain might be useful for reducing muHTT toxicity in HD.

In conclusion, we demonstrate a dose-dependent, disease-modi-

fying effect of striatal infusion of cholesterol in HD mice. This work

and our previous findings (Valenza et al, 2015b) support the

hypothesis that reduced cholesterol biosynthesis contributes to

disease pathogenesis and that cholesterol delivery to the HD brain is

beneficial. 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 deliv-

ery 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.

Materials and Methods

Colony management

All the in vivo experiments were carried out in accordance with Ital-

ian 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 direc-

tives and guidelines (EEC Council Directive 2010/63/UE).

Our R6/2 colony lifespan was approximately of 13 weeks, and it

was maintained through the male line exclusively (Mangiarini et al,

1996). 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 and 250 CAGs.

Mice were housed under standard conditions (22 ! 1°C, 60% rela-

tive humidity, 12 h light/dark schedule, 3–4 mice/cage, with free

access to food and water). After PCR genotyping (Mangiarini et al,

1996), male and female mice were included and randomly divided

into experimental groups. Littermates were included as controls.

Surgical implantation of osmotic mini-pumps

Avertin 100% was prepared diluting 5 g of 2,2,2-Tribromoethanol

(Sigma-Aldrich, #T48402-25G) in 5 ml of 2-methyl-2-butanol

(Sigma-Aldrich, #240486). Mice were deeply anesthetized using

15 ll of Avertin 2.5% per gram of body weight. Once responses to

tail/toe pinches and intactness of the ocular reflex were assessed,

scalp was shaved and mice were placed into a stereotaxic apparatus

(2-Biological Instrument). A subcutaneous pocket was made on the

back of the animals, in the midscapular area, to insert the osmotic

mini-pump (Alzet, pump model 1004, #0009922). The brain infu-

sion microcannula (brain infusion kit n°3, Alzet, #0008851),

connected to the mini-pump through a catheter, was stereotaxically

implanted into mice right striatum (stereotaxic coordinates 1.75 mm

mediolateral, 0.5 mm anteroposterior, 3 mm dorsoventral; from

Paxinos G and Watson C. The Rat Brain in Stereotaxic Coordinates.

Academic Press, San Diego).
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Following surgery, mice were removed from the stereotaxic

apparatus and placed on a warm cover to awaken from anesthesia.

The mini-pump infused at constant rate (0.11 ll/h) for 28 days a

solution of artificial cerebrospinal fluid (ACSF); or methyl-b-cyclo-
dextrin (Sigma-Aldrich, #M7439-1G) diluted in ACSF; or water-

soluble methyl-b-cyclodextrin (MbCD)-balanced cholesterol (Sigma-

Aldrich, #C4951-30MG) supplemented with 5 lM free cholesterol,

diluted in ACSF. ACSF was prepared mixing two solutions (A and

B) in a 1:1 ratio. Solution A was prepared by diluting 8.66 g of NaCl

(Sigma-Aldrich, #53014), 0.224 g of KCl (Sigma-Aldrich, #P9333),

0.206 g of CaCl2 2H2O (Sigma-Aldrich, #C3881) and 0.163 g of

MgCl2 6H2O (Sigma-Aldrich, #M9272) in 500 ml of sigma water.

Solution B was prepared by diluting 0.214 g of Na2HPO4 7H2O

(Sigma-Aldrich, #59390) and 0.027 g of NaH2PO4 H2O (Sigma-

Aldrich, #59638) in 500 ml of sigma water.

Assessment of post-operative pain and distress was performed

using a specific table for pain scoring based on behavioral indicators

of well-being and monitoring mice body weight (Lloyd & Wolfen-

sohn, 1998).

Behavioral tests

Mice behavior was evaluated from pre-symptomatic stages

(5–6 weeks of age) until late-symptomatic stages of the disease

(10–11 weeks of age). Animals were assigned randomly, and sex

was balanced in the various experimental groups. All the behavioral

analyses were performed in blind.

Rotarod
Motor coordination and balance were evaluated on the rotarod test.

Mice were first trained to walk on a rotating bar at constant speed

of 4 rpm (apparatus model 47600, Ugo Basile), for 300 s. 1 h after

this training phase, mice motor performance was evaluated in an

accelerating task (from 4 to 40 rpm) over a 300-s period. For three

consecutive days, mice performed three daily trials, with an inter-

trial interval of 30 min. Latency to fall was recorded for each trial

and averaged.

Activity cage
Spontaneous locomotor activity was evaluated by the activity cage

test, in presence of a low-intensity white light source. The animal

was placed in the center of the testing, transparent, arena

(25 cm × 25 cm) (2Biological Instrument) and allowed to freely

move for an hour. Following 15 minutes of habituation, both hori-

zontal and vertical motor activities were assessed by an automated

tracking system (Actitrack software, 2Biological Instrument)

connected to infrared sensors surrounding the arena. Total distance

travelled, mean velocity speed, stereotyped movements, and

numbers of rearings were evaluated. The % of time that mice

explored the periphery or the center area of the was evaluated as a

measure of anxiety-like behavior.

Novel object recognition (NOR) test
Long-term memory was evaluated by the NOR test, using a gray-

colored, non-reflective arena (44 × 44 × 44 cm). All phases of the

test were conducted with a low-intensity white light source. In a

first habituation phase, mice were placed into the empty arena for

10 min. The habituation phase was followed by the familiarization

one, in which two identical objects (A0 and A″) were presented to

each animal for 10 min. Twenty-four hours later, during the testing

phase, the same animals were exposed to one familiar object (A″)
and a new object (B) for 10 min. A measure of the spontaneous

recognition memory was represented by the index of discrimination,

calculated as (time exploring the novel object " time exploring the

familiar object) / (time exploring both objects) × 100. Mice explor-

ing < 7 s were excluded from the analysis due to their inability to

perform the task.

PCA analysis

Principal component analysis (PCA) was performed using the R

package ade4 (Pavoine et al, 2004).

Gas chromatography–mass spectrometry (GC-MS) analysis for
neutral sterols and 24S-hydroxycholesterol

To a screw-capped vial sealed with a Teflon-lined septum were added

50 ll of homogenates together with 1,000 ng of D4-lathosterol (CDN

Isotopes, Canada), 100 ng of D6-lanosterol (Avanti Polar Lipids,

USA), 400 ng of D7-24S-hydroxycholesterol (Avanti Polar Lipids,

USA), and 50 lg of D6-cholesterol (CDN Isotopes, Canada) as internal

standards, 50 ll of butylated hydroxytoluene (BHT) (5 g/l), and 25 ll
of EDTA (10 g/l). Argon was flushed through to remove air. Alkaline

hydrolysis was allowed to proceed at room temperature (22°C) for 1 h

in the presence of 1 M ethanolic potassium hydroxide solution under

magnetic stirring. After hydrolysis, the neutral sterols (cholesterol,

lathosterol, and lanosterol) and oxysterols (24S-OHC) were extracted

three times with 5 ml of hexane. The organic solvents were evapo-

rated under a gentle stream of argon and converted into trimethylsilyl

ethers with BSTFA-1% TMCS (Cerilliant, USA) at 70°C for 60 min.

Analysis was performed by gas chromatography–mass spectrometry

(GC-MS) on a Clarus 600 gas chromatograph (Perkin Elmer, USA)

equipped with Elite-5MS capillary column (30 m, 0.32 mm, 0.25 lm.

Perkin Elmer, USA) connected to Clarus 600C mass spectrometer

(Perkin Elmer, USA). The oven temperature program was as follows:

initial temperature 180°C was held for 1 min, followed by a linear

ramp of 20°C/min to 270°C, and then a linear ramp of 5°C/min to

290°C, which was held for 10 min. Helium was used as carrier gas at

a flow rate of 1 ml/min and 1 ll of sample was injected in splitless

mode. Mass spectrometric data were acquired in selected ion monitor-

ing mode. Peak integration was performed manually, and sterols were

quantified against internal standards, using standard curves for the

listed sterols (Leoni et al, 2017).

Electrophysiological analysis

Experiments were performed on submerged brain slices obtained

from adult mice (12 weeks of age) after 4-week long infusion of

ACSF or cholesterol directly into the striatum. Animals were anes-

thetized by inhalation of isoflurane and decapitated. The head was

rapidly submerged in ice-cold (~4°C) and oxygenated (95% O2 – 5%

CO2) cutting solution containing: Sucrose 70 mM, NaCl 80 mM, KCl

2.5 mM, NaHCO3 26 mM, Glucose 15 mM, MgCl2 7 mM, CaCl2
1 mM and NaH2PO4 1.25 mM. Striatal coronal slices (300-lm-thick)

were cut using a vibratome (DTK-1000, Dosaka EM, Kyoto, Japan)

and allowed to equilibrate for at least 1 hour in a chamber filled
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with oxygenated ACSF containing: NaCl 125 mM, KCl 2.5 mM,

NaHCO3 26 mM, Glucose 15 mM, MgCl2 1.3 mM, CaCl2 2.3 mM

and NaH2PO4 1.25 mM. The slices collected from the hemisphere

ipsilateral to the infusion site were transferred to a submerged-style

recording chamber at room temperature (~ 23–25°C) and were

continuously perfused at 1.4 ml/min with ACSF. The chamber was

mounted on an E600FN microscope (Nikon) equipped with 4× and

40× water immersion objectives (Nikon) and connected to a near-

infrared CCD camera for cells visualization.

Data were obtained from striatal projection medium spiny

neurons (MSNs) using the whole-cell patch-clamp technique in

both voltage- and current-clamp mode. The patch pipette was

produced from borosilicate glass capillary tubes (Hilgenberg

GmbH) using a horizontal puller (P-97, Sutter instruments) and

filled with an intracellular solution containing: Cs-methanesulpho-

nate 120 mM, KCl 5 mM, CaCl2 1 mM, MgCl2 2 mM, EGTA

10 mM, Na2ATP 4 mM, Na3GTP 0.3 mM, Hepes 8 mM and lido-

caine N-ethyl bromide 5 mM (added to inhibit firing by blocking

intracellularly the voltage-sensitive Na+ channels) (pH adjusted to

7.3 with KOH). Spontaneous excitatory postsynaptic currents

(sEPSCs), mediated by the activation of ionotropic glutamate recep-

tors, were recorded from MSNs at a holding potential of "70 mV,

whereas spontaneous inhibitory postsynaptic currents (sIPSCs),

elicited by the activation of GABAA receptors, were assessed at a

holding potential of 0 mV. The signals were amplified with a

MultiClamp 700B amplifier (Molecular Devices) and digitized with

a Digidata 1322 computer interface (Digitata, Axon Instruments

Molecular Devices, Sunnyvale, CA). Data were acquired using the

software Clampex 9.2 (Molecular Devices, Palo Alto, CA, U.S.A.),

sampled at 20 kHz and filtered at 2 kHz.

The off-line detection of spontaneous postsynaptic currents

(sPSCs) were performed manually using a custom-made software in

Labview (National Instruments, Austin, TX, U.S.A.). The amplitudes

of sPSCs obeyed a lognormal distribution. Accordingly, the mean

amplitude was computed as the peak of the lognormal function used

to fit the distribution. Intervals (measured as time between two

consecutive sPSCs) for spontaneous events were distributed expo-

nentially and the mean interval was computed as the tau (sinterval)
value of the mono-exponential function that best fitted this distribu-

tion. The reciprocal of s (1/s) is the mean of the instantaneous

frequencies of sPSCs. Furthermore, the analysis of the membrane

capacitance (Cm) and the input resistance (Rin) was performed using

Clampfit 10.2 (Molecular Devices, Palo Alto, CA, U.S.A.). Cm was

estimated from the capacitive current evoked by a -10 mV pulse,

whereas Rin was calculated from the linear portion of the I-V rela-

tionship obtained by measuring steady-state voltage responses to

hyperpolarizing and depolarizing current steps.

Immunohistochemistry analysis

Mice were anesthetized by intraperitoneal injection of Avertin 2.5%

and transcardially perfused with PFA 4%. Brains were post-fixed

overnight in the same solution at 4°C and then in 30% sucrose to

prevent ice crystal damage during freezing in OCT.

Immunohistochemistry was performed on 15 lm coronal sections.

Epitopes were demasked at 98°C with NaCitrate 10 mM and then

slices were incubated with the following primary antibodies for 3 h at

RT: rabbit anti-SREBP2 (1:2,000; gift by T. Osborne) (Seo et al, 2012),

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; Euro-

Clone, BK5118S-CST), rabbit anti-calnexin (1:100; Life technologies,

PA534754), mouse anti PMCA-ATPase (1:500; Thermo Fisher Scien-

tific, MA3-914). Anti-rabbit or anti-mouse Alexa Fluor 568-conjugated

goat secondary antibodies (1:500; Invitrogen), anti-rabbit Alexa Fluor

633-conjugated goat secondary antibodies (1:500; Invitrogen) or anti-

mouse Alexa Fluor 488-conjugated goat secondary antibodies (1:500;

Invitrogen) were used for detection (1 h at RT) depending on the

primary antibodies. Sections were counterstained with the nuclear

dye Hoechst 33258 (1:10,000, Invitrogen) and then mounted under

cover slips using Vectashield (Vector Laboratories).

Image acquisition and quantification

Confocal images were acquired with a LEICA SP5 laser scanning

confocal microscope. Laser intensity and detector gain were main-

tained constant for all images and 3–10-z steps images were

acquired.

To count aggregates in the different brain areas 34 images/mice

taken from three R6/2-ACSF and three R6/2-chol mice were made at

40×. For the striatum 18 images/animal were analyzed from 9

sections throughout the entire striatum. For the cortex, 10 images

for each animal were analyzed from 3 sections and for the

hippocampus, 6 images for each animal/condition were analyzed

from 3 sections. To quantify the number of aggregates, ImageJ soft-

ware was used to measure the fluorescence. Images were divided

into three-color channels and the same global threshold was set. In

both R6/2-ACSF and R6/2-chol mice, the total number of aggregates

in the infused hemisphere was normalized to the total number of

aggregates in the contralateral hemisphere. To count the number of

aggregates in the nucleus of DARPP32 or GFAP-positive cells, the

NIS software was used.

To quantify the amount of SREBP2 inside the nucleus, images

were acquired at 40× and were segmented using the NIS software. A

threshold was applied to both channels and the intensity ratio of

SREBP2/Hoechst was measured.

To count the dots of p62 and LAMP1 in the different brain areas 20

images/mice taken from three R6/2-ACSF and three R6/2-chol mice

were made at 40×. For the striatum 10 images/animal were analyzed

from 3 sections in the middle of the striatum. For the cortex, 10

images for each animal were analyzed from 3 sections. To quantify

the number of dots, ImageJ software was used to measure the fluores-

cence. Images were divided into three-color channels and the same

global threshold was set. In both R6/2-ACSF and R6/2-chol mice, the

total number of dots in the infused hemisphere was normalized to the

total number of dots in the contralateral hemisphere.

Electron microscopy

Sample preparation
Mice were anesthetized by intraperitoneal injection of 10 mg/ml

Avertin (Sigma) and transcardially perfused using a fixative solution
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of: 2.5% glutaraldehyde (#16220 Electron Microscopy Sciences

(EMS), Hartfield, PA), and 2% paraformaldehyde (P16148 EMS) in

sodium cacodylate buffer 0.15 M (pH 7.4) (#12300 EMS). Brains

were removed and post-fixed for additional 24 h at 4°C. Brains were

cut in 100 lm-thick coronal slices by using a Leica VT1000S vibra-

tome. Sections were collected in sodium cacodylate buffer 0.1 M

and striatum, and corpus callosum were manually dissected for

staining and embedding. Samples were then washed with cold

sodium cacodylate buffer 0.1 M and then post-fixed in a reduced

osmium solution (i.e., 1.5% potassium ferrocyanide (#20150 EMS)

with 2% osmium tetroxide (#19170 EMS) in 0.15 M cacodylate

buffer, for 1 h in ice. After the first heavy metal incubation, the

tissues were washed with ddH2O at room temperature and then

placed in the 0.22 lm-Millipore-filtered 1% thiocarbohydrazide

(TCH) (#21900 EMS) in ddH2O solution for 20 min, at room temper-

ature. Tissues were then rinsed again in ddH2O and incubated in

2% osmium tetroxide in ddH2O for 30 min, at room temperature.

After several washings at room temperature in ddH2O, they were

then placed in 1% uranyl acetate (aqueous), overnight at 4°C.
Samples were washed and then incubated en-bloc in Walton’s lead

aspartate solution (0.066 gr lead nitrate (#17900 EMS) dissolved in

10 ml of 0.003 M aspartic acid solution, pH 5.5) at 60°C for 30 min.

The tissues were still washed and then dehydrated with an ethanol

series and finally placed in anhydrous ice-cold acetone for 10 min.

Infiltration was performed with acetone (#179124 Sigma-Aldrich)—
Durcupan ACM! (#14040 EMS) mixture with 3:1 volume ratio for

2 h, then 1:1 overnight. The tissues were left for 2 h in pure resin

and then embedded in Durcupan ACM! resin and placed in a 60°C
oven for 48 h for polymerization.

TEM imaging
Ultrathin sections 70 nm-thick were prepared by an UltraCut E ultra-

microtome (Reichert) and collected on TEM copper grids, which

were then observed by a LEO 912AB microscope (Carl Zeiss),

equipped with a thermionic W electron source and operating at an

acceleration voltage of 100 kV. For quantitative analyses, images

with a resolution of 1,024 × 1,024 pixels were acquired using a

bottom mount Esivision CCD-BM/1K system (ProScan Camera).

Quantitative measurements were performed by ImageJ 1.47v, and

measuring the following parameters: total SVs density as the

number of SVs divided by the pre-synaptic area (lm²), number of

docked vesicles per active zone (AZ) length (lm), pre-synaptic area

(lm²), active zone (AZ) length (lm) and PSD area (nm²) and PSD

length (nm). For myelin analyses, we measured the G-ratio, as the

diameter of the axon/outer diameter of the myelinated fiber (of at

least 300 myelinated axons in 3 mice group) and the myelin period-

icity that was measured as the mean distance between two major

dense lines, in at least 45 randomly chosen myelin sheaths in 3

mice group.

FIB-SEM imaging and ion cutting
The following procedure was used to mount specimens with the

aim to minimize theirs electrical charging during the FIB-SEM imag-

ing and ion cutting. Resin blocs were mounted on aluminum speci-

men pins and trimmed with a glass knife using an ultramicrotome,

to expose the tissue on all four sides. Silver paint (#16031 Ted Pella,

Redding, US) was used to electrically ground the edges of the tissue

block to the aluminum pin. The entire specimen was then coated

with a thin layer of gold by means of a Cressington 208-HR sputter

coater (Cressington Scientific Instruments, Watford, UK) equipped

with a pure gold target (Ted Pella, Redding, US), to finely mount it

into the SEM chamber in view of the FIB-SEM imaging. The sample

3D ultrastructural imaging was performed by using a Thermo Scien-

tific Helios G4 Dual Beam (Eindhoven, NL) being this instrument

constituted by the combination of a high-resolution SEM equipped

with a Schottky field emission gun and a focused gallium ion beam.

First, the region of interest was chosen on the surface of the tissue

block, and then, a protective layer of platinum was deposited on top

of the area to be imaged using a gallium ion beam with 30 kV of

acceleration voltage. Initially, a rough cross-section was milled by a

9.1 nA ion beam current, and used as window for SEM imaging.

The exposed surface of this cross-section was finely polished by

progressively lowering the ion beam current down to 0.44 nA and

keeping the acceleration voltage at 30 kV. Afterward, layers from

the finely polished cross-section were successively milled by the

gallium ion beam, again using a current of 0.44 nA and an accelera-

tion voltage of 30 kV. To remove each layer, the ion beam was

continuously moved closer to the surface of the cross-section by

increments of 25 nm. After each slice ion cutting, the milling

process was automatically paused, and the newly exposed surface

was imaged with a 2 kV acceleration voltage and 0.2 nA electron

beam current using the through-the-lens backscattered electron

detector (TLD-BSE). The slicing and imaging processes were contin-

uously repeated, and a long series of images were acquired in a

automated procedure. SEM images of 2048 × 1768 pixels were

acquired with voxel size of (3 × 3 × 25) and (4 × 4 × 25) nm,

depending on the SEM magnification chosen.

3D reconstruction, rendering, and analysis
Serial SEM images were assembled into volume files aligned using

the FiJi software (Schindelin et al, 2009) plugin called linear stack

alignment with SIFT (Lowe, 2004). Following the images acquisi-

tion, recording, and alignment, the 3D shape of samples peculiar

features (in our case excitatory and inhibitory synapses) was recon-

structed layer by layer by careful segmentation. For performing the

latter, and the 3D model generation, electron microscopy image

stacks were then converted to 8-bit grayscale tiff format images and

manually segmented using AMIRA software package (Thermo

Scientific, Eindhoven, NL). Three-dimensional structures in image

stacks containing hundreds or thousands of 2D orthoslices were

traced individually in each plane and automatically surface

rendered. The excitatory and inhibitory synapse density (n° of

synapse/lm3) was finally measured by using Ilastik-0.5.12 software.

Sample preparation for pre-embedding immunogold labeling
Mice were anesthetized by intraperitoneal injection of 10 mg/ml

Avertin (Sigma) and transcardially perfused using pH-shift

formaldehyde (Berod et al, 1981): 4% paraformaldehyde (P16148

EMS) 0.1 M sodium acetate buffer, pH 6.0, followed by the same fix-

atives in 0.1 M sodium carbonate buffer, pH 10.5. Brains were

removed and post-fixed for additional 24 h at 4°C and 100 lm-thick

coronal slices were cut by using a Leica VT1000S vibratome.

Sections were collected in 0.1 M sodium carbonate buffer, pH 10.5,

and striatum was manually dissected. Striatal sections were incu-

bated with mouse monoclonal antibodies (EM48) 1:50 (MAB5374-

Millipore) that reacts with human huntingtin protein (both native
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and recombinant protein) in PBS containing 1% NGS 48 hours at

4°C. After rinsing in PBS, samples were incubated with goat anti-

mouse secondary antibodies (1:50) conjugated to 10 nm gold parti-

cles (Jackson ImmunoResearch) in PBS with 2% NGS overnight at

4°C. After rinsing in PBS, sections were osmicated in 1% OsO4 in

ddH₂O and stained overnight in 2% aqueous uranyl acetate. All

sections used for electron microscopy (EM) were dehydrated in

ascending concentrations of ethanol and acetone/eponate 12 (1:1)

and embedded in Eponate 12 (#14120 EMS). Ultrathin sections (70

nm) were cut using an UltraCut E ultramicrotome (Reichert) and

placed on TEM copper grids. Thin sections were counterstained with

1% aqueous uranyl acetate for 5 min followed by 1% lead citrate in

ddH₂O for 2 min and examined using a LEO 912AB microscope

(Carl Zeiss), equipped with a thermionic W electron source and

operating at an acceleration voltage of 100 kV. Images were

acquired at a resolution of 1,024 × 1,024 pixels using a bottom

mount Esivision CCD-BM/1K system (ProScan Camera).

