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Abstract 
Huntington's disease (HD) is a progressive, fatal, adult-onset, neurodegenerative disorder caused by 

an expanded CAG repeat in the huntingtin gene, which encodes an abnormally long polyglutamine 

repeat in the huntingtin protein. Clinical features of Huntington's disease include progressive motor 

dysfunction, cognitive decline, and psychiatric disturbance. Currently, the available drugs are used 

only for symptomatic management of Huntington's disease, but there is no effective therapy.  

Several studies indicate that brain cholesterol biosynthesis is reduced in several HD rodent models 

(Valenza et al. 2005) (Valenza et al. 2007) (Valenza et al. 2010) and data from HD patients also 

suggested a similar reduction (Leoni et al. 2008) (Leoni et al. 2013).  

This dysfunction may be detrimental for neuronal cells, especially given that locally synthesized 

cholesterol is implicated in neurite outgrowth, synapses formation and maintenance, synaptic 

activity and integrity, and optimal neurotransmitter release (Pfrieger et al. 2003). 

Based on these evidences, we supposed that in vivo supplying of exogenous cholesterol could 

rescue aspects of neuronal dysfunction. To verify our hypothesis we used different approaches to 

deliver exogenous cholesterol to the brain of R6/2 mice (Mangiarini et al. 1996), since peripheral 

cholesterol is not able to cross the blood brain barrier (BBB). 

In our first study, the delivery of cholesterol via brain-permeable polymeric nanoparticles (g7-NPs-

Chol) rescued synaptic communication, protected from cognitive decline and partially improved 

global activity in HD mice (Valenza et al. 2015). In a second study we tested the efficacy of 

increasing doses of cholesterol directly infused into mouse brain by osmotic minipumps. Results 

demonstrated that high amounts of cholesterol have to be delivered to observe both cognitive and 

motor functional recovery in R6/2 mice. More recently, we started to investigate a third innovative 

non-invasive strategy based on intranasal delivery of cholesterol and preliminary results will be 

discussed. 
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1. HUNTINGTON’S DISEASE  
1.1 Huntington’s disease history 

Huntington’s disease (HD) is a fatal neurodegenerative disorder characterized by psychiatric, 

cognitive and motor disorders. HD was first recognized as an inherited disorder in 1872 when 

George Huntington, an American doctor, wrote a paper called “On Chorea”. The paper was 

published in the Medical and Surgical Reporter of Philadelphia and gave the first complete 

description of the disease based on studies of several generations of one family who exhibited 

similar symptoms.  

"Chorea" comes from the Latin and Greek words meaning chorus or a group of dances. The term 

was given to many so-called "dancing disorders" that became noticed in the Middle Ages. In those 

days it was believed that people with chorea, like the involuntary muscle jerks and twitches 

characteristic of HD, were possessed by devils.  

In 1968, Dr. Milton Wexler, a psychoanalyst and clinical psychologist, created the Hereditary 

Disease Foundation (HDF) to find treatments and cures for HD, after his wife Leonore was 

diagnosed with the disease. Later years a research team guided by their daughter, the geneticist 

Nancy Wexler, identified a region of Venezuela where the disease was prevalent. Thus, a twenty-

year-long study started in 1979, which allowed to collect over 4,000 blood samples and documented 

18,000 different individuals to work out a common pedigree.  

The collected samples were useful in a collaborative research project of the HDF, together with the 

National Institute of Neurological Disorders and Stroke (NIH) to locate the gene that causes the 

disease. In 1983, the gene was located near the telomere of chromosome 4 and a test to identify 

carriers of HD was developed (Gusella et al. 1983).  

From 1983, the HDF organized and funded a decade-long international collaboration of over 100 

scientists named “The Gene Hunters” to find the HD gene itself and finally, in 1993, the HD gene 

mutation was discovered. 

HD was the first genetic disorder to be mapped to a specific locus in the chromosome without prior 

knowledge of the gene location and one of the first diseases to have prenatal genetic testing made 

available. 

 

1.2 The genetics of HD 

The human HD gene (also called IT15) is located on chromosome 4p16.3 and encodes the protein 

huntingtin, whose proposed functions will be discussed later. The genetic alteration, which causes 

the disease, is an increase of the number of repetitions of three nucleic acids (C, A, and G) in the 
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coding region of the first exon of the HD gene. This results in an expanded polyglutamine tract in 

N-terminus of huntingtin protein (Htt) (Zuccato, Valenza, and Cattaneo 2010). 

The distribution of CAG “triplet” repeats for Huntington’s disease may be divided into four 

categories. Repeats of 26 or fewer are normal. Repeats between 27 and 35 are rare and are not 

associated with the expression of the disease. Repeats between 36 and 39 are associated with 

reduced penetrance whereby some individuals will develop HD at an advanced age and others will 

not. Repeats of 40 or larger are always associated with the expression of HD (Myers 2004).  

Merritt et al. first observed that a disproportionate number of cases with juvenile onset HD (before 

the age of 21) had inherited the HD gene from affected fathers (Merritt, Conneally, and Rahman 

1969). This phenomenon termed “anticipation”, is typical of trinucleotide repeat disorders, and is 

explained by the meiotic instability of the HD repeat. Although meiotic instability may occur in 

both maternal and paternal transmission, in paternal transmission there is a propensity toward larger 

repeat expansion.  

A recent study completed a systematic review of the literature on the prevalence of HD. Overall 

worldwide prevalence of HD was estimated at 2.71 per 100,000. The study has also revealed that 

HD prevalence is higher in North America, Europe, and Australia (5.70 per 100,000), compared to 

Asia and Africa (0.40 per 100,000) (Pringsheim et al. 2012). This difference can be, at least partly, 

explained by differences in CAG tract size and HTT haplotypes. In fact it is known that the average 

CAG tract size in European populations is larger than that in Asian and African populations 

(Squitieri et al. 1994). 

Interestingly, genetic variations correlated with onset of motor signs, were recently identified by the 

genome-wide association (GWAS) study (Modifiers of Huntingtons Disease Consortium 2015). 

Two genetic loci on chromosomes 15 and 8 were found. In particular, the region on chromosome 

15, harbors two independent modifier association signals in the HD population: one that anticipates 

and the other that delays age of onset. The region on chromosome 8 carries a modification signal 

that delays onset. The study also suggested a role of MLH1 gene, involved in mismatch DNA 

repair, in modifying the onset of disease due to an effect on somatic HTT CAG repeat instability.  

 

1.3 Clinical manifestations of HD 

One of the main focuses in HD research is the development of new therapeutic strategies, as 

currently there is no treatment to delay or prevent the progression of the disease. Neuronal 

dysfunction and death observed in HD are caused by a combination of many pathogenic processes 

that lead to motor, cognitive and psychiatric symptoms. Other less well-known, but prevalent 

features of HD include weight loss, sleep- and circadian rhythm disturbances and autonomic 
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nervous system dysfunction. The mean age at onset is between 30 and 50 years, with a range of 2 to 

85 years. The mean duration of the disease is 17-20 years and most common cause of death is 

pneumonia. 

 

Motor symptoms and signs 

When HD was first discovered it was called Huntington’s chorea, due to the uncontrollable, dance-

like movement that is common among patients. The unwanted movements, which initially occur in 

the distal extremities and in small facial muscles, gradually spread to all other muscles. Choreatic 

movements are always present when the patient is awake, so that even walking becomes unstable. 

However, the pattern of motor symptoms tends to change over time: while chorea declines, dystonia 

(sustained or repetitive muscle contractions that result in twisting and repetitive movements or 

abnormal fixed postures), rigidity and akinesia (inability to initiate movement) becomes more 

marked leading to bradykinesia (slowness of movement). Also dysarthria (a motor speech disorder) 

and dysphagia (difficulty in swallowing) become very prominent during the course of the disease.  

 

Behavior and psychiatric symptoms and signs  

Psychiatric symptoms very frequently appear in the early stage of the disease, and can even 

anticipate the onset of motor symptoms. These symptoms and signs have a highly negative impact 

on family daily life (Wheelock et al. 2003). The most frequently signs are depression and anxiety. 

Obsessions and compulsions are also common and lead to irritability and aggression. Furthermore, 

HD patients manifest apathy and increasing passive behavior with the progression of the disease. 

Psychosis most frequently appears in the later stages and is accompanied by cognitive decline. The 

complete clinical picture is comparable to schizophrenia with paranoid and acoustic hallucinations. 

An additional aspect of the disease is the higher risk of suicide, frequently associated to the genetic 

test and the loss of independence in daily life. 

 

The cognitive impairment  

Although the clinical diagnosis of HD relies on the onset of motor abnormalities, patients manifest 

the first signs of cognitive impairments at least 15 years prior, in parallel with volume loss detected 

by MRI (Paulsen et al. 2004) (Aylward et al. 2011). Cognitive decline in HD is mostly due to 

cortico-striatal and hyppocampal dysfunctions. Patient’s actions and behaviors are not more goal-

directed or planned. Furthermore, HD patients are not able to distinguish what is relevant from what 

can be ignored and are no longer able to organize or plan their life. HD patients have difficulty in 

learning new information or recall previously learned information (Sadek et al. 2004) (Montoya et 
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al. 2006). The implicit memory, that includes those coordinated movements and skills that allow to 

ride a bike, play a musical instrument and even the ability to chew and swallow without choking, is 

compromised. 

More in detail, at pre-symptomatic stages one of the most common cognitive deficits affects tasks 

requiring a shift in strategy (Lawrence et al. 1998) (Ho et al. 2003). Executive functions, verbal 

fluency (Hahn-Barma et al. 1998) (Paulsen et al. 2001), procedural learning, planning, and explicit 

motor learning result impaired (Lawrence et al. 1998) (Rosenberg et al. 1995) (Schneider et al. 

2010). The execution of ordinary mental tasks is more tiring and requires more time. 

At early symptomatic stages, HD patients show a significant deficit in discrimination and reversal 

learning (Lawrence et al. 1999). Moreover, attention, acquisition of psychomotor skills, planning 

and executive functions progressively decline (Watkins et al. 2000) (Ho et al. 2003). In early 

symptomatic HD patients, there are alterations in associative learning, pattern and spatial short-term 

memory, in spatial working memory (Lawrence et al. 2000), and there are deficits in recall and 

recognition memory (Montoya et al. 2006).  

Middle symptomatic stage is characterized by a widespread worsening in executive function, verbal 

fluency, perceptual speed and reasoning (Bäckman et al. 1997) (Lemiere et al. 2004). In this stage 

HD patients show episodic memory and spatial memory deficits (Bäckman et al. 1997) (Lemiere et 

al. 2004). 

Finally, at more advanced symptomatic stages, patients manifest a sub-cortical dementia with 

alterations in cognitive functions involving slow information processing, decreased motivation, 

depression, apathy and personality changes (Paulsen et al. 1995) (Zakzanis 1998). Thus, tasks 

relying on hippocampal and cortico-temporal integrity (declarative memories: visuospatial, spatial 

working memory and object and spatial perception/recognition) are altered in HD patients also if to 

a lesser extent than those dependent on cortico-striatal integrity (procedural learning). Finally, 

different findings have suggested that HD lead to alterations in the perception of time and the 

production of timed output (Hinton et al. 2007) (Rowe et al. 2010). 

 

Secondary symptoms and signs  

In addition to motor, psychiatric and cognitive symptoms, there are other important symptoms in 

HD, including weight loss, sleep disturbances and autonomic disturbances. From early on, weight 

loss has been reported in all patients. A recent study have described a relationship between the 

weight loss and the CAG tract size (Aziz et al. 2008). This can be also ascribed to decreased 

appetite, difficulty handling food and swallowing. An additional causative factor is hypothalamic 

neuronal loss (Aziz et al. 2007). 
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Recently, attention has been focused also on sleep and circadian rhythm disturbances of patients 

with HD. The first description of these type of abnormalities in HD patients came from the study of 

Morton (2005) showing as HD patients exhibit abnormal night-day ratios, although interestingly 

they do not report any major sleep difficulties. A delayed sleep phase and an increased REM 

latency together with circadian changes in melatonin have been reported in HD (Aziz et al. 2010). 

Melatonin synthesis is directly regulated by the SCN and it plays a major role in the regulation of 

sleep and other circadian rhythms. HD patients report insomnia and increased daytime somnolence 

(Goodman & Barker 2010), besides impaired quality of sleep, reduced sleep efficiency (Silvestri et 

al. 1995) (Mena-Segovia et al. 2002) and reduced sleep time (Silvestri et al. 1995). The 

progressively worsening sleep disorder appeared to be independent of CAG repeat length (Arnulf et 

al. 2008) 

Also the autonomic symptoms are highly prevalent in patients with HD. These symptoms are 

related to functional disability and depression and may precede the onset of motor signs. 44% of 

patients, even at early stages of the disease, manifest autonomic dysfunction whereby both the 

sympathetic and parasympathetic system are affected (Andrich et al. 2002). Different autonomic 

disturbances, such as hyperhydrosis, sexual dysfunction, swallowing difficulties and dysphagia, 

have been reported in HD patients (Aziz et al. 2010). The origin of autonomic dysfunction is found 

in alterations of the central autonomic network that includes the hypothalamic region and its 

connections to the cortex, limbic system, brainstem, and spinal cord (Benarroch 1993). Indeed, 

hypothalamic damage has been found in HD patients (Aziz et al. 2007) (Politis et al. 2008). 

 

1.4 Neuropathological features of HD 

HD brain is characterized by a variable pattern of neuropathological changes (Vonsattel and 

DiFiglia 1998) that reflect the highly variable symptomatology of HD even among comparing cases 

with the same number of CAG repeats (Friedman et al. 2005) (Gómez-Esteban et al. 2006) (Tippett 

et al. 2006). The most affected brain area is the neostriatum, which includes the caudate nucleus and 

putamen, but, especially in more severe cases, also other brain regions are involved. Gross 

examination of postmortem HD human brains highlights a characteristic bilateral atrophy of the 

striatum (Vonsattel and DiFiglia 1998) (Vonsattel, Keller, and Pilar Amaya 2008). In particular, the 

putamen had an average 64% cross-sectional area loss compared with a 57% cross-sectional area 

loss in the caudate nucleus (de la Monte et al. 1988).  

In 1985, JP Vonsattel developed a neuropathological grading system for HD based on the pattern of 

striatal neurodegeneration observed in a wide sample of HD brains (Vonsattel et al. 1985). Grade 0 

comprises HD brains that show indistinguishable features from control brains. However, 30–40% 



                                                                                                                                                  Introduction 
 

      8 

neuronal loss has been revealed in the head of the caudate nucleus upon histological examination. 

Grade 1 comprises HD brains in which the body of caudate nucleus shows atrophy, neuronal loss, 

and astrogliosis. Gross striatal atrophy is described mild to moderate in grade 2 and severe in grade 

3. In Grade 4, the striatum is severely atrophic with a strong neuronal loss of about 95%. 

Furthermore, in Grades 1 and 2, non-striatal structures of the brain are apparently normal, or show 

only mild atrophy. In grades 3 and 4 also other brain regions as globus pallidus, neocortex, 

thalamus, subthalamic nucleus, substantia nigra, and cerebellum are smaller than normally 

expected.   

The most affected neuronal populations in the HD striatum are the medium-sized spiny projection 

neurons (MSNs) that constitute 90–95% of the total striatal neuronal population. The MSNs 

degeneration is associated with increasing HD grade (Vonsattel et al. 1985) (Vonsattel and DiFiglia 

1998) and leads to the disruption of important striatal pathways. Immunohistochemical studies also 

revealed differential loss of striatal projection neurons in HD. In particular, in early and middle 

stages of the disease, enkephalin-containing neurons, projecting to the external segment of the 

globus pallidus, results much more affected than substance P-containing neurons projecting to the 

internal pallidal segment. Furthermore, substance P-containing neurons projecting to the substantia 

nigra pars reticulata results more affected than those projecting to the substantia nigra pars 

compacta. At later stages of the disease, projections to all striatal target areas are significantly 

reduced, with the exception of some apparent sparing of the striatal projection to the substantia 

nigra pars compacta (Reiner et al. 1988). However, in most severe HD cases the extreme striatal 

atrophy and loss of neurons observed indicate that even the striatal interneurons are affected (Reiner 

et al. 2013). Cortical atrophy is another hallmark of HD brains, especially at advanced stages of the 

disease. Many studies highlight volume loss, cortical thinning, and neuronal loss in HD cerebral 

cortex (Macdonald & Halliday 2002) (Rosas et al. 2002) (Thu et al. 2010). In particular, the cortical 

volume loss was demonstrated to correlate with the degree of striatal atrophy and the number of 

CAG repeats, suggesting a relation between disease processes occurring into striatum and cortex. 