Sample preparation for post-embedding immunogold labeling
Mice were anesthetized by intraperitoneal injection of 10 mg/ml

Avertin (Sigma) and transcardially perfused using pH-shift

formaldehyde (Berod et al, 1981): 4% paraformaldehyde (P16148

EMS) 0.1 M sodium acetate buffer, pH 6.0, followed by the same fix-

atives in 0.1 M sodium carbonate buffer, pH 10.5. Brains were

removed and post-fixed for additional 24 h at 4°C and 100 lm-thick

coronal slices were cut by using a Leica VT1000S vibratome.

Sections were collected in 0.1 M sodium carbonate buffer, pH 10.5,

and striatum was manually dissected and post-fixed with 1% OsO4

in ddH2O and stained with 0.5% uranyl acetate. Samples were dehy-

drated in ascending concentrations of ethanol and acetone/eponate

12 (1:1) and embedded in Eponate 12 (#14120 EMS). Striatal

sections were cut in a UltraCut E ultramicrotome (Reichert). Form-

var carbon-coated nickel grids with 70 nm ultrathin sections were

processed for GABA immunolabeling. After 5 min incubation in

TBST pH 7.6, grids were incubated with rabbit antiserum against

GABA (Sigma A2052, 1:10.000 in TBST) overnight at RT in a moist

chamber. After the incubation, grids were washed 3 × 10 min TBST

pH 7.6, followed by TBST pH 8.2 for 5 min. Grids were incubated

for 2 h in goat anti-rabbit IgG conjugated to 12 nm colloidal gold

(Jackson ImmunoResearch) diluted 1:20 in TBST pH 8.2. They were

then washed twice in TBST pH 7.6 and rinsed in deionized water.

After that, the grids were contrast-stained with 1% aqueous uranyl

acetate for 5 min followed by 1% lead citrate in ddH₂O for 2 min.

Sections were examined using a LEO 912AB microscope (Carl

Zeiss), equipped with a thermionic W electron source and operating

at an acceleration voltage of 100 kV. Images were acquired at a

resolution of 1,024 × 1,024 pixels using a bottom mount Esivision

CCD-BM/1K system (ProScan Camera).

FRET analysis

TR-FRET assays were performed as described previously (Weiss

et al, 2009). Briefly, 15 ll of each homogenate was transferred to a

low volume 384-well plate (Greiner) in serial dilutions starting

from a defined concentration (4 lg/ll), 3 ll of antibody cocktail

was then added. MuHTT aggregates were measured with 4C9-Tb/

4C9-Alexa 647, using 1.93 ng/ll of 4C9-Tb and 2 ng/ll of 4C9-

Alexa 647-labeled antibodies. Soluble muHTT and other muHTT

species level was measured with 2B7-Tb/MW1-D2, using 1 ng/ll of
2B7-Tb and 10 ng/ll of MW1-D2-labeled antibody. TR-FRET

measurements were routinely performed following overnight incuba-

tion at 4°C using an EnVision Reader (Perkin Elmer). Values were

collected as the background subtracted ratio between fluorescence

emission at 665 nm and 615 nm where the background signal corre-

sponds to the ratio (665/615) measured for the antibodies in lysis

buffer. The points in the graphs correspond to the averages of the

background subtracted fluorescence ratio relative to the sample. The

dilution points of each sample were fitted in a 4 parameters function

that describes the curves. The obtained values were also expressed as

(1/IC50) per lg of total protein for both assays.

Statistics

Prism 6 (GraphPad software) was used to perform all statistical

analyses. Data are presented as means ! standard error of the

mean (s.e.m.). Grubbs’ test was applied to identify outliers. 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 statisti-

cally if the P-value was < 0.05. G-power software was used to pre-

determine group allocation, data collection, and all related analy-

ses. For animal studies, mice were assigned randomly, and sex

was balanced in the various experimental groups; animals from

the same litter were divided in different experimental groups;

blinding of the investigator was applied to in vivo procedures and

The paper explained

Problem
Cholesterol is fundamental for several activities of the brain. Periph-
eral cholesterol is not able to reach this organ due to the presence of
the blood–brain barrier; thus, the majority of cholesterol found in the
brain is synthetized locally. De novo synthesis of cholesterol is reduced
in the Huntington’s disease (HD) brain before the clinical disease
onset and strategies aimed at providing cholesterol to the HD brain
may be beneficial. However, the identification of the therapeutic dose
of cholesterol that must reach the brain to have a maximum benefit
on the multiple disease-related phenotypes is still unknown and
needs to be qualified for a translational perspective.

Results
Here we infused three escalating doses of cholesterol in the brain of
HD mice by the use of osmotic mini-pumps, and we identified the
dose that is able to reverse both cognitive and motor abnormali-
ties. We found that cognitive decline was prevented by all the three
tested doses, while motor dysfunction was reversed only with the
highest dose. Moreover, exogenous cholesterol acted at multiple levels
by normalizing a plethora of disease-related dysfunctions including
those linked to synapse function and morphology and aggregation of
mutated Huntingtin.

Impact
Our work highlights the therapeutic dose of exogenous cholesterol
capable of improving behavioral, synaptic, and neuropathological
abnormalities in HD. This knowledge creates a solid foundation for
developing new therapeutic strategies based on cholesterol to fight
this disease.
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all data collection. Table EV3 summarizes all the trials and read-

outs performed.

Data and software availability

This study does not include data deposited in public repositories.

Expanded View for this article is available online.
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Expanded View Figures

▸Figure EV1. Behavioral characterization of wt mice following striatal infusion of the high dose of cholesterol and in vivo exogenous cholesterol localization.

A Latency to fall (seconds) from an accelerating rotarod at 10 weeks of age (3 weeks after cholesterol infusion) in wt (N = 11); wt ACSF (N = 11) and wt chol-high
(N = 7) mice.

B–E Global motor activity (B), total distance travelled (C), mean velocity (D), and stereotyped movements (E) in an open field at 11 weeks of age (4 weeks after
cholesterol infusion) (wt = 11; wt ACSF = 10; wt chol-high = 7).

F Discrimination index (%) in the novel object recognition test of wt, wt ACSF, and wt chol-high mice at 11 weeks of age (4 weeks after cholesterol infusion)
(wt = 11; wt ACSF = 10; wt chol-high = 7). DI above zero indicates a preference for the novel object; DI below zero indicates a preference for the familiar object.

G, H Cholesterol content in the infused striatum (G) and ipsilateral cortex (H) of wt ACSF (N = 3), wt chol-low (N = 5), and wt chol-high (N = 4) mice at 12 weeks of age
after 4-week striatal cholesterol infusion.

I–M Representative confocal images showing co-localization of BODIPY-chol (green) and TGN46 (I), calnexin (J), Rab9 (K), PMCA-ATPase (L), and LAMP1 (M) (red) in the
striatum of R6/2 mice infused with BODIPY-cholesterol. Scale bars: 5 lm.

Data information: The data in (A-H) are shown as scatterplot graphs with means ! standard error. Each dot corresponds to the value obtained from each animal. Values
in (A–D) were normalized as % above the mean of wt ACSF for each independent analysis. Statistics: one-way ANOVA with Newman–Keuls post hoc test (***P < 0.001;
****P < 0.0001).
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Figure EV2. Behavioral characterization and sterol quantification of R6/2 ACSF and R6/2 ACSF complexed with methyl-b-cyclodextrin.

A Latency to fall (seconds) from an accelerating rotarod at 10 weeks of age (3 weeks after cholesterol infusion) in R6/2 ACSF (N = 6) and R6/2 ACSF-MbCD (N = 8)
mice.

B–E Global motor activity (B), total distance travelled (C), mean velocity (D), and stereotyped movements (E) in an open field at 11 weeks of age (4 weeks after
cholesterol infusion) (R6/2 ACSF = 6; R6/2 ACSF-MbCD = 6).

F Discrimination index (%) in the novel object recognition test of R6/2 ACSF and R6/2 ACSF-MbCD mice at 11 weeks of age (4 weeks after cholesterol infusion)
(R6/2-ACSF = 6; R6/2 ACSF-MbCD = 8). DI above zero indicates a preference for the novel object; DI below zero indicates a preference for the familiar object.

G–K Cholesterol (G), lanosterol (H), lathosterol (I), desmosterol (J), and 24S-OHC (K) level measured by mass spectrometry in the infused striatum of R6/2 ACSF (N = 7)
and R6/2 ACSF-MbCD (N = 4) mice at 12 weeks of age after 4-week striatal infusion.

Data information: The data in (A–F) are shown as scatterplot graphs with means ! standard error. All values in (G–K) are expressed as % above the mean of R6/2 ACSF,
and these data are shown as scatterplots with means ! standard error. Each dot corresponds to the value obtained from each animal.
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Figure EV3. Cholesterol content in the striatum and cortex of R6/2 mice following striatal infusion of cholesterol and mice body weight.

A–C Cholesterol content in the ipsilateral cortex (A), contralateral striatum (B), and contralateral cortex (C) of wt (N = 7), R6/2 (N = 4), R6/2 ACSF (N = 6), R6/2 chol-low
(N = 4), R6/2 chol-medium (N = 4), and R6/2 chol-high (N = 4) mice at 12 weeks of age after 4-week striatal cholesterol infusion.

D–G Body weight (expressed in g) of male (D, F) and female (E, G) mice before surgery (7 weeks of age; wt, N = 19; R6/2 ACSF, N = 24; R6/2 chol-low, N = 18; R6/2
chol-medium, N = 8; R6/2 chol-high, N = 12) and 4 weeks after cholesterol infusion (12 weeks of age; wt, N = 18; R6/2 ACSF, N = 18; R6/2 chol-low, N = 13; R6/2
chol-medium, N = 8; R6/2 chol-high, N = 9).

Data information: The data (A–C) are shown as scatterplot graphs with means ! standard error. Each dot corresponds to the value obtained from each animal. The data
(D–G) are shown as histograms with means ! standard error. Statistics: one-way ANOVA with Newman–Keuls post hoc test (*P < 0.05; **P < 0.01; ***P < 0.001).
All values were normalized as % above the mean of wt for each independent analysis.
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E F

B C D

Figure EV4. Morphometric analysis of excitatory synapses and of synaptic vesicle (SV) density of inhibitory synapses following striatal infusion of the high
dose of cholesterol.

A–D 60 PSDs (A, B) and 60 pre-synaptic terminals (C, D) were analyzed in 3 mice/group.
E TEM images of inhibitory striatal synapses in wt, R6/2, and R6/2 chol-high mice. GABA-immuno-positive synapses were stained by 12 nm colloidal gold-conjugated

secondary antibodies (arrowhead). Scale bar: 50 nm.
F Quantification of SVs density in 30 inhibitory synapses of wt, R6/2 and R6/2 chol-high mice (N = 3 mice/group).

Data information: Graphs are means ! standard error.

◀
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Figure EV5. Levels of cholesterol precursors and
24S-OHC in the striatum of wt and R6/2 groups
following striatal infusion of cholesterol.

A, B 24S-OHC level in the infused striatum of wt
ACSF (N = 3), wt chol-low (N = 5), wt
chol-high (N = 4) (A), and in the infused
striatum of wt ACSF (N = 3), R6/2 ACSF
(N = 7), R6/2 chol-low (N = 4) (B) at 12 weeks
of age after 4-week striatal infusion of
cholesterol.

C, D Lanosterol level in the infused striatum of wt
ACSF (N = 3), wt chol-low (N = 5), wt
chol-high (N = 4) (C), and in the infused
striatum of wt ACSF (N = 3), R6/2 ACSF
(N = 7), R6/2 chol-low (N = 4) (D) at 12 weeks
of age after 4-week striatal infusion of
cholesterol.

E, F Lathosterol level in the infused striatum of wt
ACSF (N = 3), wt chol-low (N = 5), wt
chol-high (N = 4) (E), and in the infused
striatum of wt ACSF (N = 3), R6/2 ACSF
(N = 7), R6/2 chol-low (N = 4) (F) at 12 weeks
of age after 4-week striatal infusion of
cholesterol.

G, H Desmosterol level in the infused striatum of
wt ACSF (N = 3), wt chol-low (N = 5), wt
chol-high (N = 4) (G), and in the infused
striatum of wt ACSF (N = 3), R6/2 ACSF
(N = 7), R6/2 chol-low (N = 4) (H) at 12 weeks
of age after 4-week striatal infusion of
cholesterol.

Data information: All values were expressed as %
above the mean of wt ACSF. The data of wt ACSF in
(A, C, E, G) are the same shown in (B, D, F, H). The
data in (A–H) are shown as scatterplot graphs with
means ! standard error with each dot
corresponding to the value obtained from each
animal. Statistics: one-way ANOVA with Newman–
Keuls post hoc test (*P < 0.05; **P < 0.01;
***P < 0.001), and Student’s t-test (##P < 0.01)
in (A).
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Appendix S3 - Summary of statistics for the main figures

FIGURE 1C
ANOVA summary
F 9,635
P value < 0,0001
P value summary ****
Are differences among means statistically significant? (P < 0.05) Yes
R square 0,6769

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary

wt vs. R6/2-ACSF 15,05 Yes **
wt vs. R6/2-chol (low) 6,229 No ns
wt vs. R6/2-chol (medium) -6,886 No ns
wt vs. R6/2-chol (high) -9,614 No ns
R6/2-ACSF vs. R6/2-chol (low) -8,819 No ns
R6/2-ACSF vs. R6/2-chol (medium) -21,93 Yes **
R6/2-ACSF vs. R6/2-chol (high) -24,66 Yes ***
R6/2-chol (low) vs. R6/2-chol (medium) -13,12 No ns
R6/2-chol (low) vs. R6/2-chol (high) -15,84 Yes *
R6/2-chol (medium) vs. R6/2-chol (high) -2,727 No ns

FIGURE 1D
ANOVA summary - Rotarod 8 weeks
F 5,132
P value 0,001
P value summary ***
Are differences among means statistically significant? (P < 0.05) Yes
R square 0,2002

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary

wt vs. R6/2-ACSF 87,77 Yes ***
wt vs. R6/2-chol (low) 80,01 Yes **
wt vs. R6/2-chol (medium) 78,59 Yes *
wt vs. R6/2-chol (high) 51,56 Yes *
R6/2-ACSF vs. R6/2-chol (low) -7,767 No ns
R6/2-ACSF vs. R6/2-chol (medium) -9,188 No ns
R6/2-ACSF vs. R6/2-chol (high) -36,21 No ns
R6/2-chol (low) vs. R6/2-chol (medium) -1,421 No ns
R6/2-chol (low) vs. R6/2-chol (high) -28,45 No ns
R6/2-chol (medium) vs. R6/2-chol (high) -27,02 No ns

ANOVA summary - Rotarod 10 weeks
F 33,78
P value < 0,0001
P value summary ****
Are differences among means statistically significant? (P < 0.05) Yes
R square 0,634

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary

wt vs. R6/2-ACSF 161,4 Yes ****
wt vs. R6/2-chol (low) 170,6 Yes ****
wt vs. R6/2-chol (medium) 158,1 Yes ****
wt vs. R6/2-chol (high) 116,6 Yes ****
R6/2-ACSF vs. R6/2-chol (low) 9,271 No ns
R6/2-ACSF vs. R6/2-chol (medium) -3,283 No ns
R6/2-ACSF vs. R6/2-chol (high) -44,72 Yes *
R6/2-chol (low) vs. R6/2-chol (medium) -12,55 No ns
R6/2-chol (low) vs. R6/2-chol (high) -53,99 Yes *
R6/2-chol (medium) vs. R6/2-chol (high) -41,44 No ns

FIGURE 1E
ANOVA summary - Global activity 11 weeks
F 13,45
P value <0,0001
P value summary ****



Significant diff. among means (P < 0.05)? Yes
R squared 0,4476

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary
wt vs. R6/2-ASCF 5571 Yes ****
wt vs. R6/2-chol (low) 6087 Yes ****
wt vs. R6/2-chol (medium) 4561 Yes **
wt vs. R6/2-chol (high) 1555 No ns
R6/2-ASCF vs. R6/2-chol (low) 515,8 No ns
R6/2-ASCF vs. R6/2-chol (medium) -1010 No ns
R6/2-ASCF vs. R6/2-chol (high) -4016 Yes ***
R6/2-chol (low) vs. R6/2-chol (medium) -1526 No ns
R6/2-chol (low) vs. R6/2-chol (high) -4532 Yes ***
R6/2-chol (medium) vs. R6/2-chol (high) -3006 Yes *

FIGURE 1F
ANOVA summary - Distance 11 weeks
F 13,17
P value <0,0001
P value summary ****
Significant diff. among means (P < 0.05)? Yes
R squared 0,4126

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary
wt vs. R6/2-ASCF 7035 Yes ****
wt vs. R6/2-chol (low) 7478 Yes ****
wt vs. R6/2-chol (medium) 6050 Yes **
wt vs. R6/2-chol (high) 3380 Yes **
R6/2-ASCF vs. R6/2-chol (low) 442,2 No ns
R6/2-ASCF vs. R6/2-chol (medium) -985,1 No ns
R6/2-ASCF vs. R6/2-chol (high) -3656 Yes **
R6/2-chol (low) vs. R6/2-chol (medium) -1427 No ns
R6/2-chol (low) vs. R6/2-chol (high) -4098 Yes *
R6/2-chol (medium) vs. R6/2-chol (high) -2671 No ns

FIGURE 1G
ANOVA summary - Vel Mean 11 weeks
F 16,58
P value <0,0001
P value summary ****
Significant diff. among means (P < 0.05)? Yes
R squared 0,4693

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary
wt vs. R6/2-ASCF 2,042 Yes ****
wt vs. R6/2-chol (low) 2,238 Yes ****
wt vs. R6/2-chol (medium) 1,283 Yes **
wt vs. R6/2-chol (high) 1,042 Yes **
R6/2-ASCF vs. R6/2-chol (low) 0,1964 No ns
R6/2-ASCF vs. R6/2-chol (medium) -0,7584 No ns
R6/2-ASCF vs. R6/2-chol (high) -0,9995 Yes **
R6/2-chol (low) vs. R6/2-chol (medium) -0,9548 No ns
R6/2-chol (low) vs. R6/2-chol (high) -1,196 Yes **
R6/2-chol (medium) vs. R6/2-chol (high) -0,2411 No ns

FIGURE 1H
ANOVA summary - Stereotyped Mov 11 weeks
F 14,63
P value <0,0001
P value summary ****
Significant diff. among means (P < 0.05)? Yes
R squared 0,4383

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary
wt vs. R6/2-ASCF 442,1 Yes ****
wt vs. R6/2-chol (low) 555,2 Yes ****
wt vs. R6/2-chol (medium) 421 Yes ***
wt vs. R6/2-chol (high) 206,3 Yes *
R6/2-ASCF vs. R6/2-chol (low) 113,1 No ns
R6/2-ASCF vs. R6/2-chol (medium) -21,08 No ns
R6/2-ASCF vs. R6/2-chol (high) -235,8 Yes *



R6/2-chol (low) vs. R6/2-chol (medium) -134,2 No ns
R6/2-chol (low) vs. R6/2-chol (high) -348,9 Yes **
R6/2-chol (medium) vs. R6/2-chol (high) -214,8 No ns

FIGURE 1I
ANOVA summary - Rearings 11 weeks
F 16,59
P value <0,0001
P value summary ****
Significant diff. among means (P < 0.05)? Yes
R squared 0,4694

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary
wt vs. R6/2-ASCF 407,7 Yes ****
wt vs. R6/2-chol (low) 378,3 Yes ****
wt vs. R6/2-chol (medium) 350,5 Yes ***
wt vs. R6/2-chol (high) 288,3 Yes ****
R6/2-ASCF vs. R6/2-chol (low) -29,42 No ns
R6/2-ASCF vs. R6/2-chol (medium) -57,23 No ns
R6/2-ASCF vs. R6/2-chol (high) -119,5 No ns
R6/2-chol (low) vs. R6/2-chol (medium) -27,81 No ns
R6/2-chol (low) vs. R6/2-chol (high) -90,04 No ns
R6/2-chol (medium) vs. R6/2-chol (high) -62,23 No ns

R6/2-chol (high) vs R6/2-ACSF
Unpaired t test
P value 0,0419
P value summary #
Significantly different (P < 0.05)? Yes
One- or two-tailed P value? Two-tailed
t, df t=2,108, df=37

FIGURE 1K
ANOVA summary - Center vs Periphery 11 weeks
F 10,06
P value <0,0001
P value summary ****
Significant diff. among means (P < 0.05)? Yes
R squared 0,3651

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary
wt vs. R6/2-ACSF 12,25 Yes ***
wt vs. R6/2-chol (low) 14,96 Yes **
wt vs. R6/2-chol (medium) 8,864 No ns
wt vs. R6/2-chol (high) -5,886 No ns
R6/2-ACSF vs. R6/2-chol (low) 2,717 No ns
R6/2-ACSF vs. R6/2-chol (medium) -3,383 No ns
R6/2-ACSF vs. R6/2-chol (high) -18,13 Yes ****
R6/2-chol (low) vs. R6/2-chol (medium) -6,1 No ns
R6/2-chol (low) vs. R6/2-chol (high) -20,85 Yes ***
R6/2-chol (medium) vs. R6/2-chol (high) -14,75 Yes **

FIGURE 1L
ANOVA summary - NORT 11 weeks
F 6,031
P value 0,0003
P value summary ***
Significant diff. among means (P < 0.05)? Yes
R squared 0,2434

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary
wt vs. R6/2-ACSF 31,91 Yes ***
wt vs. R6/2-chol (low) 3,245 No ns
wt vs. R6/2-chol (medium) 3,101 No ns
wt vs. R6/2-chol (high) 2,28 No ns
R6/2-ACSF vs. R6/2-chol (low) -28,66 Yes **
R6/2-ACSF vs. R6/2-chol (medium) -28,81 Yes *
R6/2-ACSF vs. R6/2-chol (high) -29,63 Yes **
R6/2-chol (low) vs. R6/2-chol (medium) -0,1444 No ns
R6/2-chol (low) vs. R6/2-chol (high) -0,9654 No ns
R6/2-chol (medium) vs. R6/2-chol (high) -0,8209 No ns



FIGURE 2D
ANOVA summary
F 37,74
P value <0,0001
P value summary ****
Significant diff. among means (P < 0.05)? Yes
R squared 0,8531

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary
wt vs. R6/2-ACSF 1,817 Yes ****
wt vs. R6/2-chol 1,189 Yes ****
R6/2-ACSF vs. R6/2-chol -0,6276 Yes *

FIGURE 2G
ANOVA summary
F 10,15
P value <0,0001
P value summary ****
Significant diff. among means (P < 0.05)? Yes
R squared 0,14

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary
wt vs. R6/2 0,1492 Yes ***
wt vs. R6/2-ACSF 0,1537 Yes ***
wt vs. R6/2-chol 0,2027 Yes ****
R6/2 vs. R6/2-ACSF 0,004505 No ns
R6/2 vs. R6/2-chol 0,05353 No ns
R6/2-ACSF vs. R6/2-chol 0,04903 No ns

FIGURE 2J
ANOVA summary
F 20,24
P value <0,0001
P value summary ****
Significant diff. among means (P < 0.05)? Yes
R squared 0,2089