Neurodegeneration of cortical pyramidal neurons is also observed but in a smaller degree respect to 

that of MSNs (Vonsattel et al. 1985) (Hedreen et al. 1991). 
An additional neuropathalogical feature of HD is the reactive gliosis, especially in the dorsal 

striatum (Myers et al. 1991). Gliosis involves the proliferation or hypertrophy of several types of 

glial cells, including astrocytes, microglia, and oligodendrocytes and form part of the inflammatory 

response of the diseased brain. Interestingly, activated microglia correlated with neuronal loss in the 

neostriatum, globus pallidus, cerebral cortex, and white matter (Sapp et al. 2001). Furthermore, 

astrocytes in the white matter of HD brain display intranuclear inclusions (Shin et al. 2005), 
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especially in advanced stages. This phenomenon may contribute to the overall metabolic 

dysfunctions of the HD brain.  

Another HD pathological hallmark consists in the presence of intracellular aggregates of mutant 

Htt. Mutant Htt shows a similar expression level and regional distribution to the wild-type Htt in the 

brain (Aronin et al. 1995), but abnormal accumulation of its N-terminal fragments gives rise to 

typical aggregates/inclusions in the nucleus, cytoplasm, and dystrophic neurites in HD brains 

(DiFiglia et al. 1997). These protein aggregates are thought to be formed by associations of 

polyglutamine (polyQ) regions, which act as a “polar zipper” (Perutz 1996). The 

immunohistochemical analyses of postmortem human HD brain have demonstrated the presence of 

aggregates that can form neuronal intranuclear inclusions (NIIs) or cytoplasmic and neuropil 

extranuclear inclusions (NEIs), and Htt aggregates also form in axons and dendritic spines. The 

inclusions are already evident in the HD human brain before onset of symptoms and can be found 

throughout the cortex, but less frequently in the striatum (Gutekunst et al. 1999) (Maat-Schieman et 

al. 1999) (Herndon et al. 2009). 

Finally, white matter changes have been reported in HD brains, although detailed systematic studies 

have not been carried out. Earlier studies measured 29–34% changes in overall white matter area in 

slices through HD brains (de la Monte et al. 1988). More recent studies based on neuroimaging 

techniques show changes in the white matter even at pre-symptomatic phase of HD, in different 

brain regions (Rosas et al. 2006) (Rosas et al.  2010). 

 

1.5 Normal Htt distribution and functions  

Cellular and tissue distribution 

Htt is expressed ubiquitously in humans and rodents, but reaches the highest expression levels in 

the neuronal cells within the central nervous system (CNS) (DiFiglia et al. 1995) (Ferrante et al. 

1997). Htt is particularly enriched in cortical pyramidal neurons in the layers III and V that project 

to the striatal neurons (Fusco et al. 1999). Within cells, mammalian Htt is associated with different 

organelles, including the nucleus, endoplasmic reticulum, Golgi complex, and mitochondrion 

(Hilditch-Maguire et al. 2000) (Kegel et al. 2002) (Panov et al. 2002) (Strehlow et al. 2006). In 

particular, in neuronal cells, Htt localize within neuritis and at synapses, where it associates with 

various vesicular structures such as clathrin-coated vesicles, endosomal compartments or caveolae 

and microtubules (DiFiglia et al. 1995) (Velier et al. 1998) (Hilditch-Maguire et al. 2000).  

Htt interacts with proteins involved in different cellular functions including clathrin-mediated 

endocytosis, apoptosis, vesicle transport, cell signaling, morphogenesis, and transcriptional 

regulation (Li and Li 2004). Htt binds also to proteins of the synaptic complex such as protein 
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kinase C, casein kinase substrate in neurons 1 (PACSIN-1) and postsynaptic density 95 (PSD95), 

thus participating in the regulation of synaptic activity (Sun et al. 2001) (Smith et al. 2005). 

 

Htt functions 

There are solid evidence showing the critical role of Htt for embryonic development. Generation of 

nullizygous Htt mice (Hdh−/−) causes embryonic death between day 8.5 and 10.5 (Zeitlin et al. 

1995). The same study found that a single wt HTT allele is sufficient to carry out the developmental 

function of Htt in mice. Furthermore, with the progression of embryonic development, Htt levels 

lowering to below 50% leads to defects in the epiblast and severe cortical and striatal architectural 

anomalies (White et al. 1997) (Auerbach et al. 2001). Wild-type Htt plays also a critical role in 

brain maturation, especially in establishing and maintaining cortical and striatal neuronal identity 

(Reiner et al. 2001). 

Interestingly, also mHtt can carry out this developmental role. In fact HD patients are born normally 

and the onset of symptoms occurs several years after birth. Even homozygosity for CAG mutation 

does not results in evident developmental defects in HD patients (Wexler et al. 1987). In addition, 

expression of human Htt with a pathological polyglutamine expansion (72 CAG repeats) rescues 

Hdh−/− mice from embryonic lethality (Leavitt et al. 2001).  

All these evidence suggest that, despite the mutation, Htt can perform its physiological function 

during development. 

However, more recent findings (Molero et al. 2009) suggest that developmental abnormalities occur 

in a knock-in mouse model of HD (HdhQ111) compared with a knock-in mouse expressing 18 

CAG (HdhQ18). In particular, the striatum of HdhQ111 embryos at E17.5, show impairment in the 

acquisition of the cytoarchitecture of striatal subcompartments, suggesting abnormal specification 

and maturation of MSN.  

Htt has an important prosurvival role as demonstrated by different in vitro and in vivo studies. The 

first in vitro experiment was performed using ST14A striatal cells, transfected with wild-type htt 

(Rigamonti et al. 2000). They found that cells expressing high levels of exogenous wt Htt protein 

were protected from death. On the contrary, the same cells transfected with mHtt showed a fastern 

viability decline, indicating that the mHtt is not able to act as a neuroprotective protein. 

Additional studies confirmed the antiapoptotic role of Htt. Primary striatal neurons derived from 

YAC18 transgenic mice overexpressing full-length wild-type human Htt were protected from 

apoptosis compared with cultured striatal neurons from nontransgenic littermates or from YAC72 

mice expressing human mHtt (Leavitt et al. 2006).  
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Different studies clarified some of the mechanisms by which wild-type Htt protects cells from 

apoptosis. Wild-type Htt is able to prevent the formation of a functional apoptosome complex and 

the consequent activation of caspase-3 and caspase-9 (Rigamonti et al. 2000) (Rigamonti et al. 

2001). Furthermore, wild-type Htt physically interacting with active caspase-3, blocks its 

proteolytic activity and interferes with procaspase-8 activation (Hackam et al. 2000). A pro-survival 

role for Htt has also been demonstrated in vivo. Overexpression of full-length wild-type Htt in yeast 

artificial chromosome (YAC18) transgenic mice conferred protection against apoptosis triggered by 

NMDA receptor induced excitotoxicity (Leavitt et al. 2006). Moreover, it has been found that levels 

of endogenous Htt are reduced following ischemic injury through a caspase mediated process, while 

overexpression of wild-type Htt in mice protects against ischemic injury in a dose-dependent 

manner (Zhang et al. 2003). 

WT Htt is also linked to Brain-derived neurotrophic factor (BDNF), a neurotrophin particularly 

important for the survival of striatal neurons and for the activity of the cortico-striatal synapses 

(Zuccato and Cattaneo 2007). Most of striatal BDNF is anterogradely transported from the cortex to 

striatum (Altar et al. 1997) via the cortico-striatal afferents (Fusco et al. 1999) in which Htt and  

BDNF colocalize. YAC18 mice overexpressing wild-type Htt showed a significant increase in 

cortical production and striatal levels of BDNF (Zuccato et al. 2001) compared with control 

littermates. On the contrary, reduced BDNF mRNA levels were found in brain samples from wild-

type Htt-depleted mice as well as in heterozygous Htt knock-out mice (Zuccato et al. 2003). Wild-

type Htt promotes cortico-striatal BDNF expression by enhancing transcription of exon II of the 

BDNF gene (Zuccato et al. 2001). This function is exclusive to wild-type Htt, indeed mice 

overexpressing mHtt show a decrease of BDNF levels compared with controls (Zuccato et al. 

2001).  

Wt Htt is also involved in BDNF vesicle trafficking along microtubules, through its interaction with 

the molecular motors dynein/dynactin and kinesin (Caviston et al. 2007). BDNF vesicle trafficking 

is enhanced in the presence of wild-type Htt and conversely reduced either in the presence of mHtt 

or when the levels of wild-type Htt are reduced by RNA interference (Gauthier et al. 2004). 

Besides the BDNF vesicles, Htt transports synaptic precursor vesicles (Zala et al. 2013), v-SNARE 

VAMP7 protein containing vesicles (Colin et al. 2008), autophagosomes (Y. C. Wong & Holzbaur 

2014), endosomes and lysosomes (Liot et al. 2013). Htt mediates the transport of organelles, in both 

the anterograde and retrograde directions, and in axons and dendrites within neurons. 

Furthermore, Htt is also involved in endocytosis, vesicle recycling and endosomal trafficking 

(Waelter et al. 2001) (Harjes & Wanker 2003) (Kaltenbach et al. 2007) (Moreira Sousa et al. 2013).  
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Wild-type Htt can affect gene transcription in many different ways. Indeed it interacts with 

numerous transcription factors, as the cAMP-response element (CREB)-binding protein (CBP) 

(Steffan et al. 2000) and the nuclear factor-kB (NF-kB) (Takano & Gusella 2002). Htt also binds 

transcriptional activators and repressors as the Gln-Ala repeat transcriptional activator CA150 

(Holbert et al. 2001) and the repressor element-1 transcription factor/neuron restrictive silencer 

factor (REST/NRSF) (Zuccato et al. 2003). Further target of Htt are nuclear receptors, including 

LXRa and peroxisome proliferator-activated receptor-g (PPARg) (Futter et al. 2009). Htt also 

activates the transcription of genes containing a conserved repressor element 1 sequence (RE1, also 

named the neuron-restrictive silencer element NRSE) (Zuccato et al. 2003), recognized by REST 

transcriptional silencer. One of the most important NRSF-regulated genes is the BDNF gene 

(Zuccato et al. 2001). Htt may also act as a transcriptional cofactor itself (Benn et al. 2008) and a 

chromatin remodeling factor (Seong et al. 2009). Finally, Htt may mediate the transport to the 

nucleus of transcription factors and regulators (Marcora et al. 2003).  

Htt is involved in autophagy cellular process. Through its scaffolding function of the 

dynein/dynactin/HAP1 complex, Htt regulates the retrograde transport of autophagosomes along 

axons (Wong & Holzbaur 2014). Htt also participates in the clathrin coated-mediated post-Golgi 

trafficking to lysosomes through its interaction with optineurin/Rab8 (del Toro et al. 2009). An 

essential role for Htt in p62-dependent cargo recognition, required for correct sequestration of cargo 

into autophagosomes, has been recently identified (Rui et al. 2015). This autophagy regulatory 

function of HTT is conserved from flies to humans (Rui et al. 2015).  

Finally, Htt play also an essential role in mitotic spindle positioning in mammary stem cells (Elias 

et al. 2014) and it is required for correct ciliogenesis (Keryer et al. 2011).  

 

1.6 Molecular dysfunctions in HD  

Many pathogenic mechanisms have been identified in HD including proteolysis and aggregation of 

mutant Htt (mHtt) (Vonsattel et al. 1985) (Poirier et al. 2002) (Legleiter et al. 2010), mitochondrial 

dysfunction (Gu et al. 1996) (Panov et al. 2002) (Chen et al. 2007) (Browne 2008), impaired protein 

degradation pathways (Bennett et al. 2007) (Martinez-Vicente et al. 2010), reduction of striatal 

BDNF (Gauthier et al. 2004) (Zuccato et al. 2008) (Zuccato and Cattaneo 2009).  

In this introduction HD mechanisms related to altered transcriptional dysregulation, synaptic 

alterations and glial dysfunctions will be considered. 
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Transcriptional dysregulation 

A large number of studies have provided evidence for transcriptional abnormalities in HD, even 

before the onset of symptoms (Cha 2007). These include changes in mRNA levels, direct 

interactions between Htt and proteins of the transcriptional machinery, and inhibition of enzymes 

involved in chromatin remodeling.  

A whole-genome analysis, based on a microarray platform, revealed that the variety of altered 

genes increased with the progression of the disease (Chan et al. 2002) (Luthi-Carter et al. 2002) 

(Sipione et al. 2002). In particular, the altered genes were associated with transcriptional processes, 

neurotransmitter receptors, synaptic transmission, cytoskeletal and structural proteins, intracellular 

signaling, and calcium homeostasis.  

In 2006, Luthi-Carter completed a gene expression profile of HD patients (Hodges et al. 2006), 

showing gene expression changes in the caudate and motor cortex and confirming the set of down-

regulated genes previously identified in HD transgenic mice (Luthi-Carter et al. 2002). Gene 

expression profile studies revealed that transcriptional abnormalities occurred also in the skeletal 

muscles (Luthi-Carter et al. 2002) (Strand et al. 2005). It was also found that mHtt itself can repress 

transcription of genes binding their specific transcriptional factors (Zhai et al. 2005) (Benn et al. 

2008). Indeed TFIID, TFIIF, and TAFII130, which are components of the core transcriptional 

machinery, are direct targets of mHtt (Shimohata et al. 2000) (Dunah et al. 2002) (Zhai et al. 2005). 

One of the main transcriptional abnormalities described in HD concerns the neuronal gene 

repression mediated by the transcription factor REST/NRSF (Zuccato et al. 2007). REST/NRSF 

represses a large cohort of neuronal-specific genes, among the BDNF gene, through recruitment of 

the DNA regulatory motif RE1/NRSE (Ooi & Wood 2007). RE1/NRSE silencing activity is 

inhibited in the presence of wild-type Htt, on the contrary protein mutation induces the activation of 

RE1/NRSE leading to a significant decrease of BDNF levels (Zuccato et al. 2003) (Zuccato et al. 

2007). By using a microarray-based survey of gene expression in a large cohort of HD patients and 

matched controls (Hodges et al. 2006), most of REST/NRSF target genes were found down 

regulated in the HD caudate (Johnson & Buckley 2009). Transcriptional dysregulation in HD was 

also linked to energy defects since Htt inhibits expression of PGC-1α, the main transcription 

coactivator involved in the regulation of cellular energy metabolism (Cui et al. 2006). Mutant Htt 

may interfere with gene expression also by inducing modifications in chromatin structure. The 

expanded polyQ can indeed directly bind CREB binding protein (CBP) and p300/CBP associated 

factor (P/CAF), blocking their acetyltransferase activity (Steffan et al. 2001). This results in a 

condensed chromatin state and reduced gene transcription.  
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Synaptic alterations 

Survival and activity of striatal neurons, the most affected neuronal population in HD, depend on 

glutamate release from the cortical afferents. An increased glutamate release from cortical afferents 

in parallel with reduced uptake of glutamate by glial cells may contribute to the excessive activation 

of glutamate receptors observed in HD. Impaired clearance of glutamate from the synaptic cleft 

may also contribute to enhance excitotoxic neurodegeneration in HD. In some HD mouse models 

(R6/2 and R6/1 lines), the Na+-dependent glial transporter of glutamate GLT1 is down-regulated 

and appears responsible for decreased striatal glutamate uptake (Liévens et al. 2001) (Estrada-

Sánchez et al. 2009). Decreased GLT1 mRNA and deficient glutamate uptake has also been 

reported in post mortem brain tissues taken from HD patients (Arzberger et al. 1997) (Hassel et al. 

2008). Results from electrophysiological experiments also confirmed the excitotoxic hypothesis. 

Enhanced NMDA receptors sensitivity to NMDA and increased NMDA evoked currents have been 

described in striatal neurons from full-length HD mouse models (Fan & Raymond 2007). 

Furthermore, altered information processing in the prefrontal cortex of HD mouse models and 

dysregulation of coordinated neuronal firing patterns in striatum (Miller et al. 2008) (Walker et al. 

2008) suggest that the loss of connectivity between the cortex and striatum may participate in the 

excitotoxic process and contribute to the development of the HD phenotype. 

Mutant Htt causes also the over activation (Song et al. 2003) and the trafficking impairment of 

NMDA receptors (Fan et al. 2007). Also changes in NMDA receptors protein level or subunits have 

been proposed as possible mechanisms responsible for aberrant NMDA receptors activity in HD 

(Cepeda et al. 2001) (Ali & Levine 2006) (Fan et al. 2007). The R6/2 transgenic mouse model 

displays a deficiency in metabotropic glutamate receptor mGluR2 that could lead to glutamate-

mediated overstimulation of the postsynaptic striatal neurons (Cha et al. 1998) (Cha et al. 1999) 

(Luthi-Carter et al. 2000) (Luthi-Carter et al. 2003). Other mechanisms can contribute to 

excitotoxicity in HD. The polyglutamine expansion alters the interaction between Htt and post-

synaptic density 95 (PSD95) scaffolding protein, resulting in the sensitization of NMDA receptors 

(Sun et al. 2001). In HD patients, a significant decrease in NMDA receptor (NMDAR) binding at 

pre- and early symptomatic stages has been detected (London et al. 1980) (Young et al. 1988) 

(Albin et al. 1990) (DiFiglia 1990). 