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary
wt vs. R6/2 42 Yes ****
wt vs. R6/2 ACSF 33,38 Yes ****
wt vs. R6/2-chol 12,77 Yes *
R6/2 vs. R6/2 ACSF -8,618 No ns
R6/2 vs. R6/2-chol -29,23 Yes ****
R6/2 ACSF vs. R6/2-chol -20,61 Yes ***

FIGURE 2K
ANOVA summary
F 5,643
P value 0,0009
P value summary ***
Significant diff. among means (P < 0.05)? Yes
R squared 0,06693

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary
wt vs. R6/2 1,203 Yes *
wt vs. R6/2-ACSF 1,154 Yes **
wt vs. R6/2-chol 0,1562 No ns
R6/2 vs. R6/2-ACSF -0,04863 No ns
R6/2 vs. R6/2-chol -1,046 Yes *
R6/2-ACSF vs. R6/2-chol -0,9978 Yes **

FIGURE 3C
ANOVA summary
F 14,85
P value 0,0003
P value summary ***
Significant diff. among means (P < 0.05)? Yes
R squared 0,6644

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary



wt vs. R6/2-ACSF -1,212 Yes ***
wt vs. R6/2-chol 0,06288 No ns
R6/2-ACSF vs. R6/2-chol 1,275 Yes ***

FIGURE 3E
ANOVA summary
F 8,363
P value 0,0001
P value summary ***
Significant diff. among means (P < 0.05)? Yes
R squared 0,3213

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary
wt vs. R6/2 -0,01566 Yes ***
wt vs. R6/2-ACSF -0,013 Yes **
wt vs. R6/2-chol -0,002188 No ns
R6/2 vs. R6/2-ACSF 0,002663 No ns
R6/2 vs. R6/2-chol 0,01348 Yes **
R6/2-ACSF vs. R6/2-chol 0,01081 Yes **

FIGURE 4B
ANOVA summary - contralateral stiatum
F 67,45
P value < 0,0001
P value summary ****
Are differences among means statistically significant? (P < 0.05) Yes
R square 0,9375

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary

wt vs. R6/2-ASCF 29,55 Yes ****
wt vs. R6/2-Chol 44,2 Yes ****
R6/2-ASCF vs. R6/2-Chol 14,64 Yes **

ANOVA summary - infused striatum 
F 23,75
P value 0,0003
P value summary ***
Are differences among means statistically significant? (P < 0.05) Yes
R square 0,8407

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary

wt vs. R6/2-ASCF 19,74 Yes **
wt vs. R6/2-Chol -18,3 Yes **
R6/2-ASCF vs. R6/2-Chol -38,04 Yes ***

FIGURE 4C
ANOVA summary - contralateral stiatum
F 89,53
P value < 0,0001
P value summary ****
Are differences among means statistically significant? (P < 0.05) Yes
R square 0,9521

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary

wt vs. R6/2-ASCF 76,57 Yes ****
wt vs. R6/2-Chol 76,88 Yes ****
R6/2-ASCF vs. R6/2-Chol 0,3097 No ns

ANOVA summary - infused striatum 
F 52,46
P value < 0,0001
P value summary ****
Are differences among means statistically significant? (P < 0.05) Yes
R square 0,921

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary

wt vs. R6/2-ASCF 73,2 Yes ****



wt vs. R6/2-Chol 46,2 Yes ***
R6/2-ASCF vs. R6/2-Chol -27 Yes **

FIGURE 4D
ANOVA summary - contralateral stiatum
F 212,1
P value < 0,0001
P value summary ****
Are differences among means statistically significant? (P < 0.05) Yes
R square 0,9792

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary

wt vs. R6/2-ASCF 71,21 Yes ****
wt vs. R6/2-Chol 69,49 Yes ****
R6/2-ASCF vs. R6/2-Chol -1,711 No ns

ANOVA summary - infused striatum 
F 23,16
P value 0,0003
P value summary ***
Are differences among means statistically significant? (P < 0.05) Yes
R square 0,8373

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary

wt vs. R6/2-ASCF 59,22 Yes ***
wt vs. R6/2-Chol 8,048 No ns
R6/2-ASCF vs. R6/2-Chol -51,17 Yes ***

FIGURE 4E
ANOVA summary - contralateral stiatum
F 8,488
P value 0,0085
P value summary **
Are differences among means statistically significant? (P < 0.05) Yes
R square 0,6535

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary

wt vs. R6/2-ASCF 26,6 Yes *
wt vs. R6/2-Chol 32,73 Yes **
R6/2-ASCF vs. R6/2-Chol 6,137 No ns

ANOVA summary - infused striatum 
F 9,097
P value 0,0069
P value summary **
Are differences among means statistically significant? (P < 0.05) Yes
R square 0,669

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary

wt vs. R6/2-ASCF 11,66 No ns
wt vs. R6/2-Chol -35,89 Yes *
R6/2-ASCF vs. R6/2-Chol -47,55 Yes **

FIGURE 4G and 4I
R6/2 vs wt
Unpaired t test
P value <0,0001
P value summary ****
Significantly different (P < 0.05)? Yes
One- or two-tailed P value? Two-tailed
t, df t=8,618, df=8

R6/2 chol high (infused) vs R6/2 chol high (contralateral)
Unpaired t test
P value 0,001
P value summary **
Significantly different (P < 0.05)? Yes



One- or two-tailed P value? Two-tailed
t, df t=4,432, df=11

FIGURE 5B
ANOVA summary
F 12,14
P value <0,0001
P value summary ****
Significant diff. among means (P < 0.05)? Yes
R squared 0,2651

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary
ACSF contralateral vs. ACSF infused 14,74 No ns
ACSF contralateral vs. Chol contralateral -4,615E-10 No ns
ACSF contralateral vs. Chol infused 67,62 Yes ****
ACSF infused vs. Chol contralateral -14,74 No ns
ACSF infused vs. Chol infused 52,88 Yes ****
Chol contralateral vs. Chol infused 67,62 Yes ****

FIGURE 5C
ANOVA summary
F 4,5
P value 0,0053
P value summary **
Significant diff. among means (P < 0.05)? Yes
R squared 0,1179

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary
ACSF contralateral vs. ACSF infused -0,2515 No ns
ACSF contralateral vs. Chol contralateral -0,27 No ns
ACSF contralateral vs. Chol infused 0,9782 Yes *
ACSF infused vs. Chol contralateral -0,01846 No ns
ACSF infused vs. Chol infused 1,23 Yes **
Chol contralateral vs. Chol infused 1,248 Yes *

FIGURE 5E
Chol infused vs Chol contralateral
Unpaired t test
P value <0,0001
P value summary ****
Significantly different (P < 0.05)? Yes
One- or two-tailed P value? Two-tailed
t, df t=5,281, df=28

FIGURE 5G
Chol infused vs Chol contralateral
Unpaired t test
P value <0,0001
P value summary ****
Significantly different (P < 0.05)? Yes
One- or two-tailed P value? Two-tailed
t, df t=4,738, df=28

FIGURE 5L
R6/2-Chol vs R6/2-ACSF
Unpaired t test with Welch's correction
P value 0,1594
P value summary ns
Significantly different? (P < 0.05) No
One- or two-tailed P value? Two-tailed
Welch-corrected t, df t=1,689 df=4,430

How big is the difference?
Mean ± SEM of column A 0,01035 ± 0,001016, n=5
Mean ± SEM of column B 0,00859 ± 0,0002371, n=4
Difference between means -0,001762 ± 0,001043
95% confidence interval -0,004550 to 0,001026
R squared 0,3918

F test to compare variances
F,DFn, Dfd 22,95, 4, 3



P value 0,0276
P value summary *
Significantly different? (P < 0.05) Yes

FIGURE 5M
R6/2-Chol vs R6/2-ACSF
Unpaired t test
P value 0,0481
P value summary *
Significantly different? (P < 0.05) Yes
One- or two-tailed P value? Two-tailed
t, df t=2,390 df=7

How big is the difference?
Mean ± SEM of column A 0,01716 ± 0,002016, n=5
Mean ± SEM of column B 0,01083 ± 0,001526, n=4
Difference between means -0,006334 ± 0,002650
95% confidence interval -0,01260 to -6,843e-005
R squared 0,4494

F test to compare variances
F,DFn, Dfd 2,183, 4, 3
P value 0,5473
P value summary ns
Significantly different? (P < 0.05) No

FIGURE 6B
ANOVA summary
F 22,35
P value <0,0001
P value summary ****
Significant diff. among means (P < 0.05)? Yes
R squared 0,5828

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary
wt vs. ACSF contralateral -92,4 Yes ****
wt vs. ACSF infused -98,63 Yes ****
wt vs. Chol contralateral -92,4 Yes ****
wt vs. Chol infused -104,3 Yes ****
ACSF contralateral vs. ACSF infused -6,231 No ns
ACSF contralateral vs. Chol contralateral -0,00001 No ns
ACSF contralateral vs. Chol infused -11,86 No ns
ACSF infused vs. Chol contralateral 6,231 No ns
ACSF infused vs. Chol infused -5,625 No ns
Chol contralateral vs. Chol infused -11,86 No ns

FIGURE 6D
ANOVA summary
F 16,24
P value <0,0001
P value summary ****
Significant diff. among means (P < 0.05)? Yes
R squared 0,5076

Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary
wt vs. ACSF contralateral -91,86 Yes ****
wt vs. ACSF infused -129,2 Yes ****
wt vs. Chol contralateral -91,86 Yes ****
wt vs. Chol infused -23,15 No ns
ACSF contralateral vs. ACSF infused -37,32 No ns
ACSF contralateral vs. Chol contralateral 0,000008 No ns
ACSF contralateral vs. Chol infused 68,72 Yes ***
ACSF infused vs. Chol contralateral 37,32 No ns
ACSF infused vs. Chol infused 106 Yes ****
Chol contralateral vs. Chol infused 68,72 Yes ***



Appendix Figures Legends  

Appendix Figure S1 Electron microscopy analysis of myelin sheaths in wt and R6/2 groups. 

(A) Representative EM images of myelinated fibers taken from the striatum of wt, R6/2, R6/2 ACSF 

and R6/2 chol-high (Scale bar: 500 nm). (B) Scatterplot graph of G-ratios against axonal diameters 

with linear regression. The slope of the best-fit line was significantly higher for R6/2 compared with 

wt mice, indicating thinner myelin sheaths in HD mice with and without treatment with cholesterol. 

(C) Mean G-ratios were higher in R6/2 mice compared with their wt controls, indicating that HD 

mice had thinner myelin sheaths (***p< 0.001). At least 300 axons in 3 mice group were subjected 

to G-ratio analysis. Statistics: one-way ANOVA with Newman–Keuls post-hoc test (*p<0.05; 

**p<0.01; ***p<0.001). (D) Representative EM images of myelinated fibers taken from the corpus 

callosum of wt, R6/2, R6/2 ACSF and R6/2 chol-high (Scale bar: 500 nm). (E) Scatterplot graph of 

G-ratios against axonal diameters with linear regression. The slope of the best-fit line was 

significantly higher for R6/2 compared with wt mice, indicating thinner myelin sheaths in HD mice 

with and without treatment with cholesterol. (F) Mean G-ratios were higher in R6/2 mice compared 

with their wt controls, indicating that HD mice had thinner myelin sheaths (***P < 0.001). At least 

300 axons in 3 mice group were subjected to G-ratio analysis. Error bars represent the standard error 

of the mean. Statistics: one-way ANOVA with Newman–Keuls post-hoc test (*p<0.05; **p<0.01; 

***p<0.001). (G) Representative EM images of myelinated fibers and its magnification taken from 

the striatum of wt mice in which the major dense lines in the myelin sheath are indicated. Periodicity 

was measured as the mean distance between two major dense lines from at least 45 randomly chosen 

myelin sheaths in 3 mice group. (Scale bars: 30 nm and 10 nm). (H-I) Quantification of the mean 

periodicity in wt, R6/2, R6/2 ACSF and R6/2 chol-high mice. Error bars represent the standard error 

of the mean. Statistics: one-way ANOVA with Newman– Keuls post-hoc test (*p<0.05; **p<0.01; 

***p<0.001).  



Appendix Figure S2 MuHTT aggregates in the striatum, cortex and hippocampus of R6/2 

chol-high mice. 

(A–F) Zoom of representative confocal images of immunostaining against EM48 antibody, specific 

for muHTT aggregates, in the infused and the contralateral striatum (A), cortex (C) and 

hippocampus (E) of R6/2 chol-high mice (N=3) and relative quantification (B, D, F) of number of 

aggregates. Hoechst (Ho, blue) was used to counterstain nuclei. Scale bars in A, C, E: 10 μm. 18 

images/animal were analyzed from 9 sections throughout the entire striatum; 10 images for each 

animal were analyzed from 3 sections of the cortex; 6 images for each animal/condition were 

analyzed from 3 sections of the hippocampus. All values are expressed as % above the mean of 

aggregates in the contralateral tissue of R6/2 chol-high mice. The data are shown as scatterplot 

graphs with means±standard. Each dot corresponding to number of aggregates counted in all the 

images. Statistics: one-way ANOVA with Newman–Keuls post- hoc test (*p<0.05; **p<0.01; 

***p<0.001).  
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Abstract   

Brain cholesterol is produced mainly by astrocytes and is important for neuronal function. Its 

biosynthesis is severely reduced in mouse models of Huntington’s Disease (HD). One mechanism 

implicates diminished nuclear translocation of the transcription factor sterol regulatory element 

binding protein 2 (SREBP2) and consequently reduced activation of SREBP-controlled genes in the 

cholesterol biosynthesis pathway. 

Here we evaluated the efficacy of gene therapy by the unilateral intra-striatal injection of a 

recombinant adeno-associated virus 2/5 (AAV2/5) targeting astrocytes specifically and carrying the 

N-terminal fragment of human SREBP2 (hSREBP2). 

Robust hSREBP2 expression in striatal glial cells in HD mice activated the transcription of 

cholesterol biosynthesis pathway genes, restored synaptic transmission, reversed both Drd2 transcript 

levels in an in vivo reporter assay and behavioral decline, and cleared muHTT aggregates. We 

conclude that glial SREBP2 participates in HD brain pathogenesis in vivo and that AAV-based 

delivery of SREBP2 to astrocytes counteracts key features of HD. 

 

Keywords: cholesterol, astrocytes, Huntington’s disease, SREBP2 
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Introduction 

Cholesterol is a multifaceted molecule that plays key roles in the brain during development 

and in adulthood. Its concentration in the brain is higher than in any other tissue (15–20 mg/g tissue)1. 

Up to 70–80% of cholesterol in the adult brain is of developmental origin and localized in myelin 

sheaths, while the rest is located in the plasma membranes of astrocytes and neurons (Bjorkhem et 

al. 2004). In neurons cholesterol plays important roles in synaptic transmission, as it is required for 

synaptic vesicle formation and function (Mauch et al. 2001; Göritz et al. 2002; Göritz et al. 2005) 

and for optimal neurotransmitter release (Pfrieger 2003a; Pfrieger 2003b; Pfrieger 2003c). As the 

blood-brain barrier (BBB) efficiently prevents the passage of peripheral cholesterol, brain cholesterol 

is synthesized locally (Jurevics & Morell, 1995). Of note, in adulthood astrocytes are believed to 

synthetize most cholesterol, which is transferred to the neurons via ApoE-containing lipoproteins 

(Mauch et al. 2001; Nunes et al. 2018). 

Cholesterol biosynthesis is regulated by sterol regulatory element binding protein 2 (SREBP2), the 

master transcription factor that activates the transcription of most cholesterol biosynthesis genes. 

When the cholesterol level is low, SREBP2 is cleaved by SREBP cleavage activation protein (SCAP), 

leading to SREBP2 activation and translocation from the endoplasmic reticulum (ER) to the Golgi 

apparatus. Within the Golgi apparatus, SREBP2 is cleaved by two proteases called the site 1 (S1P) 

and site 2 (S2P) proteases, resulting in an active 68-kDa N-terminal fragment that moves to the 

nucleus, binds the sterol response element (SRE) in the promoters of target genes, and activates their 

transcription (Jeon & Osborne 2013). When cells do not need to produce cholesterol, SREBP2 is 

retained in the ER by the insulin-induced gene 1 (INSIG1) and insulin-induced gene 2 (INSIG2) 

proteins (Yang et al. 2002). 

Dysregulation of brain cholesterol homeostasis has been linked to several neurodegenerative 

diseases (Valenza & Cattaneo 2011, Martin et al. 2014). Among these conditions is Huntington’s 

disease (HD), an adult-onset disorder characterized by motor, cognitive, and psychiatric features. HD 

is caused by a CAG expansion in the HTT(IT15) gene encoding the huntingtin (HTT) protein and it 

is characterized by progressive loss of striatal medium-sized spiny neurons (MSNs) and cortical 

pyramidal neurons (Vonsattel & DiFiglia 1998; Rub et al. 2016). 

A large number of studies conducted in different HD rodent models have demonstrated significantly 

reduced biosynthesis of cholesterol in the brain, with the striatum being affected first (Valenza et al. 

2005; Valenza et al. 2007a; Valenza et al. 2007b; Valenza et al. 2010; Shankaran et al. 2017). In the 

adult HD mouse brain, this dysfunction is evidenced by a reduced rate of de novo cholesterol 

biosynthesis, precedes the onset of motor symptoms, and is CAG-dependent, as confirmed by studies 

in an allelic series of HD mice, and leads to a reduced content of total cholesterol (and of some of its 
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metabolites and catabolites) at late symptomatic stages (Shankaran et al. 2017). The underlying 

molecular mechanism implicates reduced activity of SREBP2 in the presence of mutant HTT 

(Valenza et al. 2005; Valenza et al. 2015a), likely through sequestration in the cytoplasm of the 

SREBP2/importin b complex required for nuclear import (Di Pardo et al. 2020).  

Astrocytes are central in this dysfunction, as highlighted by in vitro studies. In fact, SREBP2 gene 

silencing in wild-type (wt) astrocytes has detrimental effects on HD neurons (Valenza et al. 2015a), 

while the forced expression of the N-terminal active fragment of SREBP2 in HD astrocytes reverses 

neurite outgrowth and synaptic defects in HD neurons (Valenza et al. 2015a). Despite these findings, 

the impacts of reduced astrocyte-mediated cholesterol synthesis in vivo in the HD brain and its 

reversal are not yet documented.  

To gain mechanistic insights and confidence in the therapeutic potential of targeting this 

pathway in vivo, we forced the expression of the N-terminal active fragment of human SREBP2 

(hSREBP2) in striatal astrocytes of a transgenic HD mouse model by using a recombinant adeno-

associated virus 2/5 (AAV2/5). We demonstrated that increasing the level of hSREBP2 specifically 

in the nucleus of astrocytes stimulated cholesterol biosynthesis in the striatum of HD mice. As a 

consequence, synaptic transmission of both inhibitory and excitatory synapses was restored, the 

number of striatal MSNs expressing Drd2 receptors was normalized, mutant HTT (muHTT) 

aggregation was reduced, motor defects were ameliorated, and cognitive decline was completely 

rescued in HD mice.  

 

Results 

Setting up an in vivo method for SREBP2 delivery to striatal astrocytes  

To over-express hSREBP2 in astrocytes in vivo in HD mice, we employed a recombinant serotype 

of an adeno-associated virus (AAV2/5) that is known to be highly specific for glial cells (Tong et al. 

2014). We modified it to express the reporter gene tdTomato under the control of a glial promoter 

(AAV2/5-gfaABC1D-tdTomato), and together with the active N-terminal fragment of human 

SREBP2 (AAV2/5-gfaABC1D-hSREBP2-tdTomato). We first verified the spread and tropism over 

time of the AAV2/5-gfaABC1D-tdTomato backbone using an in vivo method compatible with its 

application to R6/2 HD mice (Fig. 1A; Fig. S1A). Seven-week-old wild-type (wt) mice were given a 

single unilateral intracranial injection of virus directly into the striatum, and 4 weeks later animals 

were sacrificed and subjected to different analyses as summarized in Fig. 1B. Analysis of coronal 

sections of the brain by confocal microscopy demonstrated significant distribution of the AAV2/5-

gfaABC1D-tdTomato in the infused striatum and in some parts of the cortex in several subsequent 

slices, indicating good spread from the injection site. In particular, tdTomato fluorescence was 
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detectable over a span of 2.5 mm and it covered 61.51% ± 4.85 of the infused hemi-brain (Fig. 1C; 

Fig. S1B). AAV2/5-gfaABC1D-tdTomato tropism was analyzed by studying the co-localization of 

the tdTomato signal with the signals of neuronal (DARPP32, NeuN) and glial (GFAP, S100B, IBA1) 

markers. Figure 1D shows that AAV2/5 had a specific tropism for glial cells. In particular, the count 

of cells positive for tdTomato and for glial markers revealed that almost 80–90% of GFAP- or S100B-

positive cells and 40% of IBA1-positive cells also expressed tdTomato. In contrast, when counting 

cells positive for tdTomato and neuronal markers, no double-positive cells were found. A parallel 

study conducted by employing herpes simplex virus (HSV) as a backbone to deliver the same 

gfaABC1D-tdTomato construct resulted in expression of the transgene only in neurons (Fig. S1C). 

We therefore proceeded with AAV2/5 to express hSREBP2 in astrocytes in HD mice.  

 

Delivery of AAV2/5-gfaABC1D-hSREBP2-tdTomato to the HD striatum 

To establish the efficiency of the hSrebp2 transgene expression in vivo, AAV2/5-gfaABC1D-

tdTomato or AAV2/5-gfaABC1D-hSREBP2-tdTomato were injected into the right striatum of R6/2 

mice (herein R6/2-Tom or R6/2-hBP2 respectively), a well-known HD animal model characterized 

by rapidly developing symptoms, when the mice were 7 weeks old. Four weeks later, when mice 

were at the end of the symptomatic stage, cortical and striatal tissues were collected and RNA 

transcripts and relative amounts of hSREBP2 protein were measured. For this experiment we decided 

to pool the cortex and striatum because in our preliminary analyses (Fig. 1C) some viral spread was 

also observed in the cortex.   

As shown in Fig. 1E, RNA transcripts of tdTomato were not detected in the cortico-striatal samples 

of uninfected wt and R6/2 mice, while they were detected and quantified in R6/2-Tom and R6/2-

hBP2 samples. As expected, RNA transcripts of hSrebp2 were detected only in R6/2-hBP2 mice (Fig. 

1F).  