Contrary to all these studies, a recent paper has shown that glutamate clearance in the striatum of 

R6/2 mice is normal or even accelerated (Parsons et al. 2016). Indeed, thanks to an innovative 

approach based on a real-time imaging technique using a fluorescent reporter as glutamate sensor 

(iGluSnFR) it was possible to quantify real-time glutamate dynamics in R6/2 mouse models. This 
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evidence supports the hypothesis that glutamate clearance is not the major contributor to excitotoxic 

cell death in HD. 

Other neurotransmitter systems, controlling the activity of the corticostriatal synapse, result 

compromised in HD, contributing to striatal excitotoxicity. Evidence of aberrant Adenosine 2A 

receptor function (Tarditi et al. 2006) as well as downregulation of the dopamine transporter and D1 

and D2 receptors has also been reported in HD brains (Augood et al. 1997) (Cha et al. 1998) (Cha et 

al. 1999).  

 

Glial dysfunctions 

Astroglia represent the major cellular component of the CNS and their dysfunction contributes to 

the pathogenesis of most neurological diseases. Glial cells expressing mutant HTT are characterized 

by compromised morphology and function that can exacerbate neurological symptoms in HD (Hebb 

et al. 1999) (Shin et al. 2005). Accordingly, transgenic mice that express N-terminal mHtt under the 

control of GFAP promoter, display age-dependent neurological phenotype and accumulation of 

mutant protein in astrocytes (Bradford et al. 2009). 

Many studies demonstrate that one of the most important astrocyte-mediated mechanisms altered in 

HD is the glutamate uptake for preventing neuronal excitotoxicity. 

Indeed, in vitro experiments have shown that the expression of mHtt in HD astrocytes results in a 

decreased expression of GLT-1 and GLAST glutamate transporters (Shin et al. 2005). Time-

dependent reduced expression of both GLT-1 and GLAST was observed in striatal specimens from 

HD subjects and in an HD animal model expressing short N-terminal fragment of mHtt selectively 

into striatal astrocytes (Faideau et al. 2010). The same results emerged by analyzing the levels of 

these glutamate transporters in the R6/2 transgenic mice (Behrens et al. 2002) (Estrada-Sánchez et 

al. 2009). In addition to glutamate transporters abnormalities, a defect in Ca(2+)-dependent 

glutamate exocytosis has also been demonstrated in HD astrocytes (Lee et al. 2013).  

Another well-known astrocytic homoeostatic function is to regulate extracellular potassium. A 

recent study found that symptom onset in R6/2 and Q175 HD mouse models was associated with 

decreased expression of striatal astrocytes Kir4.1 K+ channel, leading to elevated striatal 

extracellular K+ in vivo. Interestingly, restoration of Kir4.1 function normalized extracellular K+, 

ameliorated aspects of MSN dysfunction, prolonged survival and attenuated some motor 

phenotypes in R6/2 mice (Tong et al. 2014). These results were recently confirmed by a new study 

showing early-onset astrocytes loss of Kir4.1- and Glt1-mediated homeostatic functions in R6/2 

mice, which may in turn contribute to altered MSNs in the striatum (Jiang et al. 2016). 
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All these findings suggest that the presence of mutant Htt in astrocytes impairs glial glutamate 

potassium and calcium homeostasis leading to excitotoxicity that may contribute to HD 

pathogenesis.  

Normally, astrocytes are also an important source of BDNF in the brain (Miyamoto et al. 2015) but 

the expression of mHtt inhibits BDNF exocytosis from these cells (Hong et al. 2016). 

As described later in a dedicated paragraph, another important function of astrocytes consists in 

supplying cholesterol to neuronal cells by ApoE-containing lipoproteins (Lahiri 2004). A paper 

from our lab has shown that astrocytes bearing the Htt protein containing increasing CAG repeats 

secreted less apoE-lipoprotein-bound cholesterol in the medium (Valenza et al. 2015). Furthermore, 

conditioned media from HD astrocytes was detrimental in a neurite outgrowth assay and did not 

support synaptic activity in HD neurons, compared with conditioned media from wild-type (wt) 

astrocytes (Valenza et al. 2015).  

A recent work have further investigated the role of glial cells in HD, by neonatally engrafting 

immunodeficient mice with mutant Htt (mHTT)-expressing human glial progenitor cells (hGPCs) 

(Benraiss et al. 2016). It was found that while mHTT glia impaired behavioral phenotype of healthy 

mice, normal glia engraftment was able to ameliorate aspects of the disease in transgenic HD mice.  

 

All the described dysfunctions represent potential therapeutic target for HD treatment. However, the 

discovery of genetic cause of HD have offered the opportunity to develop genetic approaches aimed 

at inhibiting mutant Htt expression, which are currently considered among the most promising 

emerging therapeutics for HD (Garriga-Canut et al. 2012) (Magen & Hornstein 2014). The use of 

antisense oligonucleotides (ASOs) have been found to reduce mutant Htt-associated abnormalities 

in animal models of HD (Kordasiewicz et al. 2012) (Skotte et al. 2014). Ionis Pharmaceuticals, has 

initiated a clinical study with this “Htt lowering” strategy.  

 
 
2.  MOUSE MODELS OF HD 
There are a variety of mouse models available for the study of HD that recapitulate many of the 

features of the human disease. HD animal models can be divided into two broad categories, 

nongenetic and genetic. Nongenetic models are easy to generate and use, and basically induce cell 

death by excitotoxic mechanisms or by alteration of mitochondrial metabolism. 

Genetic models differ in their CAG repeat numbers (and stability of the stretch), size and species of 

origin (mouse or human) of the Htt protein, promoters driving the protein expression and their 
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background strain. As a consequence, each model exhibits a different characteristic phenotype. 

Genetic models can be grouped into: 

- N-terminal transgenic animals, carrying the 5’ portion of the human mutant HTT gene, including 

exon 1 that contains the CAG repeat region. 

- Full-length transgenic models, expressing full-length mutant HTT.  

- Knock-in models, carrying an expanded polyglutamine stretch within the mouse HTT protein. 

 

2.1 The R6/2 transgenic model 

The R6/2 is the most widely studied transgenic mouse model of HD. It allows a depth and relatively 

rapid evaluation of the efficacy of pre-clinical therapeutic strategies, for this reason R6/2 model is 

been chosen for our in vivo studies.  

This animal model was generated by random insertion into the mouse genome of exon 1 from the 5’ 

end of the human HTT gene, with approximately 150 CAG repeats (Mangiarini et al. 1996). In 

these mice the transgene expression is driven by the human Htt promoter and reach 75% of the level 

of the endogenous gene in all cells (Mangiarini et al. 1996). This model is characterized by a very 

aggressive, rapidly progressing phenotype, similar to the juvenile form of HD in humans. Most of 

the behavioral symptoms appear around 8-9 weeks of age and average life expectancy is around 14 

weeks.  

During the progression of the disease, R6/2 mice develop both motor and cognitive dysfunctions.  

Motor symptoms include resting tremor, chorea-like movements, stereotypic involuntary grooming 

movements and clasping behavior (Mangiarini et al. 1996) (Stack et al. 2005). Starting from 3 

weeks of age, mice display locomotor hyperactivity (Lüesse et al. 2001), while around 8 weeks of 

age they become hypoactive (Carter et al. 1999) (Stack et al. 2005). In the same period, R6/2 begin 

to show an abnormal paw clasping response, recognizable by dystonia of the limbs when suspended 

by the tail. Around 8 weeks of age, other gradual changes in motor function, such as stereotypical 

hindlimb grooming and involuntary movements appear. As a result, R6/2 motor coordination, 

assessed by the Rotarod test, progressively deteriorates by 8–12 weeks of age (Carter et al. 1999) 

(Lüesse et al. 2001). R6/2 mice exhibit severe cognitive abnormalities before the onset of motor 

defects (Lione et al. 1999). At 3.5 weeks their performance in the hippocampal dependent Morris 

water maze spatial learning task is impaired. Furthermore, at around 8 weeks of age, these animals 

completely lose the ability to learn the task, partly for the worsening in swimming ability (Lione et 

al. 1999) (Murphy et al. 2000). R6/2 mice also demonstrate difficulty in reversing pre-learned tasks 

in the two-choice swim T-maze (Lione et al. 1999). This particular test requires correct functioning 

of the frontostriatal circuitry that allows to subjects to replace of a previously learned strategy 
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(Goldberg et al. 1990) (Van Raamsdonk et al. 2005). It is known that the impairment of these neural 

pathways results in loss in executive function, procedural memory and psychomotor skills in HD 

patients (Heindel et al. 1988) (Bylsma et al. 1990) (Lange et al. 1995), therefore deficits in the T-

maze may be more closely related to those seen in HD. Finally, R6/2 mice display impaired long-

term memory (LTM) during disease progression (Giralt et al. 2011) as assessed by the Novel Object 

Recognition test (NORT), based on the spontaneous tendency of rodents to spend more time 

exploring a novel object than a familiar one (Antunes & Biala 2012). 

R6/2 mice are also characterized by many neuropathological signs. In particular, this animal model 

demonstrate robust brain atrophy (about 20% brain weight loss at 12 weeks) (Davies et al. 1997) 

but only moderate cerebral cell death. Since only a small number of cortical and striatal neurons 

undergo “dark cell degeneration” (Turmaine et al. 2000), probably the significant reduction in brain 

volume is the result of atrophy of individual neurons and massive decrease in neuropil. Indeed, the 

cell bodies of striatal medium-sized spiny neurons have been described to shrink by around 20% in 

surface area and the size of their dendritic fields is also reduced (Klapstein et al. 2001). Another 

frequently used pathological endpoint in R6/2 mice is the presence of mutant Htt-containing nuclear 

inclusions (NIs) and neuropil aggregates (NAs) in different brain regions. Aggregates and 

inclusions first appear in the striatum and the cortex around 3–4 weeks of age and progressively 

increase until late symptomatic phase in which around 98% of the striatal projection neurons 

(calbindin positive) exhibit Htt inclusions (Meade et al. 2002). Glial cells do not appear to develop 

these protein inclusions (Davies et al. 1997). In R6/2 mouse model an alteration in gene expression 

is also evident. Within the striatum, the levels of mRNAs encoding components of the 

neurotransmitter, calcium and retinoid signaling pathways are decreased at both early and late 

symptomatic time points (6 and 12 weeks of age). Conversely some genes associated with cell 

stress and inflammation appear to be upregulated in striatum but also in cerebellum and in 

peripheral tissues of R6/2 mice (Luthi-Carter et al. 2000) (Luthi-Carter et al. 2002). In addition, 

increases in markers for oxidative damage to DNA (Bogdanov et al. 2001) and mitochondrial 

dysfunctions (Tabrizi et al. 2000) have been found in R6/2 striatum. 

Different studies revealed an abnormal neurotransmission in R6/2 mice that may account for striatal 

neuronal vulnerability. Starting from 8 weeks of age, to advanced stages of the disease, cortico-

striatal LTP results impaired in R6/2 mice (Kung et al. 2007). Striatal neurons exhibit more 

depolarized resting potentials (Levine et al. 1999) and increased intracellular calcium levels 

(Hansson et al. 2001). Furthermore, alterations in the firing patterns of cortico-striatal fibers have 

been demonstrated in the brains of R6/2 mice (Cepeda et al. 2003) together with changes in 

neurotransmitter release (Behrens et al. 2002). At specific stages of the disease R6/2 mice show 
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reduced synthesis of neurotransmitters such as dopamine (Hickey et al. 2002) (Johnson et al. 2006) 

and serotonin (Reynolds et al. 1999) (Yohrling IV et al. 2002), but also severe alterations in the 

levels of synaptic proteins (Morton et al. 2001) and deficits in glial glutamate uptake (Liévens et al. 

2001). At the postsynaptic sites R6/2 mice display a progressive reduction in dopamine and 

glutamate receptors expression (Cha et al. 1998) (Cha et al. 1999) (Zucker et al. 2005).   

R6/2 mice also suffer from epileptic seizures and spontaneous shuddering movements. Starting 

from 9weeks of age their body weight progressively decline and at the end of their life is 

approximately 70% less than their wild-type littermates (Mangiarini et al. 1996).  

 

 
3. BRAIN CHOLESTEROL 
3.1 Brain cholesterol in physiologic condition 

The brain is the most cholesterol-rich organ, with about 25% of the whole body’s cholesterol 

(Bjorkhem 2004) (Dietschy 2004). The content of cholesterol within the brain is 15–30 mg/g tissue, 

whereas the average in other tissues is at 2–3 mg/g tissue (Dietschy 2009). Essentially all brain 

cholesterol (>99.5%) is unesterified, but small amounts of desmosterol and cholesteryl ester are also 

present. Brain cholesterol is a basic component of myelin sheaths and plasma membranes of both 

astrocytes and neurons (Dietschy and Turley 2001). Moreover, brain cholesterol is a necessary 

precursor of neurosteroids (Zwain & Yen 1999). 

All brain cholesterol is de novo locally synthetized, since the blood–brain barrier (BBB) efficiently 

prevents exchange with circulating lipoprotein cholesterol. This allows to keep constant the levels 

of cholesterol within the brain. Overall, brain cholesterol homeostasis is maintained by the dynamic 

equilibrium among de novo synthesis, transport, storage, removal and recycle.  

The larger pool (about 70%–80%) of brain cholesterol is produced by oligodendrocytes, with a very 

slow turnover (half-life of approximately 5 years) (Russell et al. 2009), to form myelin sheaths, an 

electrically insulating layer surrounding neuronal cells. Indeed, during the period of active 

myelination the rate of cholesterol synthesis reaches the highest levels. With the conclusion of brain 

maturation and myelin formation phases, the production of cholesterol drops by 90%. Brain 

cholesterol half-life has been estimated to be at least 5 years in humans and 4-6 months in mice 

(Björkhem et al. 1998) (Dietschy and Turley 2001). 

While in the developing brain a minor pool of cholesterol is synthesized by neurons (Saito et al. 

2009), in adulthood neurons completely rely on glia-derived cholesterol (Nieweg et al. 2009). This 

strategy allows to avoid costly cholesterol synthesis. Indeed, more than 100 mol of ATP are 

required for the synthesis of one mole of cholesterol (Poirier et al. 1993). 
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As it will be described in a more detailed paragraph, brain cholesterol actively contributes to 

synapse formation and synaptic transmission. 

 

Cholesterol synthesis in the brain 

The first step of de novo brain cholesterol biosynthesis consists in the conversion of acetyl-CoA 

into 3-hydroxyl-3-methylglutaryl-CoA, catalyzed by HMG-CoA synthetase. Then 3-hydroxyl-3-

methylglutaryl-CoA is converted into mevalonate by HMG-CoA reductase. The HMG-CoA 

reductase-catalyzed reaction is considered an irreversible and rate-limiting step of cholesterol 

biosynthesis.  

There are two cholesterologenic pathways in the brain (Fig. 1): the Kandutsch-Russel cholesterol 

synthetic pathway, and the Bloch pathway typical of neurons and astrocytes respectively (Leoni and 

Caccia 2015). 

The intracellular machinery for cholesterol synthesis is located in the endoplasmic reticulum (ER). 

Transcriptional regulation of cholesterol synthesis and uptake depends on sterol regulatory element 

binding proteins (SREBPs) (Ye & DeBose-Boyd 2011), a class of transcription factors of the basic 

helix–loop–helix leucine zipper (bHLH-Zip) family. Three distinct SREBP isoforms have been 

identified: -1a, -1c and -2. SREBP-1a is constitutively expressed in the cell as a ‘low-specificity’ 

regulator, targeting all genes containing sterol response elements (SRE) (Eberlé et al. 2004). By 

contrast, the inducible SREBP-1c and SREBP-2 promote the expression of genes involved in fatty-

acid and cholesterol metabolism respectively (Eberlé et al. 2004). In particular, the SREBP-2 

transcription factor directly interacts with the cholesterol sensor SREBP cleavage-activating protein 

(SCAP). In conditions of high cholesterol concentrations, the SREBP-2/SCAP complex is retained 

in the ER membranes by the retention insulin-induced proteins 1 and 2 (INSIG-1 and -2). On the 

contrary, cholesterol depletion results in the loss of interaction between the INSIG retention 

complex and SREBP-2/SCAP, allowing SCAP to escort SREBP-2 to the Golgi compartment. 