Western blotting revealed a tdTomato immunoreactive band in the lysates from all R6/2-Tom injected 

mice but not from the R6/2-hBP2 mice, indicating that tdTomato fused downstream to hSrebp2 was 

not efficiently translated in AAV2/5-gfaABC1D-hSREBP2-tdTomato (Fig. 1G and H). Importantly, 

western blot analysis with an antibody that recognizes both the endogenous (mouse) and exogenous 

(human) SREBP2 revealed an increase in total SREBP2 protein level in three out of four R6/2-hBP2 

mice (Fig. 1I). The over-expression of hSREBP2 and its co-localization with astrocytes in the infused 

striatum was confirmed further in additional R6/2-hBP2 mice by immunofluorescent staining for 

GFAP and SREBP2 (Fig. 1J) and by performing stitching of multiple images following 

immunofluorescent staining that allowed a global view of hSREBP2 spread in the entire brain section 

(Fig. 1J).  
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Because there are no antibodies available that reliably distinguish human from mouse SREBP2, we 

were not able to calculate the amount of protein generated by the AAV2/5-gfaABC1D-hSREBP2-

tdTomato vector in the infected R6/2-hBP2 mice compared with the endogenous mouse SREBP2 

(mSREBP2). To overcome this problem, we designed sets of primers that specifically recognize the 

mRNA of mSrebp2 or hSrebp2 for quantitation. Notably, we measured a significant reduction of the 

endogenous mSREBP2 transcripts in R6/2, R6/2-Tom and R6/2-hBP2 mice compared with wt mice 

(Fig. 1K). Importantly, Fig. 1L shows that hSrebp2 mRNA was between 1.7-fold and 2.1-fold more 

abundant than the endogenous transcript in R6/2-hBP2 mice. 

 

Glial hSREBP2 over-expression enhances cholesterol biosynthesis in HD mice 

We next sought to test whether the AAV2/5-gfaABC1D-hSREBP2-tdTomato construct would 

express a functional SREBP2 protein capable of increasing transcription of SREBP-controlled genes 

of the cholesterol biosynthesis pathway.  

Gene expression analysis was performed on the pooled striatum and cortex from the injected 

hemisphere by measuring transcript levels of cholesterol biosynthesis genes (Hmgcr, Mvk, Sqs/Fdft1, 

Cyp51, Dhcr7; Fig. 2A) using qRT-PCR. The mRNA levels from all these genes were significantly 

reduced in R6/2 and R6/2-Tom mice compared with controls (Fig. 2B–F). Importantly, hSREBP2 

over-expression in R6/2 mice rescued the transcript levels of Hmgcr, Mvk, Fdft1, and Cyp51 (Fig. 

2B-E) but not of Dhcr7 (Fig. 2F). The transcript level of Cyp46a1, which encodes the enzyme that 

catalyzes the conversion of cholesterol to 24S-hydroxycholesterol (24S-OHC), was reduced in all 

R6/2 groups compared with controls but was not affected by exogenous hSREBP2 (Fig. 2G). 

To explore whether the increased transcription of SREBP2-controlled genes corresponded to an 

increased activity of the pathway, we measured cholesterol precursors (lanosterol, lathosterol, and 

desmosterol) as surrogate markers of cholesterol biosynthesis. As expected, the steady-state levels of 

all cholesterol precursors were reduced in the striata of R6/2-Tom mice compared with wt-Tom mice 

(Fig. 2H–J) (Valenza et al. 2007b; Valenza et al. 2010; Valenza et al. 2015; Birolini et al. 2020). 

hSREBP2 delivery in glial cells, although unable to affect lanosterol and lathosterol levels (Fig. 2H-

I), led to a significant increase in desmosterol in the striata of R6/2-hBP2 mice compared with R6/2-

Tom mice (Fig. 2J), suggesting a preferential stimulation of the Bloch pathway of cholesterol 

biosynthesis (Fig. 2A). This was accompanied by an increase in 24S-OHC (Fig. 2K), consistent with 

the notion that cholesterol synthesis and catabolism are also in balance in the HD brain (Shankaran 

et al. 2017). 

To assess whether the enhancement of cholesterol biosynthesis genes following striatal injection of 

AAV2/5-gfaABC1D-hSREBP2-tdTomato was accompanied by changes in the expression levels of 
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genes involved in cholesterol efflux (Abca1), transport (ApoE), and uptake (Lrp1), we measured their 

mRNA levels in cortico-striatal tissues. Abca1 mRNA levels were increased in R6/2, R6/2-Tom, and 

R6/2-hBP2 mice with respect to wt mice (Fig. S2A), while ApoE and Lrp1 mRNA levels were similar 

in all conditions (Fig. S2B and C), indicating that hSREBP2 delivery in glial cells did not affect 

transcript levels of these genes. Similarly, AAV2/5-gfaABC1D-hSREBP2-tdTomato did not 

influence transcript levels of genes involved in astrocytic homeostasis. The Glt1 mRNA level was 

similarly reduced in R6/2, R6/2-Tom, and R6/2-hBP2 mice compared with controls (Fig. S2D), while 

levels of S100B and Kir4.1 were similar in all groups (Fig. S2E and F). The mRNA levels of synapse-

related genes such as Bdnf, Cplx2, Shank3, Homer, and Gap43, which were altered in R6/2 and R6/2-

Tom mice, were not influenced by the forced expression of hSREBP2 in glial cells (Fig. S2G and H). 

Transcript levels of genes related to pathways such as energy and mitochondrial metabolism and 

autophagy were also not affected by the over-expression of hSREBP2 (Fig. S3A–I). 

 

Glial hSREBP2 over-expression influences the levels of synaptic proteins in HD mice 

Since cholesterol secreted from glial cells participates in synapse formation and maintenance and 

influences the intracellular distribution of proteins involved in the synaptic machinery (Pfrieger 

2003), we decided to purify synaptosomes from the infused hemibrains of wt-Tom, R6/2-Tom, and 

R6/2-hBP2 mice and perform semi-quantitative western blot analysis for pre- and post-synaptic 

proteins.  

We found that R6/2-Tom mice exhibited higher expression levels of the pre-synaptic protein SYP 

than wt-Tom mice and that glial hSREBP2 over-expression completely reversed this parameter (Fig. 

2L and M). SNAP25 levels were similar in wt-Tom and R6/2-Tom, while a 38% increase was found 

in R6/2-hBP2 tissues (Fig. 2L and M). VAMP1 levels were similar in all conditions (Fig. 2L and M).  

Regarding the post-synaptic site, our densitometric analyses of the immunoreactive bands indicated 

a weak but significant increase (p = 0.0138) in PSD95 level in R6/2-hBP2 mice compared with wt-

Tom and R6/2-Tom animals (Fig. 2N and O), even though differences between wt-Tom and R6/2-

Tom mice were not observed (Fig. 2I and K). Conversely, SHANK3 levels were similar in all the 

tested mice, including R6/2-hBP2 mice (Fig. 2N and O). Finally, R6/2-Tom mice exhibited reduced 

NMDAR1 protein levels compared with wt-Tom mice, and forced expression of hSREBP2 

normalized its levels to that of wt-Tom mice (Fig. 2N and O). 

We conclude that glial hSREBP2 over-expression influences and partially reverses altered levels of 

synaptic proteins in synaptosomes of HD mice. 

 

Glial hSREBP2 over-expression restores synaptic communication in HD mice 
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As R6/2 striatal MSNs exhibit altered synaptic transmission (Cepeda et al. 2003; Cepeda et al. 2004), 

we performed electrophysiological studies to evaluate whether synaptic dysfunction was reversed in 

R6/2-hBP2 mice.  

In these studies, biocytin was included in the patch pipette to post hoc recover the morphological 

details of the recorded neurons (Fig. 3A). We first analyzed the passive membrane properties of 

striatal MSNs from brain slices of wt-Tom and R6/2-hBP2 mice. For R6/2-hBP2 mice, we compared 

data obtained from MSNs of the contralateral and the infused hemispheres. The comparison between 

R6/2-hBP2 and wt-Tom mice highlighted the fact that the membrane capacitance (Cm), which is 

proportional to cell size, was significantly lower in R6/2-hBP2 compared with wt-Tom MSNs, while 

it was similar between the contralateral and the infused hemispheres of R6/2-hBP2 mice (Fig. 3B). 

On the other hand, input resistance (Rin), reflecting the number of ion channels expressed by the cell, 

was significantly higher in both the infused and the contralateral hemispheres of R6/2-hBP2 

compared with wt-Tom mice, and unchanged in the infused striata of R6/2-hBP2 mice compared with 

the contralateral ones (Fig. 3C).  

No significant differences in the average amplitude of spontaneous excitatory postsynaptic currents 

(sEPSC) from MSNs were found between groups (Fig. 3D, E; the recorded events were AMPA-

mediated since they were completely abolished by administration of 10 µM NBQX). In contrast, the 

average frequency of sEPSCs in MSNs from the contralateral hemisphere of R6/2-hBP2 mice was 

significantly lower compared with wt-Tom mice, and glial over-expression of hSREBP2 led to a 

partial rescue of this defect (Fig. 3F).  

To test if the inhibitory synapses were also influenced by hSREBP2 treatment, we recorded 

spontaneous inhibitory synaptic currents (sIPSCs) at a holding potential of 0 mV (Fig. 3G). The 

recorded events were GABA-mediated since they were completely abolished by administration of 10 

µM bicuculline (Fig. 3G). The average amplitude of sIPSCs was not affected (Fig. 3H). In contrast, 

the average frequency of sIPSCs in MSNs in the R6/2-hBP2-contralateral hemisphere was 

significantly higher compared with wt-Tom mice, and glial over-expression of hSREBP2 led to a 

significant reduction in the average frequency of sIPSCs in the infused hemisphere (Fig. 3I), bringing 

it closer to that in the wt-Tom mice. 

 

Glial hSREBP2 over-expression reduces muHTT aggregates in HD mice 

A hallmark of HD is the presence of intracellular aggregates of muHTT (DiFiglia et al. 1997). To test 

whether glial over-expression of hSREBP2 in the HD striatum influenced muHTT aggregation, we 

performed immunofluorescence staining on coronal sections of brains from R6/2-Tom and R6/2-

hBP2 mice by using the EM48 antibody, which is specific for the expanded polyQ tract prone to 
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aggregate (Fig. 4A). As expected, tdTomato did not influence the number and the size of muHTT 

aggregates. Of note, the number and the size of EM48-positive aggregates were reduced in the infused 

striata of R6/2-hBP2 mice compared with the contralateral ones (Fig. 4B and C).  

 

Glial hSREBP2 over-expression increases the number of Drd2-expressing MSNs in HD mice as 

detected by X-Clarity technology 

Neuronal dysfunction of striatal neurons precedes their degeneration, and the dopamine receptor D2 

(DRD2) MSNs of the indirect pathway are the first affected in HD models and patients (Reiner et al. 

1988; Albin et al. 1989; Galvan et al. 2012; Sebastianutto et al. 2017). Although R6/2 mice (similar 

to other HD mouse models) do not show overt signs of neuronal loss (Mangiarini et al. 1996), the 

downregulation of Drd2 transcript in striatal MSNs is an established early mark of disease 

progression that has been proposed as a sensitive measure of the effects of therapeutics (Crook et al. 

2012). In particular, Crook and Housman developed a Drd2 dysregulation assay by crossing Drd2-

eGFP mice with different HD mice to obtain animals with DRD2-MSNs labeled with eGFP, and then 

used FACS sorting as a quantitative and reproducible readout of the efficacy of their therapeutics 

(Crook et al. 2012). 

Here we adopted the same strategy to obtain animals with DRD2-MSNs labeled with eGFP (herein 

Drd2-wt and Drd2-R6/2 mice) but used the X-Clarity technology to obtain a measurement of the 

number of MSNs expressing DRD2 in situ, without dissociation, and in a large volume of striatum 

(approx. 0.108±0.005 mm3) following forced expression of hSREBP in astrocytes. 

To accomplish this goal, we injected AAV2/5-gfaABC1D-tdTomato or AAV2/5-gfaABC1D-

hSREBP2-tdTomato into the right striata of 7-week-old Drd2-wt and Drd2-R6/2 mice (herein Drd2-

wt-Tom, Drd2-R6/2-Tom, and Drd2-R6/2-hBP2). Animals were sacrificed 4 weeks later. From each 

animal, two brain coronal slices which were 1 mm thick (including the striatum) were prepared from 

the infused and contralateral hemispheres and the area corresponding to the striatum was isolated and 

clarified using the X-Clarity technology (Fig. 4D). The images acquired with two-photon microscopy 

in the clarified striata of Drd2-wt-Tom mice confirmed distinct signals of tdTomato and eGFP, which 

labeled infected astrocytes and DRD2-MSNs, respectively (Fig. 4E). The subsequent quantification 

of the eGFP signal in the different experimental groups revealed a reduced number of DRD2-MSNs 

in the infused striata of Drd2-R6/2-Tom mice and in the contralateral striata of Drd2-R6/2-hBP2 

compared with Drd2-wt-Tom mice (Fig. 4F and G). Of note, the number of DRD2-MSNs measured 

in the infused striata of Drd2-R6/2-hBP2 was similar to that quantified in Drd2-wt-Tom mice (Fig. 

4F and G), indicating that over-expression of hSREBP2 in astrocytes allows these neurons to regain 

DRD2 expression and, supposedly, functionality.  
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Glial hSREBP2 over-expression ameliorates motor defects and completely restores cognitive decline 

in HD mice  

To assess whether the described amelioration of synaptic activity and disease phenotypes following 

over-expression of hSREBP2 in astrocytes was correlated with a beneficial effect on behavioral 

abnormalities, we subjected wt-Tom, R6/2-Tom, and R6/2-hBP2 mice to motor and cognitive tasks. 

As expected, 11-week-old R6/2-Tom mice exhibited a severe hypokinetic phenotype as demonstrated 

by reduced global activity, total distance traveled, and number of rearings in the activity cage test 

(Fig. 5A–C). Glial over-expression of hSREBP2 led to a slight but significant rescue of these 

parameters (Fig. 5A–C). We also evaluated the time that mice spent exploring the peripheral or central 

area of the arena during the activity cage test as a measure of anxiety-like behavior (Fig. 5D). R6/2-

Tom mice showed anxiety-related behavior as they spent more time in the periphery compared with 

wt-Tom mice. Of note, R6/2-hBP2 mice behaved similarly to wt-Tom mice (Fig. 5E). When we 

measured the neuromuscular function of mice with the grip-strength test, we observed reduced muscle 

strength in R6/2-Tom mice compared with wt-Tom mice and, again, glial over-expression of 

hSREBP2 had a beneficial effect on this feature (Fig. 5F). Furthermore, we performed the paw-

clasping test to study the clasping behavior of mice as an index of neuronal dysfunction. As expected, 

R6/2-Tom mice had a worse performance compared with wt-Tom, but in this case the treatment was 

not able to significantly rescue this behavior (Fig. 5G). Finally, to analyze the effect of treatment on 

cognitive decline, we performed the novel-object recognition (NOR) test: at 11 weeks of age, R6/2-

Tom mice were not able to discriminate between the novel object and the familiar one, in contrast to 

the wt-Tom mice. Of note, glial over-expression of hSREBP2 completely prevented cognitive decline 

and R6/2-hBP2 mice behaved as the wt-Tom (Fig. 5H).  

  

Discussion 

In this work, we highlight the therapeutic value of forcing cholesterol biosynthesis in vivo in an HD 

mouse model via a gene therapy approach that delivers the active form of the master transcription 

factor SREBP2 specifically to astrocytes. In the brain, the physiological cross-talk between astrocytes 

and neurons provides the latter with the cholesterol produced by the former, which is then utilized by 

neurons to support their function. This cross-talk is severely damaged in vitro in the presence of the 

mutation, due to reduced activity of SREBP2, but it can be rescued when HD astrocytes over-

expressing SREBP2 are co-cultured with HD neurons. In these conditions, we showed that neuronal 

function and morphology are fully reestablished (Valenza et al. 2015a). Here, we now provide in vivo 

evidence that this altered communication between astrocytes and neurons is a key pathological feature 
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of HD astrocytes, which can be targeted at a cellular level and their pathology reversed, leading to 

substantial amelioration of HD phenotypes in the living animals. Accordingly, we show that 

hSREBP2 delivery to astrocytes in vivo, by enhancing the cholesterol biosynthesis pathway, can 

revert molecular, biochemical, electrophysiological, and behavioral abnormalities associated with 

neuronal dysfunction typically observed in the R6/2 mouse model. 

We show that unilateral AAV-delivery of SREBP2 in glial cells is sufficient to completely rescue 

cognitive decline in R6/2 mice. Similar data were obtained upon cholesterol delivery to the brain of 

this mouse model via brain-permeable polymeric nanoparticles or mini-pumps (Valenza et al. 2015; 

Birolini et al. 2020). The fact that genetic deletion of SCAP or SREBP2 in astrocytes of adult mice 

results in cognitive defects (Van Deijk et al. 2017; Ferris et al. 2017) confirms the role of astrocytes 

in memory and cognition in vivo, and that altered cross-talk between astrocytes and neurons at 

synaptic contacts may contribute to cognitive disturbances (Santello et al. 2019). Moreover, 

cholesterol synthesis is downregulated in aging astrocytes (Boisvert et al. 2018; Allen & Lyons 

2018), suggesting that lack of cholesterol production in these cells may contribute to the synaptic and 

cognitive defects observed in aging. Here, we provide further evidence that cholesterol produced from 

astrocytes in vivo is also a critical player in memory recognition in the HD context.  

Unilateral AAV-delivery of SREBP2 also ameliorated motor defects in R6/2 mice, suggesting that 

this approach is able to produce the optimal content of newly synthetized cholesterol needed to 

partially restore motor-dependent circuits. These results are in agreement with our recent work that 

evaluated the effect of three escalating doses of cholesterol infused directly into the striata of R6/2 

mice through osmotic mini-pumps. Indeed, we demonstrated that all three doses prevented cognitive 

defects, while only the highest dose attenuated motor phenotypes (Birolini et al. 2020). 

Mechanistically, our findings indicate that hSREBP2 over-expression in glial cells carries out its 

beneficial effect by acting on different aspects of the disease. The synaptic effect of AAV delivery of 

hSREBP2 is certainly the relevant one, and it is supported by the evidence of normalization in the 

level of synaptic proteins and of both inhibitory and excitatory synaptic communication of MSNs.  

Newly synthetized cholesterol from astrocytes may facilitate synaptic vesicle fusion and exocytosis 

(Linetti et al. 2010) or bind to proteins involved in synaptic transmission (Thiele et al. 2000; Pfrieger 

2003c; Allen et al. 2007).  

Our current data also suggest that the mechanisms by which stimulation of cholesterol biosynthesis 

counteracts synaptic dysfunction in HD mice do not involve major transcriptional changes. Nor are 

the mRNA levels of a subset of genes involved in glial or energy metabolism influenced by exogenous 

hSREBP.  
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At the neuropathological level, increased hSREBP2 in the striatum of R6/2 mice reduced the number 

and size of muHTT aggregates, supporting the notion that enhanced cholesterol biosynthesis may 

participate in inducing clearance pathways, as we recently showed in the striata of HD mice following 

striatal infusion of cholesterol through osmotic mini-pumps (Birolini et al. 2020). The fact that in the 

current study the transgene was delivered to astrocytes suggests that clearance may also occur by a 

non-cell autonomous mechanism. 

Importantly, hSREBP2 over-expression in glial cells rescues specific neurochemical features in 

MSNs. In fact, reduced striatal DRD2 was consistently demonstrated in patients (Andrews et al. 1999; 

Weeks et al. 1996; Glass et al. 2000; Feigin et al. 2007; Van Oostrom et al. 2009) and murine models 

(Cha et al. 1998; Ariano et al. 2002; Pouladi et al. 2012; Crook & Housman 2012; Valenza et al. 

2015b) and its dysregulation is a sensitive measure of HD pathology (Crook & Housman 2012). Of 

note, a loss of dopamine receptors has also been correlated with early cognitive decline (Backman 

and Farde, 2001). Our X-Clarity approach applied to the striatum allowed for the first time an accurate 

measurement and quantification of striatal MSNs in situ and confirmed the decrease in the level of 

DRD2 in MSNs (Crook & Housman 2012). Importantly, we show that HD neurons, which receive 

more cholesterol from hSREBP2 over-expressing astrocytes, increase DRD2 expression and are 

quantifiable through two-photon imaging. These findings also suggest that within the striatum, the 

astrocyte-neuron signaling may be synapse- and cell-specific by acting at least on the DRD2-MSNs, 

as recently proposed (Martin et al. 2015). The observed rescue in DRD2-MSNs, and in other synaptic 

features, may be favored by a closer contact between neurons and astrocytes, which is reduced in 

R6/2 astrocytes (Octeau et al. 2018).  

In a similar gene therapy approach, the gene encoding for CYP46A1, the enzyme that converts 

cholesterol into the neuronal cholesterol catabolite 24S-OHC, was delivered into striatal neurons of 

HD mice by use of an AAVrh10 vector (Boussicult et al. 2016; Kacher et al. 2019). The treatment 

decreased the number and size of muHTT aggregates and improved motor deficits in R6/2 mice 

(Boussicult et al. 2016) and provided long-lasting improvement in zQ175 HD mice (Kacher et al. 

2019). In both studies, levels of cholesterol precursors were restored or increased in the HD striatum 

following AAV-delivery of CYP46A1. In our study, we show increased levels of 24S-OHC following 

AAV-delivery of hSREBP2 in glial cells, although Cyp46A1 mRNA remained unchanged, supporting 

the close balance between cholesterol synthesis and catabolism in the diseased brain.  

In conclusion, our findings confirm the role of astrocytes as important regulatory cell types in brain 

function and behavior (Araque et al. 2014; Santello et al. 2019) and in neurodegenerative disorders, 

including HD (Khakh et al. 2017; Covelo & Araque 2018). By targeting astrocytic cholesterol 

signaling in the striatum we were able to rescue biochemical, neuropathological, functional, and 
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behavioral features in HD mice. Thus, SREBP2 gene transfer to astrocytes may be a therapeutic 

option to fight core features of this disease.  

 

Materials and Methods 

Colony management  

Our R6/2 colony lifespan was approximately of 13 weeks and it was maintained through the male 

line exclusively (Mangiarini et al. 1996). Transgenic R6/2 males were paired with non-carrier females 

(B6CBAF1/J, purchased from Charles River). The CAG repeat length of the animals used in this 

study is 130-170 CAGs (Laragen). Changes that could affect strain productivity, general behavior, 

litter size, pup survival, genotype frequency, and phenotype were constantly monitored.  

The Drd2-eGFP colony is a transgenic mouse line generated in 2003 by the GENSAT (Gene 

Expression Nervous System Atlas) project at Rockefeller University in New York (Gong et al. 2003). 

Primary labelling was found to occur in Drd2 positive medium spiny neurons from the indirect basal 

ganglia pathway. In this work, this model was crossed with R6/2 mice in order to label in vivo Drd2-

expressing medium spiny neurons. 

All mice were weaned at 21 day (+/- 3 days). Mice were housed under standard conditions (22 ± 1°C, 

60% relative humidity, 12 hours light/dark cycle, 3–4 mice/cage, with food and water provided ad 

libitum). After PCR genotyping (Mangiarini et al. 1996; Gong et al. 2003), male and female mice 

were included and randomly divided into experimental groups. Littermates were included as controls. 

Animal care was conducted in accordance with standard ethical guidelines approved by the 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 the EU 

directives and guidelines (EEC Council Directive 2010/63/UE) and the local ethics committee 

approved the experiments.  