Within the Golgi apparatus, SCAP releases the N-terminal domain of SREBP-2, which can 

translocate to the nucleus and bind to the sterol regulatory elements (SRE) in the promoter regions 

of target genes involved in cholesterol biosynthesis (Dietschy 2009) (Leoni and Caccia 2015). 

The critical role of SCAP is confirmed by evidences of a substantial (30–40%) reduction in brain 

cholesterol synthesis, with deleterious effects on synaptic transmission and cognitive function, in 

SCAP knockout mice (Suzuki et al. 2013). Furthermore, mice in which SCAP is mutated in 

schwann cells exhibit congenital hypomyelination and neuropathy-related behavior, tremor and 

abnormal gait (Verheijen et al. 2009).  
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Figure 1. Schematic representation of the Bloch and Kandutsch-Russel pathways for cholesterol synthesis. 
Broken arrows indicate potential sites of crossover from the Bloch to Kandutsch-Russel pathway. (From: 
Mitsche, Matthew et al. 2015. “Flux Analysis of Cholesterol Biosynthesis in Vivo Reveals Multiple Tissue 
and Cell-Type Specific Pathways.” eLife 4.) 
 
Brain cholesterol storage 

Typically, esterified cholesterol represents ~1% of the total cholesterol pool. The enzyme 

responsible for cholesterol esterification is acylcoenzyme A: cholesterol acyltransferase 1 

(ACAT1/SOAT1). ACAT1/SOAT1 is located in ER and is upregulated in response to intracellular 

high cholesterol levels that induce cholesterol movement from the plasma membrane to the ER 

(Cheng et al. 1995) (Chang et al. 1997). ACAT1/SOAT1 is generally more active in neurons than in 

glial cells (Sakashita et al. 2000) although, following impaired cholesterol efflux or exogenous 

cholesterol surplus, the astrocytic enzyme become more active (Karten, Robert B. Campenot, et al. 

2006). 
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Regulators of intercellular and intracellular cholesterol trafficking 

In adult brain, astrocytes represent the major producers of cholesterol, which is transported to 

neurons via apolipoproteins and lipids. Astrocytes are also the major source of apolipoprotein E 

(ApoE) (Mahley et al. 2006), a key apolipoprotein required for extracellular transport of cholesterol 

and other lipids between astrocytes and neurons or oligodendrocytes (Lahiri 2004). The synthesis of 

ApoE by glial cells increase up to 150 fold in case of nerve injury (Boyles et al. 1990). The stability 

of ApoE in the brain depends from the association with lipids. In particular, lipidation and secretion 

of ApoE are mediated by one or several ATP-binding cassette transporters (ABC), such as ABCA1, 

ABCG1, and ABCG4 (Hayashi 2011). The major classes in the brain are ABCA and ABCG, 

critical transporters for lipid homeostasis (Dean et al. 2001) (Puglielli et al. 2003). The initial 

transfer of lipids into lipid-free apolipoproteins, including ApoE, is catalyzed by ABCA1 whereas 

ABCG1 mediates lipidation in a second phase (Vaughan & Oram 2006). ABCA1 is expressed in 

both neurons and glial cells (Wellington et al. 2002).  

In ABCA1 knockout mice a significant decrease of ApoE lipidation, with consequent decline of 

cholesterol and ApoE levels, are observed in brain and cerebrospinal fluid (CSF) (Hirsch-

Reinshagen et al. 2004) (Wahrle et al. 2004). These mice exhibit also cortical astrogliosis, increased 

inflammatory gene expression, altered synaptic transmission and sensomotor behavior (Karasinska 

et al. 2013).  

The Low-Density Lipoprotein receptor (LDLR) and the Low Density Lipoprotein Receptor-related 

Protein 1 (LRP1) are the main receptors responsible for the uptake of ApoE-containing lipoproteins 

in the brain. In particular LDLR is highly expressed in glial cells than in neurons, on the contrary 

LRP1 is mainly found in neurons (Rebeck et al. 1993) and transports ApoE in a more efficiently 

way, due to the elevated rates of endocytic recycling (Li et al. 2001). The interaction between 

ApoE-particles and these receptors activate signaling pathways essential for neuronal survival and 

correct activity (Hayashi 2011) (Lane-Donovan et al. 2015). The crucial role of LRP1 is confirmed 

by the evidence that its ablation in neuronal cells leads to global impairment of cholesterol 

homeostasis and neurodegeneration (Liu et al. 2010).  

Externally uptaken low-density lipoproteins are rapidly transported to late endosomal/lysosomal 

compartments where they are hydrolyzed. Consequently free cholesterol can reach subcellular 

membrane compartments whereas lipoproteins are recycled to the plasma membrane (Rensen et al. 

2000) (Soccio 2004). 

Cholesterol intracellular movement can be vesicle-dependent or vesicle-independent (Maxfield & 

Wüstner 2002). Cholesterol vesicle-mediated trafficking, along cytoskeletal tracks, involves ATP-

dependent proteases. Conversely, non-vesicular transport can be mediated by diffusible carrier 
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proteins characterized by hydrophobic cavities for cholesterol binding and transport across the 

aqueous cytosol. A key player of non-vesicular trafficking is the cholesterol transport protein 

steroidogenic acute regulatory protein (StAR) (Alpy 2005). The intracellular trafficking of 

cholesterol is also related to Niemann-Pick type C1 (NPC1) and C2 (NPC2) proteins, expressed in 

both neurons and glial cells (Prasad et al. 2000) (German et al. 2002). In particular, NPC1 is a 

transmembrane protein with a sterol-sensitive domain (Carstea et al. 1997) and NPC2 is an 

intralumenal component that binds cholesterol (Soccio 2004). Both these proteins are essential to 

avoid unesterified cholesterol accumulation in the late endosome/lysosome, condition that could 

leads to pathologic changes in neurons and glial cells (Baudry et al. 2003) (Reid et al. 2004). 

 

Cholesterol efflux from the brain 

As cholesterol-recycling mechanisms are not sufficient to maintain steady state within the brain, 

excess cholesterol needs to be removed.  

A minor mechanism for cholesterol removal consists in ApoE-bound cholesterol excretion through 

the CSF (Pitas et al. 1987). According to the CSF cholesterol content and the rate of CSF renewal, 

this mechanism allows to eliminate about 1-2 mg of cholesterol per day. 

However, the most important removal mechanism is based on cholesterol conversion into 24S-

hydroxycholesterol (24OHC), catalyzed by cholesterol 24-hydroxylase (encoded by CYP46A1, a 

member of the cytochrome p450 family). CYP46A1 is normally expressed in neuronal cells bodies 

and dendrites (large pyramidal cells of cortical areas, hippocampal cells, amygdale cells, putamen 

cells, thalamic cells, Purkinje cells), suggesting that a strict regulation of cholesterol content is 

required in these cells (Russell et al. 2009). Conversely, only a little expression of CYP46A1 was 

observed in glial cells (Ramirez et al. 2008). 

Contrary to cholesterol, 24-OHC is able to cross the blood–brain barrier (Lütjohann et al. 1996) 

(Björkhem et al. 1997) (Björkhem et al. 1998).  

The rapid transfer of 24-OHC, over lipophilic membranes, is due to an energetically favorable 

reordering of membrane phospholipids in parallel with an increase in the membrane surface area, 

induced by the hydroxyl group in the side chain (Kessel et al. 2001) (Meaney et al. 2002). The 

direction of the net flux across the membrane is probably influenced by oxysterol concentration 

gradient. The estimated amount of 24-OHC moving from the brain into the circulation is 6-7 mg per 

day (Lütjohann et al. 1996) (Björkhem et al. 1998). Interestingly, CYP46 knockout mice showed a 

dramatic decrease (about 64%) in sterol export from the brain in parallel to a reduction (about 40%) 

in cholesterol synthesis, suggesting a close relation between synthesis and metabolism of 
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cholesterol within the brain (Lund et al. 2003). Once in the circulation, 24-OHC binds to LDL, is 

taken up by hepatocytes and finally excreted in bile salts (Russell et al. 2009). 

Whereas in mice, 24-OHC production has been reported also in the liver, human 24-OHC is 

exclusively of cerebral origin (Lund et al. 1999) (Lund et al. 2003). Consequently, 24-OHC can 

represent a useful marker of brain cholesterol homeostasis in humans. In different neurological 

diseases an alteration of plasma levels of 24-OHC is observed (Lütjohann et al. 2000) (Leoni et al. 

2002) (Leoni et al. 2013). 

The brain-derived cholesterol metabolite 24-OHC, as other oxysterols, can activate the nuclear 

liver-X receptors (LXR), ligand-activated transcription factors, recognized as master regulators of 

cholesterol homeostasis in the CNS (Janowski et al. 1996) (Lehmann et al. 1997) (Edwards et al. 