 

Viral production 

Starting from pZac2.1 gfaABC1D-tdTomato (from Addgene) and pcDNA3.1 hSREBP2(402)-eGFP 

(from T. Osborne; Zoumi et al. 2005) we produced a pZac vector expressing hSREBP2 fused with 

tdTomato. These vectors were used to produce the viral constructs AAV2/5-gfaABC1D-tdTomato 

(1,7 x 1014 U/mL) and AAV2/5-gfaABC1D-hSREBP2-tdTomato (1,7 x 1013 U/mL) contained the 

expression cassette consisting of either tdTomato or the active N-terminal fragment of hSREBP2 (1-

482 aa), driven by the minimal GFAP promoter (gfaABC1D) surrounded by inverted terminal repeats 

of AAV2/5. 
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HSV1-JDNI8/gfaABC1D-tdTomato (5 x 109 pfu/mL) was produced and purified as previously 

described (Verlengia et al. 2017). Briefly, ICP4/ICP27-complementing U2OS cells were transfected 

with purified BAC-DNA engineered to contain the HSV1-JDNI8/gfaABC1D-tdTomato vector 

genome. Depending upon kinetics of cytopatic effects, 7-10 days from transfection supernatant was 

collected and reused for virus amplification in the same cell line, in order to obtain a highly 

concentrated vector stock. Estimation of vector titer was carried out by qPCR for quantitatively 

detecting the glycoprotein D gene (Miyagawa et al. 2015).  

 

Stereotaxic injection of JDNI8-gfaABC1D-tdTomato, AAV2/5-gfaABC1D-tdTomato and AAV2/5-

gfaABC1D-hSREBP2-tdTomato 

7-weeks-old mice were deeply anesthetized with Avertin 2.5% (15 µL/gr body weight). The virus 

was injected by implantation of a borosilicate glass needle into the right striatum of mice via 

stereotaxic surgery using an automated infusion syringe pump (KD Scientific, KDS100), on which a 

50 µL Gastight Syringe Model 1705 TLL with PTFE Luer Lock (Hamilton, 80920) could be mounted. 

In order to favor needle entry and vector spread in the injected striata, we used borosilicate needles 

customized by laser shaping with the Leica Laser Microdissector CTR6000 (Leica Microsystems), 

that allowed a 45 degrees edge chamfering of tip (inner diameter at tip = 60 µm) and, moreover, to 

open an additional circular hole (Ø 20 µm) about 100 µm from the beveled edge (Paolone et al. 2018).  

The following stereotaxic coordinates were used: 2 mm lateral to midline, 0.74 mm rostral to the 

bregma, 3.5 mm ventral to the skull surface; from Paxinos G and Watson C. The Rat Brain in 

Stereotaxic Coordinates. Academic Press, San Diego. The rate of injection was 12 µl/min with a total 

volume of 2 µL. 

Assessment of post-operative pain and distress was performed using a specific table for pain scoring 

based on behavioral indicators of well-being and monitoring mice body weight (Lloyd & Wolfensohn 

1998).  

 

Immunohistochemistry analysis 

4 weeks after the infection anesthetized mice were transcardially perfused with PFA 4%. Brains were 

post-fixed overnight in PFA 4% at 4°C and then in 30% sucrose to prevent ice crystal damage during 

freezing in OCT. 

15 μm coronal sections or 30 μm coronal sections were prepared for immunohistochemical analysis. 

Epitopes were demasked at 98°C with NaCitrate 10 mM and then slices were incubated with the 

following primary antibodies for 3h at RT: rabbit anti-SREBP2 (1:100; Ls-Bio, LS-C179708), rabbit 

anti-RFP (1:100, MBL, PM005), mouse anti-RFP (1:100, Thermo Fisher, MA5-15257), anti-
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DARPP32 (1:100; Cell Signalling, 2306), mouse anti-NeuN (1:100; Millipore, MAB377); rabbit anti-

GFAP (1:250; Dako, Z0334), rabbit anti-IBA1 (1:100, Wako, 019-19741), rabbit anti-Huntingtin 

clone EM48 (1:100; Millipore, MAB5374). Anti-rabbit Alexa Fluor 568-conjugated goat secondary 

antibodies (1:500; Invitrogen), anti-rabbit Alexa Fluor 633-conjugated goat secondary antibodies 

(1:500; Invitrogen) or anti-mouse Alexa Fluor 488-conjugated goat secondary antibodies (1:500; 

Invitrogen) were used for detection (1h at RT). Sections were counterstained with the nuclear dye 

Hoechst 33258 (1:10.000, Invitrogen) and then mounted under cover slips using Vectashield (Vector 

Laboratories).  

 

Image acquisition and quantification 

To study the spread of the viruses, large images were acquired with a Nikon Crest X-Light V2 

microscope at 4×.  

To study the tropism of the viruses and to count muHTT aggregates, confocal images (5 to 10-z steps) 

were acquired with a LEICA SP5 laser scanning confocal microscope. Laser intensity and detector 

gain were maintained constant for all images. To count aggregates in the striatum 18 images/mice 

from 9 sections throughout the entire striatum were taken from three R6/2-hBP2 mice at 40×. To 

quantify the number and the size of aggregates, ImageJ software was used to measure the 

fluorescence. Images were divided into three-color channels and the same global threshold was set. 

 

RNA extraction and qRT-PCR  

4 weeks after the infection, mice were sacrificed by cervical dislocation and tissues were isolated and 

frozen. Total RNA from the infused striatum and the ipsi-lateral cortex of treated mice was extracted 

with TRIzol reagent (Life Technologies, 15596026). RNA quality check was carried out on 1% 

agarose gel. Potential contamination of DNA was removed using the Ambion® DNA-free™ Kit 

(Invitrogen, AM1906). 500 ng of RNA was retrotranscribed to single-stranded cDNA using the 

iScript cDNA synthesis kit (Bio-Rad, 1708891). The analyses were performed in 3 animals/group. 

For each sample, two different reverse transcription were performed. For each cDNA reaction, one 

or two conventional qPCR were performed in a CFX96 Real-Time System (Bio-Rad) in a 15 µl 

volume containing diluited cDNA and 7.5 μL iQ EVA Green Supermix (Bio-Rad, 172-5204), 7.5 μL 

nuclease-free water and 0.33 μM forward and reverse primers. The amounts of target transcript were 

normalized to β-actin as reference gene. Table S1 summarizes the primer sequences and melting 

temperature used in this work.   

 

Synaptosomes preparation and WB analysis  
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Mice were sacrificed by cervical dislocation and the tissues were isolated and frozen. Syn-PER 

Synaptic Protein Extraction Reagent (Thermo Fisher Scientific, 87793) was used for synaptosome 

purification from the striatum and the ipsi-lateral cortex accordingly to the manufacturer instruction. 

Briefly, a volume of 10 mL of Syn-PER Reagent per gram of tissue was added and tissues were 

homogenized on ice. The homogenate was centrifuged at 1,200 x g for 10 min at 4°C. The supernatant 

was centrifuged at 15,000 x g for 20 min at 4°C to pellet synaptosomes. The pellet was resuspended 

in Syn-PER Reagent. Proteins were quantified with Pierce™ BCA Protein Assay Kit (Thermo Fisher 

Scientific, 23225). 

Criterion TGX Stain Free Precast Gels 7.5% (Bio-Rad, 5678023) or Any kD (Bio-Rad, 5678123) 

were used for Western Blot analysis. Membranes were incubated with the following primary 

antibodies over night at 4°C: rabbit anti-RFP (1:1000; MBL, PM005), rabbit anti-SREBP2 (1:1000; 

LS-Bio, LS-B4695), mouse anti-SYP (1:500; Abcam, ab8049), mouse anti-SNAP25 (1:1000; 

Abcam, ab66066), rabbit anti-VAMP1 (1:1000; Abcam, ab151712), mouse anti-PSD95 (1:1000; 

SySy, 124011), rabbit anti-SHANK3 (1:1000; SySy, 162302), rabbit anti-NMDAR1 (1:500; 

MerckMillipore, Ab9864), rabbit anti-GAPDH (1:5000; Abcam, ab37168). Goat anti-mouse IgG-

HRP (1:3000; Bio-Rad, 1706516) or Goat anti-rabbit IgG-HRP (1:3000; Bio-Rad, 1706515) were 

used for detection (1h at RT). Proteins were detected using Clarity Western ECL Substrate (Bio-Rad, 

1705061) or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, 

34096) using ChemiDoc MP System (Bio-Rad). Protein levels were normalized using GAPDH (for 

the cytosolic fraction) or using 6 different protein bands of the stain-free technology (for 

synaptosomes). 4 animals/group were analyzed by western blotting and for each protein, two or three 

technical replicates were performed.  

 

X-clarity and 2-photon imaging   

4 weeks after the infection anesthetized mice were transcardially perfused with PFA 4%. Brains were 

post-fixed overnight and sliced with a Leica VT1000S Vibrating blade microtome (Leica 

Biosystems). From each mouse, two 1-mm thick coronal brain slices were prepared, from which the 

infused and the contra-lateral striatum were isolated. Tissues were clarified using the X-Clarity 

system (Logos Biosystem) according to manufacturer instructions. Briefly, tissues were incubated in 

embedding solution (Logos Biosystems, C13104) at 4°C for 24h at most, allowing hydrogel 

monomers to diffuse uniformly throughout the samples and to covalently link biomolecules including 

proteins, nucleic acids and small molecules. Polymerization was performed by placing the samples 

within the X-CLARITY™ Polymerization at 37°C for 3 hours under vacuum condition (-90kPa). 

Following washing steps, the hydrogel-embedded tissues were rinsed with Electrophoretic Tissue 
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Clearing (ETC) Solution (Logos Biosystems, C13001) and moved into the X-CLARITY™ Tissue 

Clearing System II (Logos Biosystems, C30001) chamber, filled with the ETC solution in which the 

application of a uniform electric current (1.5 A) at a controlled temperature of 37°C enabled the active 

extraction of lipids from tissues in about 2-3 hours. 

After clearing, samples were washed with PBS 1X overnight at RT to remove residual SDS. The 

endogenous signal (eGFP) was acquired by using a A1 MP+ microscope (Nikon) equipped with 

Ti:Sapphire MP tunable laser (680 - 1080 nm) using the water plan-Apo LWD 25 X objective (NA 

1.1). Images were acquired with the following settings: 16 bit, Z-stack of approximately 400 μm with 

a Z step size of 5 μm. The endogenous fluorescent protein eGFP was excited at a wavelength of 900 

nm. For each striatum, 2-3 images were acquired. Images were processed using the software NIS-

Elements (Nikon). First, a 3D deconvolution algorithm was applied to improve image quality. 

Afterwards, background was removed using the rolling ball correction. To quantify the number of 

cells expressing eGFP, a mask was applied using a plugin for 3D reconstruction. For each image, the 

number of cells expressing eGFP was normalized on the Z volume acquired.  

 

Electrophysiological analysis  

Experiments were performed on submerged brain slices obtained from 12 week old mice. Animals 

were anesthetized by inhalation of isoflurane and decapitated. The head was rapidly submerged in 

ice-cold (~ 4°C) and oxygenated (95% O2 - 5% CO2) cutting solution containing: Sucrose 70 mM, 

NaCl 80 mM, KCl 2.5 mM, NaHCO3 26 mM, Glucose 15 mM, MgCl2 7 mM, CaCl2 1 mM and 

NaH2PO4 1.25 mM. Striatal coronal slices (300-μm-thick) were cut using a vibratome (DTK-1000, 

Dosaka EM, Kyoto, Japan) and allowed to equilibrate for at least 1 hour in a chamber filled with 

oxygenated ACSF containing: NaCl 125 mM, KCl 2.5 mM, NaHCO3 26 mM, Glucose 15 mM, MgCl2 

1.3 mM, CaCl2 2.3 mM and NaH2PO4 1.25 mM. The slices collected from the hemisphere ipsilateral 

to the infusion site were transferred to a submerged-style recording chamber at room temperature (~ 

23-25°C) and were continuously perfused at 1.4 ml/min with ACSF. The chamber was mounted on 

an E600FN microscope (Nikon) equipped with 4X and 40X water-immersion objectives (Nikon) and 

connected to a near-infrared CCD camera for cells visualization.  

Data were obtained from MSNs using the whole-cell patch-clamp technique in both voltage- and 

current-clamp mode. The patch pipette was produced from borosilicate glass capillary tubes 

(Hilgenberg GmbH) using a horizontal puller (P-97, Sutter instruments) and filled with an 

intracellular solution containing: Cs-methanesulphonate 120 mM, KCl 5 mM, CaCl2 1 mM, MgCl2 2 

mM, EGTA 10 mM, Na2ATP 4 mM, Na3GTP 0.3 mM, Hepes 8 mM and lidocaine N-ethylbromide 5 

mM (added to inhibit firing by blocking intracellularly the voltage-sensitive Na+ channels) (pH 
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adjusted to 7.3 with KOH). Spontaneous excitatory postsynaptic currents (sEPSCs), mediated by the 

activation of ionotropic glutamate receptors, were recorded from MSNs at a holding potential of -70 

mV, whereas spontaneous inhibitory postsynaptic currents (sIPSCs), elicited by the activation of 

GABAA receptors, were assessed at a holding potential of 0 mV. The signals were amplified with a 

MultiClamp 700B amplifier (Molecular Devices) and digitized with a Digidata 1322 computer 

interface (Digitata, Axon Instruments Molecular Devices, Sunnyvale, CA). Data were acquired using 

the software Clampex 9.2 (Molecular Devices, Palo Alto, CA, U.S.A.), sampled at 20 kHz and filtered 

at 2 kHz.  

The off-line detection of spontaneous postsynaptic currents (sPSCs) were performed manually using 

a custom-made software in Labview (National Instruments, Austin, TX, U.S.A.). The amplitudes of 

sPSCs obeyed a lognormal distribution. Accordingly, the mean amplitude was computed as the peak 

of the lognormal function used to fit the distribution. Intervals (measured as time between two 

consecutive sPSCs) for spontaneous events were distributed exponentially and the mean interval was 

computed as the tau (tinterval) value of the mono-exponential function that best fitted this distribution. 

The reciprocal of t (1/t) is the mean of the instantaneous frequencies of sPSCs. Furthermore, the 

analysis of the membrane capacitance (Cm) and the input resistance (Rin) was performed using Clampfit 

10.2 (Molecular Devices, Palo Alto, CA, U.S.A.). Cm was estimated from the capacitive current 

evoked by a -10 mV pulse, whereas Rin was calculated from the linear portion of the I-V relationship 

obtained by measuring steady-state voltage responses to hyperpolarizing and depolarizing current 

steps.  

 

Behavioral tests 

Mice behavior was evaluated at 11 weeks of age. Animals were assigned randomly and sex was 

balanced in the various experimental groups. All the behavioral analyses were performed in blind. 

Activity Cage: spontaneous locomotor activity was evaluated by the activity cage test, in presence of 

a low-intensity white light source. The animal was placed in the center of the testing, transparent, 

arena (25 cm × 25 cm) (2Biological Instrument) and allowed to freely move for an hour. Following 

15 minutes of habituation, both horizontal and vertical motor activities were assessed by an automated 

tracking system (Actitrack software, 2Biological Instrument) connected to infrared sensors 

surrounding the arena. Total distance travelled, mean velocity speed, stereotyped movements and 

numbers of rearings were evaluated. The % of time that mice explored the periphery or the center 

area of the was evaluated as a measure of anxiety-like behavior. 

Novel Object Recognition (NOR) test: long-term memory was evaluated by the NOR test, using a 

grey-colored, non-reflective arena (44 × 44 × 44 cm). All phases of the test were conducted with a 
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low-intensity white light source. In a first habituation phase, mice were placed into the empty arena 

for 10 min. The habituation phase was followed by the familiarization one, in which two identical 

objects (A′ and A″) were presented to each animal for 10 min. Twenty-four hours later, during the 

testing phase, the same animals were exposed to one familiar object (A″) and a new object (B) for 

10 min. A measure of the spontaneous recognition memory was represented by the index of 

discrimination, calculated as (time exploring the novel object − time exploring the familiar 

object) / (time exploring both objects) × 100. Mice exploring less than 7 sec. were excluded from the 

analysis due to their inability to perform the task. 

Grip strength test: mice were lifted by the lower back and tail and lowered towards the grip (Ugo 

Basile) until the animal grabbed it with both front paws. The animal was then lowered toward the 

platform and gently pulled straight back with consistent force until it released its grip. The forelimb 

grip force, measured in grams, was recorded. The test was repeated for 5 times, and measures were 

averaged. After testing, animals were placed back into their home cage. 

Paw clasping test: mice were suspended by the tail for 30 s and the clasping phenotype was graded 

according to the following scale: level 0, no clasping; level 1, one hindlimb retracted toward the 

abdomen; level 2, both hindlimbs retracted toward the abdomen; level 3, both hindlimbs entirely 

retracted and touching the abdomen. After testing, animals were placed back into their home cage. 

 

Statistics  

Prism 8 (GraphPad software) was used to perform all statistical analyses. Data are presented as means 

± standard error of the mean (SEM). Grubbs’ test was applied to identify outliers. 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. To pre-determine 

sample sizes, we used G-power analysis based on pilot or previous studies. For animal studies, mice 

were assigned randomly, and sex was balanced in the various experimental groups; animals from the 

same litter were divided in different experimental groups; blinding of the investigator was applied to 

in vivo procedures and all data collection. Table S2 summarizes all the trials and read-outs performed. 
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Figure 1. In vivo characterization of AAV2/5-gfaABC1D-tdTomato and AAV2/5-gfaABC1D-hSREBP2-

tdTomato  

A–B. Scheme of the viruses and experimental paradigm used in the study, and readouts performed. Mice at 7 

weeks of age were unilaterally infected in the right striatum with HSV or AAV expressing tdTomato under 

the control of the gfaABC1D promoter (A). Mice were sacrificed 4 weeks later and brains were collected to 

study viral spread and tropism (B). 

C. Representative large images of coronal brain slices of wt mice infected with AAV2/5-gfaABC1D-tdTomato 

with immunostaining against tdTomato (red) to visualize AAV spread. Scale bar is 1000 µm. 

D. Representative confocal images of coronal brain slices of wt mice infected with AAV2/5-gfaABC1D-

TdTomato with immunostaining against tdTomato (red) and GFAP, IBA1, S100B, NeuN, and DARPP32 

(green) to visualize viral tropism with relative signal quantification. Scale bar is 5 µm. 

E–F. mRNA levels of tdTomato (E) and hSrebp2 (F) in the striatum and cortex from wt, R6/2, R6/2-Tom, and 

R6/2-hBP2 mice (n = 3 mice/group).  

G–I. Protein levels (G) and relative densitometry quantification of tdTomato (H) and hSREBP2 (I) in cytosolic 

fractions from the infused hemibrains from R6/2-Tom or R6/2-hBP2 (n = 4 mice/group). Stain-free imaging 

and GAPDH were used for normalization. 

J. Representative large image and high-magnification confocal image (crop) of coronal brain slices of R6/2-

hBP2 mice with immunostaining against GFAP (green) and SREBP2 (red).  

K. mRNA levels of mSrebp2 in the hemi-brains of wt and R6/2 mice, and in the infused hemi-brains of R6/2-

Tom and R6/2-hBP2 mice (n = 3 mice/group).  

L. mRNA levels of mSrebp2 and hSrebp2 in the infused hemi-brains from R6/2-hBP2 mice (n = 3).  

Hoechst was used to counterstain nuclei (blue) in C, D, J. Scale bar is 1000 µm (C), 5 µm (D), 2000 µm (J, 

up), and 10 µm (J, down). Data (E, F, H, I, K, and L) are shown as scatterplot graphs with means ± SEM. Each 

dot corresponds to the value obtained from each animal. Statistics: one-way ANOVA with Newman–Keuls 

post-hoc test (**p < 0.01). 

 

Figure 2. mRNA transcript levels of cholesterol biosynthesis genes and levels of synaptic proteins 

following glial hSREBP2 over-expression 

A. Genes encoding enzymes of cholesterol biosynthesis whose expression was analyzed by qPCR (red). 

Products of the Bloch and Kandutsch-Russell pathways are in blue and pink, respectively. 

B–G. mRNA levels of hydroxymethylglutaryl-coenzyme A reductase (Hmgcr) (B), mevalonate kinase (Mvk) 

(C), squalene synthase/farnesyl-diphosphate farnesyl transferase 1 (Sqs/Fdft1) (D), cytochrome p450 

lanosterol 14-alpha-demethylase (Cyp51) (E), 7-dehydroxycholesterol reductase (Dhcr7) (F), and cholesterol 

24-hydroxylase (Cyp46a1) in the hemibrain from wt, R6/2, R6/2-Tom mice, and R6/2-hBP2 mice (n = 3 

mice/group). 

H–K. Lanosterol (H), Lathosterol (I), desmosterol (J), and 24-OHC (K) levels measured by GC-MS in the 

infused striata of wt-Tom, R6/2-Tom, and R6/2-hBP2 mice (n = 4–6 mice/group). 
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L–M. Protein levels (L) and relative densitometry quantification (M) of synaptophysin (SYP), synaptosome-

associated protein 25 (SNAP25), and vesicle-associated membrane protein 1 (VAMP1) in synaptosomes 

purified from the infused hemi-brains from wt-Tom mice, R6/2-Tom mice, and R6/2-hBP2 mice (n = 4 

mice/group).  

N–O. Protein levels (N) and relative densitometry quantification (O) of postsynaptic density protein 95 

(PSD95), SH3 and multiple ankyrin repeat domains 3 (SHANK3), and N-methyl-D-aspartate receptor 

(NMDAR1) in synaptosomes purified from the infused hemi-brains from wt-Tom mice, R6/2-Tom mice, and 

R6/2-hBP2 mice (n = 4 mice/group). Stain-free imaging was used as a loading control and for normalization.  

Data (B-K, M, and O) are shown as scatterplot graphs with means ± SEM. Each dot corresponds to the value 

obtained from each animal. See Supplementary Figures S4 and S5 for full-length pictures of the blots shown 

in L and N. Statistics: one-way ANOVA with Newman–Keuls post-hoc test (*p < 0.05; **p < 0.01; ***p < 

0.001) or unpaired Student’s t-test (#p < 0.05). 

 

Figure 3. Electrophysiological analysis in MSNs of R6/2 mice following glial hSREBP2 over-expression 

A. Schematic representation of the electrophysiological parameters analyzed in striatal MSNs of mice (stained 

with biocytin) following 4 weeks of AAV infusion. Scale bar is 5 µm. 

B–C. Membrane capacitance (Cm, B) and input resistance (Rin, C) recorded from wt-Tom MSNs (n=8) and 

from the contralateral (n = 5) and infused (n = 8) MSNs of R6/2-hBP2 mice. 

D–F. Spontaneous EPSCs recorded from MSNs at a holding potential of -70 mV (D). Average amplitude (E) 

and average frequency (F) of EPSCs from wt and R6/2-hBP2 mice MSNs.  

G–I. Spontaneous IPSCs recorded from MSNs at a holding potential of 0 mV (G). Average amplitude (H) and 

average frequency (I) of IPSCs from wt and R6/2-hBP2 mice MSNs.  

Data (B, C, E, F, H, and I) are shown as scatterplot graphs with means ± SEM. Each dot corresponds to the 

value obtained from each animal. Statistics: one-way ANOVA with Newman–Keuls post-hoc test (*p < 0.05; 

**p < 0.01; ****p < 0.0001; ***p < 0.001). 

 

Figure 4. muHTT aggregation and number of Drd2 neurons in R6/2 mice following glial hSREBP2 over-

expression  

A–C. Immunolabeling of muHTT aggregates (green) (A) and relative quantification of number (B) and size 

(C) in infused and contralateral striata of R6/2-Tom mice or R6/2-hBP2 mice (n = 3–5/group). Hoechst (blue) 

was used to counterstain nuclei. Scale bar is 10 µm. 

D. Experimental paradigm used in the X-Clarity experiment. R6/2 mice were crossed with mice having Drd2-

expressing MSNs tagged with GFP to obtain an HD line with neurons from the indirect pathway expressing 

GFP. Drd2 mice at 7 weeks of age were infected with AAV2/5-gfaABC1D-tdTomato (Drd2-wt-Tom) while 

Drd2-R6/2 mice were infected with AAV2/5-gfaABC1D-tdTomato (Drd2-R6/2-Tom) or with AAV2/5-

gfaABC1D-hSREBP2-tdTomato (Drd2-R6/2-hBP2). Mice were sacrificed 4 weeks later and two 1 mm-thick 

brain coronal slices (comprehending the striatum) were prepared from each animal. From each slice, the 
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portion including the infused and the contralateral striatum was isolated and clarified using the X-clarity 

technology (n = 5 mice/group). 

E. Representative two-photon imaging of the endogenous signals of GFP (green) and TdTomato (red) of 1-

mm thick brain coronal slices from Drd2-wt-Tom (infused hemisphere). 

F–G. Representative two-photon imaging (F) of the endogenous signal of GFP (green) of 1-mm thick brain 

coronal slices from Drd2-wt-Tom (infused hemisphere), Drd2-R6/2-Tom (infused hemisphere), and Drd2-

R6/2-hBP2 (contralateral and infused hemisphere) with relative 3D reconstruction and quantification (G).  

Data (B, C and G) are shown as scatterplot graphs with means ± SEM. Each dot corresponds to an image. The 

number of neurons was normalized on the z-stack acquired. Statistics: one-way ANOVA with Newman–Keuls 

post-hoc test (*p < 0.05; **p < 0.01; ****p < 0.0001). 

 

Figure 5. Cognitive and motor abilities of R6/2 mice following glial hSREBP2 over-expression 

A–E. Global activity (A), distance traveled (B), and number of rearings (C) in an open-field test in wt-Tom (n 

= 13), R6/2-Tom (n = 14), and R6/2-hBP2 (n = 13). Representative track plots (D) from the open-field test 

from wt-Tom (n = 13), R6/2-Tom (n = 14), and R6/2-hBP2 (n = 13) and relative quantification (E) of the time 

spent (%) in the center and in the periphery of the arena.  

F. Grip strength (grams) in wt-Tom (n = 13), R6/2-Tom (n = 15), and R6/2-hBP2 (n = 13).  

G. Paw clasping in wt-Tom (n = 13), R6/2-Tom (n = 15), and R6/2-hBP2 (n = 13).  

H. Discrimination index (DI %) in the novel object recognition test of wt-Tom (n = 12), R6/2-Tom (n = 15), 

and R6/2-hBP2 (n = 13). DI above zero indicates a preference for the novel object; DI below zero indicates a 

preference for the familiar object. 

Data (A-C and F-H) are shown as scatterplot graphs with means ± SEM. Each dot corresponds to the value 

obtained from each animal. Statistics: one-way ANOVA with Newman–Keuls post-hoc test (*p < 0.05; **p < 

0.01; ***p < 0.001; ****p < 0.0001) or unpaired Student’s t-test (#p < 0.05; ##p < 0.01). 
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Supplementary Figures Legend 

 

Figure S1. Spread and tropism of HSV-gfaABC1D-TdTomato  

A. Representative large images of coronal brain slices of wt mice infected with HSV-gfaABC1D-TdTomato 

with immunostaining against TdTomato (red) to visualize viral spread. Hoechst were used to counterstain 

nuclei (blue). Scale bar is 1000 µm. 

B. Representative confocal images of coronal brain slices of wt-HSV-gfaABC1D-TdTomato mice with 

immunostaining against TdTomato (red) and DARPP32, NeuN, and GFAP (green) to visualize viral tropism. 

Hoechst were used to counterstain nuclei (blue). Scale bar is 10 µm. 

 

Figure S2. Gene expression analysis of genes involved in cholesterol metabolism, glial metabolism and 

synaptic activity 

A-D. mRNA level of ATP-binding cassette transporter (Abca1) (A), Apolipoprotein E (ApoE) (B), Low 

density lipoprotein receptor-related protein 1 (Lrp1) (C), and Cholesterol 24-hydroxylase (Cyp46a1) (D). in 

the hemi-brain of wt and R6/2 mice and in the infused hemibrain from R6/2-Tom, and R6/2-hBP2 mice (n = 

3 mice/group). 

E-G. mRNA level of Glutamate transporter 1 (Glt1) (E), S100 calcium binding protein B (S100b) (F), and 

potassium inwardly-rectifying channel, subfamily J, member 10 (Kir4.1) (G) in the hemi-brain of wt and R6/2 

mice and in the infused hemibrain from R6/2-Tom, and R6/2-hBP2 mice (n = 3 mice/group). 

H-L. mRNA levels of Brain derived neurotrophic factor (Bdnf) (H), Complexin-2 (Cplx2) (I), SH3 and 

multiple ankyrin repeat domains 3 (Shank3) (J), Homer scaffolding protein (Homer) (K), and Growth-

associated protein 43 (Gap43) (L) in the hemi-brain of wt and R6/2 mice and in the infused hemibrain from 

R6/2-Tom, and R6/2-hBP2 mice (n = 3 mice/group). 

Data (A-L) are shown as scatterplot graphs with means ± SEM. Each dot corresponds to the value obtained 

from each animal. Statistics: one-way ANOVA with Newman–Keuls post-hoc test (*p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001). 

 

Figure S3. Gene expression analysis of genes involved in energy metabolism and autophagy 

A-I. mRNA levels of GTP-binding protein Rhes (Rhes) (A), Peroxisome proliferator-activated receptor 

gamma coactivator 1-alpha (Pgc1a) (B), Superoxide dismutase 2 (Sod2) (C), Peroxisomal adenine nucleotide 

transporter 1 (Ant1) (D), cytochrome complex (Cyt-c) (E), Inhibitor Of Nuclear Factor Kappa B Kinase 

Subunit Beta (Ikbkb) (F), Histone deacetylase 4 (Hdac4) (G), Microtubule-associated proteins 1A/1B light 

chain 3B (Lc3b) (H), and Autophagy Related 4D Cysteine Peptidase (Atg4d) (I) in the hemi-brain of wt and 

R6/2 mice and in the infused hemibrain from R6/2-Tom, and R6/2-hBP2 mice (n = 3 mice/group). 

Data (A-I) are shown as scatterplot graphs with means ± SEM. Each dot corresponds to the value obtained 

from each animal. Statistics: one-way ANOVA with Newman–Keuls post-hoc test (***p<0.001; 

****p<0.001). 
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Table S1. Primers List

Target Pathway Oligo Name Sequence Tm [°C] GC % Length [mer] Protocol Ta [°C] PCR product (bp)
mActin-FW AGTGTGACGTTGACATCCGTA 57,9 47,6 21

mActin-RV GCCAGAGCAGTAATCTCCTTCT 60,3 50 22

hSREBP2-FW GTACAGCCGGTCACCATTCA 59,4 55 20

hSREBP2-RV CCATTGGCCGTTTGTGTCAG 59,4 55 20

mSREBP2-FW GCCTCTCCTTTAACCCCTTG 59,4 55 20

mSREBP2-RV CCAGTCAAACCAGCCCCCAG 63,5 65 20

mHMGCR-FW GGAGCATAGGCGGCTACA 58,2 61 18

mHMGCR-RV ACCACCCACGGTTCCTATCT 59,4 55 20

MVK-FW CCCTCCTGAAGCCAGGTCTA 61,4 60 20

MVK-RV TGGTCTCCCAGCAGTCAAAC 59,4 55 20

mFDFT1-FW ACTCAGCAGCAGCTTGAAGACC 62,1 55 22

mFDFT1-RV TGTCATCCTCCACTGTATCCAG 60,3 50 22

CYP51-FW GGCAGAGCGCTTGGACTTTA 59,4 55 20

CYP51-RV ATGACGCCCAGCTCCAAATG 59,4 55 20

DHCR7-FW GCTTCCTGACTTCTGCCACA 59,4 55 20

DHCR7-RV TGTTTACAACCCCTGCTGGA 57,3 50 20

mCYP46A1-FW AGGACGATGAGGTTCTGCTGGA 62,1 54,5 22

mCYP46A1-RV TCGTAGTCCAGGTGCCTCTT 59,4 55 20

mAPOE-FW GACAGATCAGCTCGAGTGGC 61,4 60 20

mAPOE-RV CTTCCGTCATAGTGTCCTCCAT 60,3 50 22

mABCA1-FW GTCAGCTGTTACTGGAAGTGG 59,8 52 21

mABCA1-RV CGCCGGGAGTTGGATAACGG 63,5 65 20

LRP1-FW AGGCCACCTCTGCAGCTGT 61 63,2 19

LRP1-RV GCTGCGGATCTCGTTGTCATC 61,8 57,1 21

mBDNF-FW TCGTTCCTTTCGAGTTAGCC 57,3 50 20

mBDNF-RV TTGGTAAACGGCACAAAAC 52,4 42,11 19

mCPLX!!-FW AGTGGCTTAGACGGTTGCTG 59,4 55 20

mCPLX!!-RV TTCGCATTCAGCACTCCTGG 59,4 55 20

mShank3-FW AGGAACTTGCTTCCATTCGGA 57,9 48 21

mShank3-RV ATCTCAGCAGGGGTGATCCT 59,4 55 20

mHomer-FW TGGACTGGGATTCTCCTCTG 59,4 55 20

mHomer-RV TGTGTCACATCGGGTGTTCT 57,3 50 20

mGAP43-FW GGAGAAAGACGCTGTAGACGAA 60,3 50 22

mGAP43-RV TCGGGGTCTTCTTTACCCTCA 59,8 52 21

mGLT1-FW TTGGTGCAGCCAGTATTCCC 59,4 55 20

mGLT1-RV TCTATCCAGCAGCCAGTCCA 59,4 55 20

mS100"-FW CGAGCTCTCTCACTTCCTG 58.8 58 19

mS100"-RV TCGTCCAGCGTCTCCATCACT 61,8 57 21

mKIR4.1-FW TCTGTTCATCTGTCCCGCTGC 61,8 57,14 21

mKIR4.1-RV GACGTCATCTTGGCTCGAAGG 61,8 57,14 21

mRHES-FW AGGTGTACAACATCCACGGG 59,4 55 20

mRHES-RV GACATCTCCTGTGAGGATGGAG 62,1 55 22

mPGC1#-FW AGTCCCATACACAACCGCAG 59,4 55 20

mPGC1#-RV CCCTTGGGGTCATTTGGTGA 59,4 55 20

mSOD2-FW AGGAGCAAGGTCGCTTACAG 59,4 55 20

mSOD2-RV GCGGAATAAGGCCTGTTGTT 57,3 50 20

mANT1-FW GGCTGGTGTCCTATCCGTTT 59,35 55 20

mANT1-RV ATAATATCAGCCCCTTTCCGGC 60,3 50 22

mCYTC-FW ACCAGCCCGGAACGAATTAAAA 58,4 45 22

mCYTC-RV GGTCCAGTCTTATGCTTGCCT 59,8 52 21

mIKK-FW ATGAACGAGGACGAGAGGAC 59,4 55 20

mIKK-RV ACCTCGGACTTTGCTACAGG 59,4 55 20

mHDAC4-FW CAGACAGCAAGCCCTCCTAC 61,4 60 20

mHDAC4-RV GGACTGACATGGGGAAGGTG 61,4 60 20

mLC3B-FW CCGTCCGAGAAGACCTTCAA 59,4 55 20

mLC3B-RV TCGCTCTATAATCACTGGGATCT 58,9 43,48 23

mLC3B-FW CCGTCCGAGAAGACCTTCAA 59,4 55 20

mLC3B-RV TCGCTCTATAATCACTGGGATCT 58,9 43,48 23

mATG4D-FW ACGTCAAGTATGGTTGGGCA 57,3 50 20

mATG4D-RV ATGTCACCCTCTCCCTCGAA 59,4 55 20

60 112

mCPLX!! Synaptic Gene

Autophagy

mGLT1

mABCA1 EvaGreen

EvaGreen

EvaGreen 60

EvaGreen

EvaGreen

Cholesterol Efflux 

10357EvaGreen

EvaGreen

EvaGreen

mActin Reference EvaGreen

7-dehydrocholesterol reductase
Cholesterol Synthesis

mSREBP2 Cholesterol Synthesis

mCYP46A1 Cholesterol Catabolism

mAPOE Cholesterol Efflux 

EvaGreen 60 108

mHomer Synaptic Gene

mLC3B Autophagy

mATG4D

131

175

170

198

107

60

60

60

60

160

78

mHMGCR Cholesterol Synthesis EvaGreen 60 191

Mevalonate Kinase
Cholesterol Synthesis

EvaGreen 60 87

57 86

mBDNF Synaptic Gene EvaGreen 60 97

60 152

Lanosterol 14-alpha demethylase
Cholesterol Synthesis

EvaGreen 60 97

LRP1
Neuronal Cholesterol Uptake

EvaGreen 60 112

mFDFT1 Cholesterol Synthesis EvaGreen

60

mShank3 Synaptic Gene 57

EvaGreen 57 216

mGAP43 Synaptic Gene EvaGreen 60 72

mKIR4.1 Channels & Transporters EvaGreen 60 70

mRHES mTOR & Its Regulators EvaGreen

Channels & Transporters EvaGreen 60 119

mS100" Marker for Glia EvaGreen 60 72

76

mCYTC Mitochondrial Activity EvaGreen 60 114

mPGC1# Mitochondrial Activity EvaGreen 60 94

mSOD2 Mitochondrial Activity EvaGreen 57 75

mLC3B Autophagy EvaGreen 60 108

hSREBP2 Transgene EvaGreen 60 74

mIKK mHTT Clearance EvaGreen 60 96

mHDAC4 mHTT Clearance EvaGreen 60 161

mANT1 Mitochondrial Activity EvaGreen 60

Table S1



Table S2. Animals used in all the experiments

N° Trial Date Experimental 
Groups

Spread and 
tropism qRT-PCR Synaptosomes Ephys 

analysis
Drd2 

quantification
muHTT 
analysis

Mass spect 
analysis

Behavioral 
analysis

N mice N mice N mice N mice N mice N mice N mice
wt-HSV 4
wt-Tom 3

R6/2-Tom 3
R6/2-hBP2 5

wt 3
R6/2 3

R6/2-Tom 3 3
R6/2-hBP2 2 3

wt-Tom 4
R6/2-Tom 4
R6/2-hBP2 3 4

wt 5
R6/2-hBP2 5

wt-Tom 8
R6/2-Tom 3 8
R6/2-hBP2 5 7

Drd2-wt-Tom 5
Drd2-R6/2-Tom 4
Drd2-R6/2-hBP2 4

wt-Tom 5 4 4
R6/2-Tom 5 4 7
R6/2-hBP2 3 4 6

1 Aug-Sept 2017

2 Nov 2017

3 Ott 2018

7 Giu 2020

4 Dic 2019

5 Gen 2020

6 Feb 2020

Table S2
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Abstract  

Cholesterol delivery to the brain is emerging as a potential treatment for Huntington’s disease (HD), 

a genetic neurodegenerative disorder characterized by decreased brain cholesterol biosynthesis. 

However, this approach is challenging due to the blood-brain barrier (BBB) that hinder to reach 

specially the striatum with the therapeutically relevant dose. 

Here we show that hybrid polymeric nanoparticles (hybrid-g7-NPs-chol), made of PLGA and 

cholesterol, modified with g7-peptide for BBB crossing, let cholesterol access to different brain 

regions and cells in vivo. Kinetic studies demonstrated that the release of cholesterol from hybrid-g7-

NPs-chol occurs in a slow and controlled manner in the brain allowing its accumulation over-time, 

while it is rapidly released and removed from peripheral tissues and plasma. 

Moreover, systemic and multiple injections of hybrid-g7-NPs-chol enhanced endogenous cholesterol 

biosynthesis, prevented cognitive decline, and ameliorated motor defects in HD animals without 

induction of inflammation.  

In summary, this study provides insights about kinetics, release, safety, and benefits of cholesterol 

delivery through advanced brain-permeable nanoparticles for HD treatment. 

 

	  



Targeting the brain with therapeutic agents has always been critical due to the presence of the blood-

brain barrier (BBB). During the years, several strategies have been developed to overcome this 

problem and to enhance drug delivery to the central nervous system (CNS), including momentary 

disruption of BBB, conjugation of ligands to drug of interest to improve BBB permeability, intranasal 

delivery, or direct delivery of molecules into the brain using invasive strategies (Gao et al. 2016).  

Recently, several efforts were made to develop non-invasive methods based on the use of nanocarriers 

loaded with the drug of interest and decorated on their surface with antibodies or ligands to reach the 

brain (Hersh et al. 2016; Saraiva et al. 2016). Accordingly, it has been demonstrated that polymeric 

nanoparticles (NPs) made of the FDA-approved polymer poly(D,L-lactide-co-glycolide) (PLGA) and 

surface-engineered with the peptide Gly-L-Phe-D-Thr-Gly-L-Phe-L-Leu-L-Ser(O-beta-D-glucose)-

CONH2 (g7) are able to transport, after systemic administration, molecules into the CNS (Vergoni et 

al. 2009). In fact, g7-glicopeptide stimulates membrane curvatures and, following endocytosis 

process of the whole carrier at BBB level, it promotes BBB crossing by multiple pathways (Tosi et 

al. 2011). This system was exploited to deliver drugs to cope with Huntington’s disease (HD), a 

neurodegenerative genetic disorder caused by a CAG repeat expansion in the gene encoding for the 

Huntingtin protein (HTT) and characterized by motor, cognitive and psychiatric disturbances 

(Zuccato et al. 2010).  

One pathway affected in HD regards the reduced synthesis of brain cholesterol since pre-symptomatic 

stages (Valenza et al. 2005; Valenza et al. 2007; Valenza et al. 2010; Shankaran et al. 2017) and 

indirect measures indicate that this occurs also in HD patients before symptoms manifestation (Leoni 

et al. 2008; 2013). Brain cholesterol derives from local synthesis by astrocytes and it is fundamental 

for synaptic functions (Pfrieger 2003; Björkhem et al. 2004), thus, delivering cholesterol to the HD 

brain may be therapeutically significant. The therapeutic potential of such strategies has been recently 

demonstrated by using different delivery systems (Valenza et al. 2015; Birolini et al. 2020). In the 

first study, systemic injections of PLGA-g7-NPs loaded with cholesterol prevented synaptic and 

cognitive defects in a transgenic mouse model of HD (Valenza et al. 2015). In the second study, 

cholesterol was infused for 4 weeks in the striatum of HD mice through osmotic minipumps, a well-

characterized system for controlled drug delivery widely used in preclinical research. Although this 

system is not yet transferable to the clinic, it allowed to identify the optimal dose of cholesterol to 

reach the striatum for restoring synaptic and neuropathological features and motor and cognitive 

abnormalities in HD mice more broadly than PLGA-g7-NPs-chol (Birolini et al. 2020). Moreover, a 

recent study also supports the effectiveness of nose-to-brain delivery of cholesterol in the HD brain 

(Passoni et al. 2020) opening new future investigations in HD mice. With a view to develop a 

cholesterol-based therapy for HD patients in the future, new generations of NPs were produced with 



improved pharmacological properties. These NPs, herein named as hybrid-g7-NPs-chol, were 

prepared using a new formulation based on a specific combination of polymers (g7-PLGA, PLGA, 

and cholesterol as starting materials for formulation; Belletti et al. 2018). In particular, hybrid-g7-

NPs-chol were formulated using nanoprecipitation (MIX-N) and single emulsion (MIX-SE). Pluronic 

was used as a surfactant in MIX-N while PVA was used in MIX-SE. The maximal percentage of 

cholesterol present in hybrid-g7-NPs-chol MIX-N and MIX-SE with respect to PLGA content was 

32,7 ± 2% and 41,5 ± 1,5% respectively. Thus, cholesterol content is around 40 times higher than the 

amount estimated in PLGA-g7-NPs-chol (Valenza et al. 2015). This upgrade should allow to deliver 

to the HD brain a therapeutic dose of cholesterol similar to that previously identified with the osmotic 

minipumps (Birolini et al. 2020), but with a low-invasive and more-translatable strategy. This study 

aims to describe the distribution and the kinetic of hybrid-g7-NPs-chol in different brain regions, in 

peripheral tissues, and in circulation, their benefits on the behavior, and eventually side effects 

following chronic treatment in HD mice.  

 

Previous studies indicated that about 10% of the injected g7-NPs are estimated to penetrate the brain 

(Costantino et al. 2005; Tosi et al. 2007; Tosi et al. 2011a; Tosi et al. 2011b; Tosi et al. 2014a; Tosi 

et al. 2014b). Both hybrid-g7-NPs-chol MIX-N and MIX-SE produced demonstrated to be in line 

with previous studies in terms of size, homogeneity, surface charge, cholesterol content and 

morphology (Table S1 and Figure S1) and were tested in 7-weeks old wild-type (wt) mice to verify 

their uptake and distribution in vivo. Mice were treated with a single or multiple (3) intraperitoneal 

(I.P.) injection of hybrid-g7-NPs-chol MIX-N or MIX-SE labelled with cyanine 5 (cy5). Animals 

were sacrificed at different time points (4h, 24h, 1week, 2 weeks) following the last I.P. injection 

(Fig. 1A) and fluorescence analysis were performed on brain and peripheral slices to analyze the 

localization of the red signals (cy5) of both MIXs (Fig. 1B and 1C; Fig. S2). 4h after a single I.P. 

injection, cy5 was detected in the striatum, cortex (Fig. 1B and 1C) and hippocampus, as well as in 

lung and liver (Fig. 1B and 1C and Fig. S2A and B), indicating that BBB crossing is a fast process. 

Quantification of cy5 dots revealed that the kinetic of both MIXs in peripheral tissues was quite fast, 

since cy5 signal strongly decreased 24h after the I.P. injection (Fig. 1B and 1C; Fig. S2). Importantly, 

NPs were accumulating in the brain over time since the cy5 signal was still present 24h, 1 weeks and 

2 weeks after the I.P. injection (Fig. 1B and 1C; Fig. S2) and more nanoparticles were detected 

following multiple injections (Fig. 1B and 1C; Fig. S2). Although the biodistribution was similar 

between MIX-N and MIX-SE, the latter showed higher aggregation in peripheral tissues, and this was 

more evident after multiple I.P. injections (Fig. S2). High-magnification confocal images indicated 

the presence of hybrid-g7-NPs-chol in different neuronal and glial cell types as demonstrated by the 



co-localization between cy5 (NPs) and GFAP (marker of astrocytes), IBA1 (marker of microglia), 

and DARPP32 (marker of striatal medium spiny neurons) (Fig. 1D). 

Overall, these results demonstrate that hybrid-g7-NPs-chol rapidly reach the brain and accumulate 

over time, while in peripheral tissues they do not accumulate and disappeared within 24 h – 1 week.  

 

To track cholesterol delivery and intracellular release from hybrid-g7-NPs-chol, we performed 

specific experiments using g7-NPs-chol labelled with cy5 and loaded with the fluorescent analogue 

bodipy cholesterol (hybrid-cy5-g7-NPs-bodipy-chol). 7 weeks-old wt and HD (R6/2 model; 

Mangiarini et al. 1996) mice were treated with a single I.P. injection of hybrid-cy5-g7-NPs-bodipy-

chol MIX-N or MIX-SE and sacrificed at different time points (24h and 2 weeks after the I.P. 

injection) (Fig. 2A). Following confocal analysis in brain slices, we monitored and quantified the co-

localization of red spots (cy5, NPs) and the green signal (bodipy cholesterol) to evaluate NPs 

degradation and bodipy cholesterol release. With both MIXs, 24h after a single I.P. injection of 

hybrid-cy5-g7-NPs-bodipy-chol, cy5 and bodipy-chol signals nicely co-localized in striatum and 

cortex, as indicated by the scatterplot of red and green pixel intensities (Fig. 2B and 2C). However, 

analysis performed 2 weeks after the I.P. injection revealed a partial separation between cy5 and 

bodipy-chol signals (Fig. 2B, C), indicating a slow and controlled release of cholesterol over time. 

The kinetic of cholesterol release in the liver of mice treated with MIX-N was faster compared to the 

brain. In fact, a complete overlap of red and green signal was found 24h after the I.P. injection while 

1 week after the I.P. injection all the cholesterol was released from the nanoparticles (Fig. S3).  

These findings indicate that around 10% of bodipy-chol is released from hybrid-g7-NPs-chol in the 

brain starting from 2 weeks after I.P. injection, in parallel with a reduction in cy5 signal. No 

differences in cholesterol release kinetic were found between wt and HD mice, indicating that 

cholesterol release does not depend on mice genotype.  

Moreover, we did not find substantial differences between MIX-N and MIX-SE as they showed 

similar bio-distribution profile and kinetic of cholesterol release. However, as MIX-N showed lower 

NPs aggregation in liver and was produced using Pluronic as a surfactant, that is approved by FDA 

(Pitto-Barry & Barry 2014), aiming to a faster translatability of preclinical results in clinical practice, 

we decided to test only this formulation for the subsequent studies. 

 

To study the kinetic of exogenous cholesterol and to quantify the total amount of cholesterol delivered 

in vivo, we performed two experiments using hybrid-g7-NPs-chol loaded with cholesterol labelled 

with six deuterium (d6-chol) (hybrid-g7-NPs-d6-chol).  



First, 7 weeks-old HD mice were treated with a single I.P. injection of hybrid-g7-NPs-d6-chol and 

sacrificed at different time points (30’, 6h, 24h, 1 week and 2 weeks after the I.P. injection) (Fig. 3A). 

Blood, kidney, lung, liver, cortex, striatum, and cerebellum were collected to measure the amount of 

d6-chol in different tissues using liquid chromatography mass spectrometry (LC-MS). Quantification 

of d6-chol was performed in striatum, cortex, and cerebellum starting from 6h after the I.P. injection 

(Fig 3B). Starting from 24h after the treatment, the content of d6-chol increased in the same tissues 

over 2-week as indicative of its slow and controlled release from the NPs (Fig 3B). In the liver, d6-

chol was rapidly released 30’ after the I.P. injection and it was degraded over the time. In lung and 

kidney, NPs were detected around 6h after the I.P. injection, the peak of cholesterol release occurred 

1 week after the I.P. injection and then it was rapidly eliminated (Fig. 3B). When analyzing the 

plasma, the maximum amount of cholesterol was detected 24h after the I.P. injection (Fig. 3B). 

Importantly, this concentration is not significant compared to the physiological amount of cholesterol 

that is present in the mouse blood (128 mg/100 mL). Secondly, to quantify cholesterol delivered with 

the therapeutic regimen of interest, HD mice were treated from 5 to 9 weeks of age with 2 I.P. 

injections/week and sacrificed 2 weeks after the last I.P. injection (Fig. 3D). MS analysis revealed 

that the concentration of d6-chol measured in each tissue following 10 I.P. injections was around 10 

times the concentration of d6-chol measured 2 weeks after a single I.P. injection (Fig. 3D and E) 

meaning that exogenous cholesterol accumulates in all tissues, although with different kinetics.  

These results demonstrated that the kinetic of cholesterol release is different between brain, plasma 

and peripheral tissues and that this delivery system allows a slow release and accumulation of 

cholesterol in different brain regions that can be used by the cells over time. Moreover, the fast 

elimination of cholesterol in blood and in peripheral tissues potentially avoids systemic side effects 

after a chronic treatment. Finally, these data, combined with the data obtained with bodipy-chol (Fig 

2B and C), support further the hypothesis that the release of cholesterol from NPs is quite slow.  

 

We have recently demonstrated that a therapeutically relevant dose of cholesterol delivered to the 

striatum through osmotic minipumps indirectly induced endogenous cholesterol synthesis and fully 

recovered both motor and cognitive abnormalities in HD mice (Birolini et al. 2020). On the contrary, 

lower doses delivered to the striatum through osmotic minipumps (Birolini et al. 2020), or to the brain 

using PLGA-g7-NPs-chol (Valenza et al. 2015) led to a complete rescue of cognitive decline without 

significant change in the endogenous brain cholesterol biosynthesis or in motor performance.  

Since hybrid-g7-NPs-chol (Belletti et al. 2018), with their hybrid structure, have more cholesterol 

than the amount found in PLGA-g7-NPs-chol previously used (Valenza et al. 2015), we sought to 

test whether the increased amount of cholesterol in hybrid-g7-NPs-chol was sufficient to indirectly 



stimulate endogenous cholesterol synthesis in the diseased brain.  Cholesterol precursors (lanosterol, 

lathosterol, desmosterol) were quantified by isotopic dilution mass spectrometry (ID-MS) in the 

striatum of HD mice after a chronic treatment. Accordingly, HD mice were treated with PLGA-g7-

NPs-chol or with hybrid-g7-NPs-chol from 5 to 9 weeks of age with 2 I.P. injections/week and 

sacrificed 2 weeks after the last I.P. injection (Fig. 4A). As expected, a robust deficit in levels of 

lanosterol, lathosterol and desmosterol was found in the striatum of HD mice treated with saline 

compared to wt littermates (Fig. 4B-D), confirming previous results (Valenza et al. 2007b; Valenza 

et al. 2010; Birolini et al. 2020). Of note, a significant increase of lanosterol and desmosterol levels 

was found in striatal tissues of HD mice treated with hybrid-g7-NPs-chol compared to those treated 

with PLGA-g7-NPs-chol (Fig. 4B-D).  

Taken together, these results suggest that the hybrid-g7-NPs-chol transport and release in the brain 

more cholesterol compared to PLGA-g7-NPs and such dose, conversely to that released by PLGA-

g7-NPs, is able to indirectly enhance endogenous cholesterol biosynthesis in HD mice.  

 

To assess the power of hybrid-g7-NPs-chol to counteract motor and cognitive defects in HD mice, 

hybrid-g7-NPs-chol were I.P. injected in R62 mice with the same experimental paradigm described 

in Fig. 4A and their motor and cognitive performance was compared to R6/2 and wt mice treated with 

saline solution. 

First, we analyzed motor coordination by evaluating the latency of mice to fall when tested on a 

rotating bar with accelerating speed in the rotarod test. Starting from 8 weeks of age, HD mice 

exhibited a progressive deterioration in motor coordination, as shown by the shorter latency to fall 

compared to wt controls. Systemic and chronic administration of hybrid-g7-NPs-chol did not rescue 

this defect in HD mice (Fig. 5A). 

To test further motor abilities, we analyzed spontaneous locomotion activity in the activity cage test. 

During disease progression, HD mice showed a severe hypokinetic phenotype as demonstrated by 

reduced global activity, total distance travelled, and number of rearings compared to wt mice both at 

9 and 11 weeks of age. At 9 weeks, HD mice treated with hybrid-g7-NPs-chol had a better 

performance for global activity and total distance travelled compared to HD mice treated with saline, 

even if they did not reach the same performance observed in wt mice. Moreover, these differences 

were lost at 11 weeks of age, suggesting that the amount of cholesterol delivered in the brain is not 

sufficient to counteract motor deficits at a late symptomatic time point, when the HD phenotype 

worsen (Fig. 5B and C). When we looked at the number of rearings, no rescue was measured in HD 

mice treated with hybrid-g7-NPs-chol (Fig. 5D). As a measure of anxiety-like behavior, the time that 

mice spent exploring the periphery or center area of the arena during the activity cage test was also 



evaluated (Fig. 5E). HD animals spent more time in the periphery compared to wt mice, indicating 

anxiety related behavior. Cholesterol delivery did not rescue this parameter (Fig. 5F). 

To study neuromuscular functions and strength we determined the force developed by the mice with 

grip strength test. Muscular strength was reduced in HD mice from 9 weeks of age and it was 

completely rescued by hybrid-g7-NPs-chol at both 9 and 11 weeks of age (Fig. 5G). 

As marker of disease progression, we measured hindlimb clasping with the paw clasping test, a test 

widely used to measure neurological features in several mouse models of neurodegeneration. HD 

mice treated with hybrid-g7-NPs-chol ameliorated this phenotype (Fig. 5H). 

Furthermore, we found that 44% of the analyzed R6/2 animals treated with saline suffered from 

epileptic seizures, while only 18% of R6/2 mice injected with hybrid-g7-NPs-chol were affected.   

Finally, to evaluate cognitive function we performed the novel object recognition (NOR) test. As 

expected, long-term memory declined during disease progression in HD mice, with a marked 

impairment in the ability to discriminate novel and familiar objects at 11 weeks of age. HD mice 

treated with hybrid-g7-NPs-chol performed similarly to wt mice, indicating that this treatment 

completely prevents cognitive decline in these animals (Fig. 5I). Weight loss was observed in R6/2 

mice starting from late time point (10 weeks of age). Remarkably, this parameter was rescued in male 

R6/2 mice treated with hybrid-g7-NPs-chol (Fig. 5L and M). 

Collectively, these results indicate that the dose of cholesterol delivered and released in the brain with 

chronic treatment is sufficient to prevent cognitive decline over time and ameliorate some motor 

defects at 9 weeks of age. However, the fast and aggressive phenotype of this HD mouse model does 

not allow to evaluate the long-term effect of this treatment when all cholesterol is released from the 

NPs, which may require several weeks.  

 

To explore eventual side effects of chronic administration of hybrid-g7-NPs-chol, we then sought to 

analyze the inflammation status of treated mice. Cytokines, chemokines, and growth factors are cell 

signaling proteins, mediating a wide range of physiological responses, including immunity and 

inflammation and are also associated with a spectrum of neurodegenerative diseases (Rocha et al. 

2016; Nagatsu et al. 2000). Through the simultaneous detection of 23 analytes in a single well of a 

96-well microplate, we analyzed the inflammation status in striatum, cortex, liver, and plasma from 

HD mice treated with saline or with hybrid-g7-NPs-chol. In general, we did not observe gross changes 

in the level of the analytes analyzed, except increased level of IL-2 in the striatum, decreased level of 

Eotaxin in cortex and of IL-1a and IL2 in plasma of R6/2 mice treated with hybrid-g7-NPs-chol 

compared to R6/2 mice treated with saline (Table 1). These findings suggest that the chronic treatment 

with hybrid-g7-NPs-chol is safe in R6/2 mice. Moreover, clinical observation of the mice during 



chronic administration regimens did not reveal any cases of mortality in the treated and control 

groups. As well, there were no signs of abnormal behavioral reactions and general clinical symptoms.  

Overall, these results suggest that chronic administration of hybrid-g7-NPs-chol does not lead to side 

effects in HD mice.  

 

Conclusion Remarks 

Previous studies pointed out the benefits of strategies aimed at delivering cholesterol to the HD brain 

(Valenza et al. 2015, Birolini et al. 2020) but the dose of cholesterol that reaches the brain is critical 

to have a complete rescue of both motor and cognitive defects. With the aim of develop a new and 

non-invasive strategy that is testable in patients, hybrid-g7-NPs-chol were produced with improved 

chemical-physical properties and increased cholesterol loading due to their hybrid structure (Belletti 

et al. 2018). Here, we characterized hybrid-g7-NPs-chol in vivo in a transgenic mouse model of HD. 

We demonstrated that hybrid-g7-NPs-chol are up-taken and reach different cell types in the brain, 

where they accumulate over the time and release cholesterol that becomes available for neuronal 

functions. Importantly, NPs are rapidly degraded in the plasma and in peripheral tissues without a 

detectable inflammation response. Once released, cholesterol exerts its functions in the brain, by 

inducing endogenous cholesterol synthesis and rescuing behavioral deficits in R6/2 mice. These 

systems can be optimized further in order to transport not only cholesterol but also other molecules 

that can be useful for HD and other brain pathologies. Importantly, intranasal administration (Passoni 

et al. 2020) of these systems can be also exploited to increase the efficacy of drug delivery to the 

brain. Finally, we highlighted the utility of cholesterol as drug model to define delivery systems based 

on nanoparticles. 

	  



Materials and methods (in Supplementary Material) 
1. Production and characterization of hybrid-g7-NPs-chol 

Starting from published results (Belletti et al, 2018; Valenza et al, 2015), we produced hybrid-g7-NPs-chol 

using a nanoprecipitation method. In details, hybrid-g7-NPs-chol (MIX-N and MIX-SE) were formulated 

starting from 50 mg of a mixture of cholesterol (Sigma-Aldrich, Milan, Italy), PLGA (PLGA R503H Evonik, 

Essen, Germany) and PLGA-g7 in a weight ratio of 1:0.8:0.2 (25mg chol, 20mg PLGA, 5mg PLGA-g7). 

PLGA-g7 was synthesized via amide formation in the Laboratory of Nanomedicine of the University of 

Modena and Reggio Emilia, following a previously described protocol (Rigon et al., 2019; Tosi et al., 2007). 

Pure g7 was purchased from Mimotopes (Clayton, Victoria, Australia). 

To obtain MIX-N, cholesterol and PLGA mixture was dissolved in acetone (4 mL). The organic phase was 

added dropwise into 50 mL of a 0.5% (w/v) Pluronic-F68 aqueous solution at 45 °C under magnetic stirring 

(1300 rpm). After 20 minutes, the organic solvent was removed at 30 °C under reduced pressure (10 mm Hg). 

Hybrid-g7-NPs-chol were recovered and purified three times by an ultracentrifugation process carried out at 

14,500 rpm for 10 min (4 °C; Sorvall RC28S, Dupont, Brussels, Belgium) to remove the unformed material 

and the free surfactant fraction in the solution. NPs were re-suspended in 3 mL of a 0.2% (w/v) Pluronic-F68 

aqueous solution at room temperature and gently sonicated until completely resuspended.  

As cryoprotectant, 150 mg of threalose (Sigma-Aldrich, Milan, Italy) dissolved in 0,5mL of 0.2% Pluronic-

F68 solution were added to the NPs suspension before flash freezing with dry ice and methanol bath. NPs were 

stored at -20°C until use. 

Hybrid-g7-NPs-d6-chol were obtained using the same protocol described above. For the formulation, 50 mg 

of a mixture of D6 Chol:PLGA:PLGA-g7 in weight ratio of 1:0.8:0.2 (25mg D6 Chol, 20mg PLGA, 5mg 

PLGA-g7) were used. 

Hybrid-cy5-g7-NPs-bodipy-chol were produced with the same protocol described above, adding 2% in weight 

of cy5 derived PLGA and 2% in weight of bodipy cholesterol (Avanti, Alabama, USA). Cy5-PLGA was 

synthesized in the Laboratory of Nanomedicine of the University of Modena and Reggio Emilia using a 

protocol published in Duskey et al. 2020. The total composition was a mixture of Chol:Chol-

Bodipy:PLGA:PLGA-Cy5:PLGA-g7 in weight ratio of 0.96:0.04:0.76:0.04:0.2 (24 mg Chol, 1 mg Chol-

Bodipy, 19 mg PLGA, 1 mg PLGA-Cy5, 5 mg PLGA-g7). After centrifugation, NPs were resuspended in an 

aqueous solution of Pluronic-F68 2% and added of trehalose as previously reported before flash freezing.  

 

Chemico-physical and morphological characterization 

100ul of each type of NPs suspension was freeze-dried (−60 °C, 1 · 10−3 mm/Hg for 48 h; LyoLab 3000, Heto-

Holten, Allerod, Denmark) and the yield (Yield%) was calculate as follows:  

Yield (%)=[(mg of freeze dried MIX-N or MIX-SE)/(mgPLGA+mg Chol)]×100 

Mean particle size (Z-Average) and polydispersity index (PDI) of the samples were determined using a 

Zetasizer Nano ZS (Malvern, UK; Laser 4 mW He–Ne, 633 nm, Laser attenuator Automatic, transmission 

100–0.0003%, Detector Avalanche photodiode, Q.E.>50% at 633 nm). Samples were diluted in MilliQ water 



at about 0.1 mg/mL. The results were also expressed as intensity distribution, i.e. the size 10% [D (10)], 50% 

[D(50)] and 90% [D(90)], below which all the MIX NPs are placed. The zeta potential (ζ-pot l) was measured 

using the same equipment with a combination of laser Doppler velocimetry and phase analysis light scattering 

(PALS). All data are expressed as means of at least three determinations carried out for each prepared lot (three 

lots for each sample). 

The morphology of the samples was evaluated by atomic force microscopy (AFM) (Park Instruments, 

Sunnyvale, CA, USA) and scanning transmission electron microscopy (STEM) as reported in Belletti et al 

2018, confirming the same results as reported in supplementary figure S1. 

AFM analysis were conducted at about 20 °C operating in air and in non-contact mode using a commercial 

silicon tip-cantilever (high resolution noncontact “GOLDEN” Silicon Cantilevers NSG-11, NT-MDT, tip 

radius 10 nm; Zelenograd, Moscow, Russia) with stiffness of about 40 Nm−1 and a resonance frequency 

around 160 kHz. A drop of each MIX-NPs suspension was diluted with distilled water (about 1:5 v/v) before 

application on a small mica disk (1 cm×1 cm). 

After 2 minutes, the excess of distilled water was removed using a paper filter and the sample analyzed. Two 

kinds of images were obtained: the first is a topographical image and the second is indicated as “error signal”. 

This error signal is obtained by comparing two signals: the first one representing the amplitude of the vibrations 

of the cantilever, and the second the amplitude of a reference point. The images obtained by this method show 

small superficial variations of the samples. Images were processed and analyzed using software from 

Gwyddion (Department of Nanometrology, Czech Metrology Institute, Brno, Czech Republic). 

The internal structure/architecture of the samples was analyzed by scanning transmission electron microscopy 

(STEM). Briefly, a drop of a water-diluted suspension of the samples (about 0.03 mg/mL) was placed on a 

200-mesh copper grid (TABB Laboratories Equipment, Berks, UK), allowed to adsorb, and the suspension 

surplus was removed by filter paper. All grids were analyzed using a Nova NanoSEM 450 (FEI, Oregon, USA) 

transmission electron microscope operating at 30 kV using a STEM II detector in Field free mode. 

 

Quantification of cholesterol content 

To quantify the amount of cholesterol hybrid-g7-NPs-chol, NPs previously lyophilized to calculate the yield 

(~1 mg) were dissolved in 0.3 mL of chloroform, followed by addition of 0.6 mL of isopropyl alcohol to 

precipitate the polymer. The mixture was vortexed (15 Hz for 1 min; ZX3, VelpScientifica, Usmate, Italy) and 

then filtered (polytetrafluoroethylene filter, porosity 0.20 μm, Sartorius). The amount of Chol in the sample 

was quantified by RP-HPLC using an HPLC apparatus comprised a Model PU980 pump provided with an 

injection valve with a 50 μL sample loop (Model 7725i Jasco) and an UV detector at 210 nm (UV975, Jasco). 

Chromatography separation was carried out on a Syncronics C18 (250×4.6 mm; porosity 5 μm; Thermo Fisher 

Scientific, Waltham, MA, USA) at r.t. and with a flow rate of 1.2 mL/min, operating in an isocratic mode using 

50:50 v/v acetonitrile:ethanol as mobile phase. The solvents of the mobile phase were filtered through 0.45 

μm hydrophilic polypropylene membrane filters (Sartorius) before their use. Chromatographic peak areas of 



the standard solutions were collected and used for the generation of calibration curves. Linearity was assumed 

in the range of 50-500 μg/mL (r2=0.99). All data are expressed as the mean of at least three determinations. 

The chemico-physical properties, concentration and cholesterol amount in g7-NPs used in this work are 

described in Table S1 along with morphological analysis with AFM and STEM (Figure S1). 

 

2. Colony management 

All animal experiments were approved and carried out in accordance with Italian Governing Law (D.lgs 

26/2014; Authorization n.581/2019-PR issued July 29, 2019 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).  

Our R6/2 colony lifespan was approximately of 12-13 weeks and only males were used to maintain it 

(Mangiarini et al. 1996). Transgenic 6-weeks old R6/2 males were mated with wild type females (B6CBAF1/J, 

purchased from Charles River). CAG repeat length that could affect strain productivity, general behavior, litter 

size, pup survival, genotype frequency, phenotype was monitored every 6 months with a range between 150-

180 CAGs.  

Mice were weaned and then genotyped at 3 weeks of age (+/- 3 days) and they were housed under standard 

conditions in enriched cage (22 ± 1°C, 60% relative humidity, 12 hours light/dark schedule, 3–4 mice/cage, 

with food and water ad libitum).  

 

3. Mice treatments 

For biodistribution studies, cholesterol release study and quantitative analysis, 7-weeks-old wt or R6/2 mice 

were treated with 1, 2 or 3 I.P. injections. For chronic experiments, R6/2 mice were treated with 2 I.P. injections 

at week, from 5 to 9 weeks of age. Wt and R6/2 littermates treated with saline solution was used as controls. 

In all the experiments, mice received 660 ug of cholesterol in each injection.  

 

4. Immunohistochemistry and image acquisition 

Animals were deeply anesthetized with Avertin 2.5% and transcardially perfused with PFA 4%. Brains, lungs 

and liver were collected in PFA 4% for 2h and then in 30% sucrose to prevent ice crystal damage during 

freezing in OCT. 15 μm-thick brain coronal sections or lung and liver sections were counterstained with the 

nuclear dye Hoechst 33258 (1:10.000, Invitrogen) and then mounted under cover slips using Vectashield 

(Vector Laboratories). To study the co-localization of g7-NPs-chol_2.0 with neuronal and glial markers, 

15 μm-thick brain coronal sections were incubated with the following primary antibodies for 3h at RT: rabbit 

anti-DARPP32 (1:100, Cell Signalling, 2306); mouse anti-NeuN (1:100, Millipore, MAB377); rabbit anti-

GFAP (1:250, Dako, Z0334); rabbit anti-IBA1 (1:100, Wako, 019-1971). Anti-rabbit Alexa Fluor 488-
conjugated goat secondary antibodies (1:500; Invitrogen) or anti-mouse Alexa Fluor 488-conjugated goat 

secondary antibodies (1:500; Invitrogen) were used for detection (1h at RT). Sections were counterstained 



with the nuclear dye Hoechst 33258 (1:10.000, Invitrogen) and then mounted under cover slips using 

Vectashield (Vector Laboratories). 

Images were acquired the following day with a confocal microscope (Leica SP5). Laser intensity and detector 

gain were maintained constant for all images and 3-z steps images were acquired at 40x. To quantify hybrid 

g7-NPs-chol in different tissues, ImageJ software was used to measure the fluorescence of cy5 (n=4 

images/mouse/tissue). 

To quantify the released bodipy cholesterol from g7-NPs-chol_2.0, Volocity software was used using the plug-

in “find objects” and “calculate object correlation” (n=6 images/mouse/tissue). 

 

5. liquid chromatography-mass spectrometry (LC-MS) analysis for d6-chol  

A recently validated method was used (Passoni et al., 2020). Briefly, 50 μL of plasma was diluted with 200 

μL of ethanol containing 200 ng of beta-sitosterol, used as internal standard. Samples were vortexed and 

centrifuged at 13 200 rpm for 15 min and aliquots of the supernatants were injected directly into the LC-MS 

system. Forty milligrams of each brain area and peripheral tissue were homogenized in 1 mL of ethanol/water 

4:1 (v/v), containing 500 ng of internal standard. Homogenates were centrifuged for 15 min at 13 200 rpm at 

4 °C, and aliquots of the supernatants were injected into the LC-MS system. D6-chol levels were determined 

using a 1200 Series HPLC system (Agilent Technologies, Santa Clara, CA, U.S.A.) interfaced to an API 5500 

triple quadrupole mass spectrometer (Sciex, Thornhill, Ontario, Canada). The mass spectrometer was equipped 

with an atmospheric pressure chemical ionization (APCI) source operating in positive ion and multiple reaction 

monitoring (MRM) mode to measure the product ions obtained in a collision cell from the protonated [M – 

H2O ]+ ions of the analytes. The transitions identified during the optimization of the method were m/z 375.3–

152.1 (quantification transition) and m/z 375.3–167.1 (qualification transition) for D6-chol; m/z 397.3–147.1 

(quantification transition) and m/z 397.3–161.1 (qualification transition) for β-sitosterol (IS). D6-chol and 

beta-sitosterol were separated on a Gemini C18 column (50 × 2 mm; 5 μm particle size), using an isocratic 

gradient in 100 % methanol at 35 °C.  

 

6. Gas chromatography-mass spectrometry (GC-MS) analysis for neutral sterols and 24S-OHC 

Experiments were performed as described in Birolini et al. 2020. 

 

7. Behavioral tests 

Mice behavior was evaluated at 9 and 11 weeks of age.  

Rotarod test: mice were tested over three consecutive days. Firstly, animals were trained on a rotating bar at 4 

rpm for 5 minutes (apparatus model 47600, Ugo Basile). One hour later, mice were tested for three consecutive 

accelerating trials of 5 minutes with the rotarod speed linearly increasing from 4 to 40 rpm. The latency to fall 

from the rod was recorded for each trial and averaged.  

Activity Cage test: animals were placed in an arena (25 cm × 25 cm) (2Biological Instrument) and allowed to 

freely move for an hour in presence of a low-intensity white light source. Movements were assessed by an 



automated tracking system (Actitrack software, 2Biological Instrument) connected to infrared sensors 

surrounding the arena. Total distance travelled, mean velocity speed, and numbers of rearings were analyzed. 

The % of time that mice explored the periphery or the center area of the was evaluated as a measure of anxiety-

like behavior. 

Novel Object Recognition (NOR) test: in the habituation stage, mice were placed into an empty non-reflective 

arena (44 × 44 × 44 cm) for 10 minutes. In the familiarization stage, two identical objects (A′ and A′′) were 

presented to each animal for 10 minutes. The day after, during the test stage, animals were exposed to one 

familiar object (A′′) and a new object (B) for 10 minutes. All phases of the test were conducted with a low-

intensity white light source. The index of discrimination was calculated as (time exploring the novel 

object−time exploring the familiar object)/(time exploring both objects) × 100. Mice exploring less than 7 sec. 

were excluded from the analysis due to their inability to perform the task. 

Paw clasping test: animals were suspended by the tail for 30 seconds and the clasping phenotype was graded 

according to the following scale: level 0, no clasping; level 1, clasping of the forelimbs only or both fore- and 

hindlimbs once or twice; and level 2, clasping of both fore- and hindlimbs more than three times or more than 

5 s. 

Grip strength test: animals were lifted by the tail, lowered towards the grip (Ugo Basile) and gently pulled 

straight back with consistent force until they released its grip. The forelimb grip force, measured in grams, was 

recorded. The test was repeated for 5 times, and measures were averaged.  

 

8. Bio-Plex 

Animals were deeply anesthetized with Avertin 2.5% to collect blood which was centrifuged at 13.000 rpm at 

4°C for 15 minutes to obtain the plasma. Striatum, cortex, and liver were isolated and frozen. 10 mg of striatum, 

cortex and liver were homogenize using a tissue grinder in 1 mL of lysing solution according to manufacturer 

instructions (Bio-Plex® Cell Lysis Kit, Biorad, #171304011). The lysate was frozen at -80°C, sonicated at 

40% for 20 seconds and centrifuged at 4.500 rcf at 4°C for 4 minutes to collect the supernatant. The supernatant 

was quantified using DC™ Protein Assay Kit I (Biorad, #5000111) and samples were diluted to a final 

concentration of 500 ug/mL. To perform the Bio-Plex assay, 150 uL of assay buffer were added to 150 uL of 

samples.  

Concerning the plasma, samples were centrifuged at 1.500 rcf at 4°C for 5 minutes. 60 uL of assay buffer and 

120 uL of sample diluent were added to 60 uL of plasma.  

Cytokine levels were measured by using a Bio-Plex murine cytokine 23-Plex assay kit (Biorad, 

#M60009RDPD) according to manufacturer instructions using the Luminex 200 System, Multiplex Bio-Assay 

Analyzer.    

 

9. Statistics  

Prism 8 (GraphPad software) was used to perform statistical analyses. G-power software was used to pre-

determine group allocation, data collection and all related analyses. For animal studies, mice were assigned 



randomly, and sex was balanced in the various experimental groups; animals from the same litter were divided 

in different experimental groups; blinding of the investigator was applied to in vivo procedures and all data 

collection. Grubbs’ test was applied to identify outliers. 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. Table S2 summarizes all the trials 

and read-outs performed.  
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Figure Legends 

 

Figure 1. In vivo distribution of hybrid-cy5-g7-NPs-chol 

A. Experimental paradigm used in the study. Wild type mice (n=2 mice/MIX/time point) were treated with a 

single or multiple I.P. injection of hybrid-cy5-g7-NPs-chol (MIX-N or MIX-SE) and sacrificed at different 

time point. Brain, liver and lung were collected for distribution analysis. 

B-C. Representative confocal images of cortex and striatum slices from wt mice that received 1 or 3 I.P. 

injection hybrid-cy5-g7-NPs-chol (MIX-N in B or MIX-SE in C) and sacrificed after 4h, 24h, 1w, and 2w with 

relative quantification.  

D. Representative confocal images of immunostaining against DARPP32, GFAP, ans IBA1 (green) on coronal 

sections of brains isolated from wt mice I.P. injected with hybrid-cy5-g7-NPs-chol labelled with cy5 (red) and 

sacrificed 2 weeks after the injection. White arrowheads indicate intracellular g7-NPs. Hoechst were used to 

counterstain nuclei (Ho, blue).  

Data are expressed as the number of g7-NPs for 1 field of view ± standard error of the mean.  

 

Figure 2. Cholesterol release from hybrid-cy5-g7-NPs-bodipy-chol: qualitative analysis 

A. Experimental paradigm used in the study. Wild type and R6/2 mice (n=3 mice/genotype/MIX/time point) 

were treated with a single I.P. injection of hybrid-cy5-g7-NPs-bodipy-chol (MIX-N or MIX-SE) and sacrificed 

at different time point. Brain and liver were collected for the analysis. 

B-C. Representative confocal image of brain slices from R6/2 mice I.P. injected with hybrid-cy5-g7-NPs-

bodipy-chol (MIX-N in B or MIX-SE in C) and sacrificed after 24 h or 2 weeks and relative co-localization of 

bodipy-chol and g7-NPs. 

 

Figure 3. Cholesterol release from hybrid-g7-NPs-d6-chol: quantitative analysis 

A. Experimental paradigm used in the study. R6/2 mice were treated with a single I.P. injection of hybrid-g7-

NPs-d6-chol (MIX-N) and sacrificed at different time point. Striatum, cortex, cerebellum, liver, lung, kidney, 

and plasma and liver were collected for mass spectrometry analysis (n=3 mice/time point).  

B-C. Levels of d6-chol in striatum, cortex, cerebellum (B), liver, lung, kidney, and plasma (C) measured by 

LC-MS.  

D. Experimental paradigm used in the study. R6/2 mice were treated with hybrid-g7-NPs-d6-chol (MIX-N) 

from 5 weeks of age to 9 weeks of age with 2 I.P. injection/week and sacrificed 2 weeks after the last I.P. 

injection. Striatum, cortex, cerebellum, liver, lung, kidney, and plasma and liver were collected for mass 

spectrometry analysis (n=3 mice). 

E-F. Levels of d6-chol in striatum, cortex, cerebellum (E), liver, lung, kidney, and plasma (F) measured by 

LC-MS (red dots). Black dots refer to the measurement represented in figure 3B-C. 

Data are expressed as means ± standard error of the mean. 

 



Figure 4. Endogenous cholesterol synthesis and catabolism in the striatum of HD mice following 

systemic and chronic administration of hybrid-g7-NPs-d6-chol 

A. Experimental paradigm used in the study. R6/2 mice were treated with PLGA-g7-NPs-chol and hybrid-g7-

NPs-chol from 5 weeks of age to 9 weeks of age with 2 I.P. injection/week. Wt and R6/2 littermates were 

treated with saline solution as controls. Striatum and cortex were collected at 11 weeks of age for mass 

spectrometry analysis (n=3-4 mice/group).  

B-D. Lanosterol (B), lathosterol (C), and desmosterol (D) level measured by GC-MS in the striatum of wt 

saline, R6/2 saline, R6/2 + PLGA-g7-NPs-chol, and R6/2 + hybrid-g7-NPs-chol mice at 11 weeks of age (n=3-

4 mice/group).  

Data are expressed as means ± standard error of the mean. Each dot corresponds to the value obtained from 

each animal. 

Statistics: one-way ANOVA with Newman–Keuls post-hoc test (*p<0.05; **p<0.01; ***p<0.001). 

 

Figure 5. Cognitive and motor abilities of R6/2 mice following systemic and chronic administration of 

hybrid-g7-NPs-d6-chol 

A. Latency to fall (seconds) from an accelerating rotarod at 8 and 10 weeks of age in wt saline (n=24-25), R6/2 

saline (n=15-17), and R6/2 + hybrid-g7-NPs-chol (n=17). 

B-F. Global motor activity (B), total distance traveled (C), and number of rearings (D) in an open-field test at 

9 and 11 weeks of age in wt saline (n=24-25), R6/2 saline (n=15-17), and R6/2 + hybrid-g7-NPs-chol (n=17). 

Representative track plots (E) generated from the open-field test from wt saline (n=24-25), R6/2 saline (n=15-

17), and R6/2 + hybrid-g7-NPs-chol (n=17) and relative quantification (F) of the time spent in the center and 

in the periphery (%) of the arena at 11 weeks of age.  

G. Grip strength (grams) at 9 and 11 weeks of age in wt saline (n=16-24), R6/2 saline (n=11-22), and R6/2 + 

hybrid-g7-NPs-chol (n=17). 

H. Paw clasping at 9 and 11 weeks of age in wt saline (n=25), R6/2 saline (n=22), and R6/2 + hybrid-g7-NPs-

chol (n=17). 

I. Discrimination index (DI %) in the novel object recognition test of wt saline (n=22-23), R6/2 saline (n=13-

19), and R6/2 + hybrid-g7-NPs-chol (n=10-13) at 9 and 11 weeks of age. DI above zero indicates a preference 

for the novel object; DI below zero indicates a preference for the familiar object. 

L-I. Body weight (grams) of male (L) and female (M) mice at different time point.  

Data are from three independent trials and shown as scatterplot graphs with means±standard error. Each dot 

corresponds to the value obtained from each animal.  

Statistics: one-way ANOVA with Newman–Keuls post-hoc test (*p<0.05; **p<0.01; ****p<0.0001; 

***p<0.001) or unpaired Student t-test (#p<0.05; ##p<0.01). 

 

Table 1. Inflammatory response of R6/2 mice following systemic and chronic administration of hybrid-

g7-NPs-d6-chol 



Analysis of cytokines and chemokines by Bio-Plex array on the striatum, cortex, liver, and plasma of R6/2 

saline vs R6/2 + hybrid-g7-NPs-chol mice (n=4-5 mice/group).  

Data are normalized on R6/2 saline mice and are expressed as means ± standard error of the mean.  

Statistics: unpaired Student t-test (*p<0.05). 

 

Figure S1. Morphological characterization of hybrid-cy5-g7-NPs-chol 

Morphological analysis with AFM and STEM. 

 

Figure S2. In vivo distribution of hybrid-cy5-g7-NPs-chol in other brain and peripheral tissues 

A-B. Representative confocal images of hippocampus, lung, and liver slices from wt mice that received 1 or 3 

I.P. injection hybrid-cy5-g7-NPs-chol (MIX-N in A or MIX-SE in B) and sacrificed after 4h, 24h, 1w, and 2w 

with relative quantification. Hoechst were used to counterstain nuclei (Ho, blue).  

Data are expressed as the number of g7-NPs for 1 field of view ± standard error of the mean.  

 
Figure S3. Cholesterol release from hybrid-cy5-g7-NPs-bodipy-chol: qualitative analysis 

Representative confocal image of liver brain slices from R6/2 mice I.P. injected with hybrid-cy5-g7-NPs-

bodipy-chol (MIX-N) and sacrificed after 24 h, 1 week or 2 weeks and relative co-localization of bodipy-chol 

and g7-NPs. 

 

Table S1. Chemico-physical properties of NPs involved in the study 

Amount of nanoparticles in each lot is expressed as concentration (mg/mL); dimensions of samples is 

expressed with Z-Average values (nm); homogeneity of the samples is expressed as Polydispersity Index 

(PDI); surface charge is expressed as ζ potential (mV); amount of cholesterol is expressed in mg. 

 

Table S2. Summary of all the trial performed  

Summary of all the trial performed and the animals used for this study.  
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FIGURE 2: Cholesterol release from hybrid-cy5-g7-NPs-bodipy-chol: qualitative analysis
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FIGURE 3: Cholesterol release from hybrid-cy5-g7-NPs-d6-chol: quantitative analysis
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FIGURE 4: endogenous cholesterol catabolism and synthesis following cholesterol supplementation
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FIGURE 5: Cognitive and motor abilites of R6/2 mice following cholesterol supplementation
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Table 1: Inflammatory response of R6/2 mice following cholesterol supplementation

Mean ± SEM p-value Mean ± SEM p-value Mean ± SEM p-value Mean ± SEM p-value

IL-1a 1,010 ± 0,025 0,9348 0,927 ± 0,033 0,3884 0,976 ± 0,111 0,8622 0,212 ± 0,032 0,0078 **

IL-1b 1,055 ± 0,200 0,8435 0,747 ± 0,134 0,3254 1,088 ± 0,184 0,7466 0,920 ± 0,381 0,8608
IL-2 1,415 ± 0,076 0,0081 ** 0,708 ± 0,013 0,1058 1,159 ± 0,179 0,4831 0,398 ± 0,081 0,0467 *

IL-3 1,012 ± 0,298 0,9739 0,771 ± 0,097 0,2840 1,031 ± 0,038 0,7151 N/D
IL-4 0,632 ± 0,110 0,5871 1,472 ± 0,499 0,4103 0,744 ± 0,182 0,4333 0,429 ± 0,184 0,3575
IL-5 1,264 ± 0,165 0,5834 1,276 ± 0,561 0,6831 0,924 ± 0,158 0,7211 0,330 ± 0,085 0,1610
IL-6 1,061 ± 0,132 0,7723 1,019 ± 0,102 0,9132 0,889 ± 0,133 0,5446 N/D
IL-9 0,789 ± 0,143 0,4046 0,836 ± 0,145 0,5136 0,900 ± 0,112 0,6095 N/D
IL-10 1,020 ± 0,291 0,9593 0,677 ± 0,123 0,1301 1,109 ± 0,354 0,8100 1,175 ± 0,002 0,1610

IL-12 (p40) 1,666 ± 0,435 0,2450 0,667 ± 0,176 0,3861 1,843 ± 0,113 0,1025 0,921 ± 0,236 0,8124
IL-12 (p70) 0,944 ± 0,242 0,8601 0,798 ± 0,138 0,3859 0,803 ± 0,116 0,4620 N/D

IL-13 0,950 ± 0,072 0,5667 0,835 ± 0,069 0,2902 0,977 ± 0,097 0,8460 1,099 ± 0,152 0,5886
IL-17 1,345 ± 0,414 0,5198 0,892 ± 0,125 0,2902 1,194 ± 0,104 0,3108 1,345 ± 0,414 0,5198

Eotaxin 1,695 ± 0,359 0,1447 0,447 ± 0,078 0,0228 * 0,958 ± 0,215 0,8927 0,809 ± 0,195 0,5637
G-CSF 0,943 ± 0,203 0,8490 0,914 ± 0,153 0,6571 1,001 ± 0,120 0,9970 0,987 ± 0,148 0,9529

GM-CSF 1,025 ± 0,222 0,9314 1,060 ± 0,220 0,8302 1,090 ± 0,080 0,4218 0,724 ± 0,188 0,2956
ING-gamma 1,413 ± 0,272 0,2607 0,899 ± 0,102 0,5404 1,155 ± 0,184 0,4968 0,749 ± 0,322 0,7225

KC 1,337 ± 0,302 0,3446 1,340 ± 0,169 0,1438 0,988 ± 0,313 0,9742 0,489 ± 0,086 0,1494
MCP-1 0,947 ± 0,375 0,9216 0,907 ± 0,196 0,8058 1,657 ± 0,414 0,2082 1,365 ± 0,689 0,7636
MIP-1a 1,133 ± 0,326 0,7593 0,816 ± 0,138 0,4708 1,065 ± 0,126 0,6874 0,525 ± 0,222 0,5987
MIP-1b 1,511 ± 0,186 0,1488 0,731 ± 0,137 0,3533 0,920 ± 0,192 0,7806 0,614 ± 0,452 0,4762
Ranteg 1,010 ± 0,075 0,9520 1,020 ± 0,134 0,9271 0,882 ± 0,087 0,5915 0,998 ± 0,231 0,9954
TNF-a 1,173 ± 0,276 0,6227 0,854 ± 0,249 0,6447 1,100 ± 0,352 0,8135 0,851 ± 0,371 0,8106

data expressed as fold-change (HD + hybrid-g7-NPs-chol vs HD saline)

Analyte

Striatum Cortex Liver Plasma

R6/2 + hybrid-g7-NPs-chol (vs R6/2 saline)R6/2 + hybrid-g7-NPs-chol (vs R6/2 saline)R6/2 + hybrid-g7-NPs-chol (vs R6/2 saline)R6/2 + hybrid-g7-NPs-chol (vs R6/2 saline)



FIGURE S1: size, homogeneity, surface charge, cholesterol content and morphology of the hybrid-g7-NPs-chol
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FIGURE S2: In vivo distribution of hybrid-cy5-g7-NPs-chol
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FIGURE S3: Cholesterol release from hybrid-cy5-g7-NPs-bodipy-chol: qualitative analysis



Experiment NPs
Concentration 

(mg/mL)
Z-av                   
(nm) PDI 

Z-pot                  
(mV)

Amount of chol 
(mg)

hybrid-cy5-g7-NPs-chol MIX-N 5,9 287 0,23 -22 N/D

hybrid-cy5-g7-NPs-chol MIX-N 7,5 240 0,18 -20 N/D

hybrid-cy5-g7-NPs-chol MIX-SE 7,8 234 0,18 -21 N/D

hybrid-cy5-g7-NPs-chol MIX-SE 7 250 0,13 -21 N/D

hybrid-cy5-g7-NPs-bodipy-chol MIX-N 8,5 246 0,21 -18 N/D

hybrid-cy5-g7-NPs-bodipy-chol MIX-SE 8,8 270 0,16 -19 N/D

hybrid-g7-NPs-d6-chol 8,9 230 0,21 -14 33

hybrid-g7-NPs-d6-chol 8,5 225 0,195 -22 29

hybrid-g7-NPs-d6-chol 7,3 203 0,253 -21 22

hybrid-g7-NPs-d6-chol 9 225 0,234 -22 22

PLGA-g7-NPs-chol 9 180 0,05 -22 0,9

hybrid-g7-NPs-chol 8,5 255 0,28 -23 35

hybrid-g7-NPs-chol 8,5 244 0,26 -24 36

hybrid-g7-NPs-chol 9,4 240 0,27 -24 35

hybrid-g7-NPs-chol 9,8 256 0,28 -24 42

hybrid-g7-NPs-chol 7,7 243 0,26 -29 38

hybrid-g7-NPs-chol 8 255 0,31 -19 34,9

Bio-distribution

Chol release: qualitative analysis

Chol release: quantitative analysis

Behavioral analysis

Table S1

Bio-distribution
Chol release: 
quantitative 

analysis

Chol release: 
quantitative 

analysis

Mass 
spectrometry 

analysis

Behavioral 
analysis

Bioplex 
analysis

N mice N mice N mice N mice N mice N mice
wt + hybrid-cy5-g7-NPs-chol MIX-N 10
wt + hybrid-cy5-g7-NPs-chol MIX-SE 10
wt + hybrid-cy5-g7-NPs-chol MIX-N 10
wt + hybrid-cy5-g7-NPs-chol MIX-SE 10
wt + hybrid-cy5-g7-NPs-bodipy-chol MIX-N 9
wt + hybrid-cy5-g7-NPs-bodipy-chol MIX-SE 9
R6/2 + hybrid-cy5-g7-NPs-bodipy-chol MIX-N 9
R6/2 + hybrid-cy5-g7-NPs-bodipy-chol MIX-SE 9

4 - May 2018 R6/2 + hybrid-g7-NPs-d6-chol MIX-N 21
wt saline 3 10
R6/2 saline 3 8
R6/2 + hybrid-g7-NPs-chol 3 10
wt saline 5
R6/2 saline 4 4
R6/2 + PLGA-g7-NPs-chol 10
R6/2 + hybrid-g7-NPs-chol 7 5

6 - November 2019

Experimental groups

1 - September 2017

2 - November 2017

3 - February 2018

5 - January 2019

Trial number and date

Table S2