2002). LXRs, directly interact with the retinoid X receptors (RXRs), forming heterodimers that 

regulate the expression of target genes, by binding to LXR-response elements within genes 

regulatory regions. There are two isoforms of LXRs: LXRα, prominently expressed in the liver, 

kidney and other peripheral tissues, and LXRβ, expressed in the brain and liver (Zhao & Dahlman-

Wright 2010). 

LXRs are considered key cholesterol sensors. Following excessive increase of cholesterol, cellular 

oxysterols, including 24-OHC, accumulate, activating LXR. Consequently, LXR positively regulate 

ApoE transcription in astrocytes and increase the expression of its lipidating transporters ABCA1 

and ABCG1, in neurons and glia, protecting cells from cholesterol overload (Fukumoto et al. 2002) 

(Pfrieger and Ungerer 2011) (Vitali et al. 2014). 

LXRs are also involved in cellular cholesterol uptake, downregulating lipoprotein receptor cell 

surface expression through the inducible degrader of LDLR (IDOL) pathway (Zelcer et al. 2009). 

The complex mechanism of cholesterol homeostasis within the brain is summarized in Fig. 2. 
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Figure 2. Schematic representation of brain cholesterol metabolism. (From: Courtney, Rebecca, and Gary 
E. Landreth. 2016. “LXR Regulation of Brain Cholesterol: From Development to Disease.” Trends in 
Endocrinology and Metabolism.) 
 
Cholesterol and synaptic transmission 

Cholesterol is an essential component of cells membranes, able to affect their biophysical properties 

(Yeagle 1985). Cholesterol is particularly enriched in the cytosolic leaflet of the plasma membranes 

(Mondal et al. 2008), within micro-domains named “lipid rafts”. Lipid rafts are considered highly 

dynamic scaffolding regions, which connect multiple signal transduction pathways (Martens et al. 

2004) (Lingwood & Simons 2010) involving ion channels, transporters and receptors (Burger et al. 

2000). Notably, in neuronal cells, lipid rafts and their enclosed cholesterol play a crucial role in 

both pre- and postsynaptic terminals (Gil et al. 2006) (Allen et al. 2007). Brain cholesterol regulates 

multiple processes, important for the maintenance of synapse organization, synaptogenesis, and 

synaptic vesicles recycling (Mauch et al. 2001) (Hering et al. 2003) (Pfrieger 2003) (Rohrbough & 

Broadie 2005). In particular, at presynaptic site, cholesterol is the major component of vesicle 

membranes. It is required for synaptic vesicle fusion, since it ensures the appropriate membrane 

curvature during the process (Chen & Rand 1997). Furthermore, cholesterol promotes membrane 

fusion by interacting with the synaptic vesicles integral membrane protein synaptophysin (Thiele et 

al. 2000), and by concentrating, at fusion-competent sites, other integral membrane proteins named 



                                                                                                                                                  Introduction 
 

      26 

SNAREs (Lang et al. 2001) (Chamberlain & Gould 2002). Different studies reveal fusion 

inhibition, and impaired synaptic vesicle exocytosis and transmission, following cholesterol 

removal from membranes (Lang et al. 2001) (Linetti et al. 2010). 

At postsynaptic site cholesterol is involved in composition, localization and 

trafficking/internalization of neurotransmitter receptors (Burger et al. 2000) (Sooksawate & 

Simmonds 2001), mediating learning and memory processes (Bliss & Collingridge 1993) (Plant et 

al. 2006). Poor availability of cholesterol results in impaired lateral mobility and endocytosis of 

AMPA receptors that accumulate in neuronal lipid rafts (Martin et al. 2014). Cholesterol depletion 

also prevents NMDA-dependent Ca2+ influx in neuronal cells (Frank et al. 2004) and inhibits 

NMDA-induced hippocampal long-term potentiation (LTP) (Frank et al. 2008). Accordingly, age-

dependent decrease in hippocampal cholesterol content, leads to deficits in glutamate receptor 

internalization and consequent long-term depression (LTD) impairment, through a mechanism 

mediated by PI3K/Akt. Intracerebral infusion of cholesterol rescues age-related hippocampal LTD 

decrease and improves hippocampal-related learning and memory processes in aging animals 

(Martin et al. 2014). This study has further confirmed the crucial role of cholesterol in neuronal 

function. 

 

3.2 Brain cholesterol defect in HD 

Evidences in animal models and patients  

The first evidence of brain cholesterol dysfunction in HD emerges from a microarray study of 

immortalized murine striatal cell lines, characterized by an inducible expression of mutant Htt N-

terminal fragment. In this inducible cellular model of HD, a downregulation of genes related to 

cholesterol biosynthesis was observed in presence of mHtt (Sipione et al. 2002). A subsequent 

study performed in R6/2 mice, an HD animal model expressing exon 1 of human mutant HTT 

(Mangiarini et al. 1996), confirmed the transcriptional deregulation of cholesterogenic genes within 

mice striatum and cortex and highlighted a significant decrease in brain sterol content (Valenza et 

al. 2005). The decrease in cerebral cholesterol content was also found in other HD animal models 

(Valenza et al. 2010) such as yeast artificial chromosome (YAC) transgenic mice, expressing full 

length human mutant HTT (Hodgson et al. 1999), with progressively increased CAG repeats 

(YAC46, YAC72, YAC128), and HdhQ111 knock-in mice, carrying an expanded CAG tract within 

the mouse HD protein (Menalled 2005). Other studies in these animal models described brain 

cholesterol accumulation (Trushina et al. 2006) (Del Toro et al. 2010). This discrepancy was due to 

the low sensitive, colorimetric and enzymatic, methods used for cholesterol content detection, 
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instead of more reliable analytical method such as gas chromatography-mass spectrometry (Marullo 

et al. 2012). 

Importantly, reduced levels of brain cholesterol biosynthesis were also observed in four different 

HD rodent models (R6/2 mice, YAC mice, HdhQ111 knock-in mice and transgenic HD rats) 

(Valenza et al. 2007) (Valenza et al. 2010). These studies revealed reduced activity of HMGCoAR, 

the rate-controlling enzyme of cholesterol biosynthesis pathway, together with reduced levels of 

cholesterol precursors (Valenza et al. 2007 a, b). These molecular abnormalities worsened in YAC 

mice carrying progressively increased CAG repeats (Valenza et al. 2010), whereas HMGCoAR 

activity and levels of cholesterol and its precursors increased in brain of YAC18 mice, 

overexpressing normal HTT (Valenza et al. 2010) (Valenza et al. 2007). 

In R6/2 and YAC128 mice brain cholesterol biosynthesis dysfunction is evident even before the 

onset of behavioral symptoms, conversely significant reductions in cholesterol content are 

measurable only in advanced symptomatic stages (Valenza et al. 2007) (Valenza et al. 2010).  

Furthermore, a new study in heterozygous knock-in Q175 mice (Menalled et al. 2012) quantified 

the rate of de novo brain cholesterol biosynthesis, by heavy water (2H2O) labeling method. From 

early stages of the disease, the striatal daily synthesis rate of cholesterol was found significantly 

reduced. Additionally, isotope mass spectrometry analysis revealed an inverse correlation between 

the levels of lathosterol, the direct precursor of cholesterol, and the CAG size in an allelic series of 

knock-in mice (Q7, Q20, Q80, Q111, Q175), at symptomatic stages. A significant correlation 

between the fractional synthesis rates of total cholesterol and 24OHC in brain of wt and Q175 mice 

was also observed, supporting the evidence that plasma 24OHC may reflect cholesterol synthesis in 

the adult brain (Shankaran et al. 2017). 

All these studies performed in multiple HD animal models reinforce the potential relevance of brain 

cholesterol dysfunction to human pathology. 

There are evidences of potential alterations in cholesterol biosynthetic pathway also in human HD 

patients. Initial studies performed on post-mortem caudate specimens from human HD patients and 

on patients-derived fibroblasts indicated reduced expression of cholesterogenic genes, compared to 

controls (Valenza et al. 2005).  

Additional evidence in HD patients revealed that total plasma cholesterol levels decline (Markianos 

et al. 2008) according to disease progression (Leoni et al. 2008). A recent study confirmed these 

findings in both pre-manifest and manifest HD subjects (Wang et al. 2014). Also two cholesterol 

precursors, lanosterol and lathosterol, and the cholesterol metabolites 27OHC and 24OHC, 

respectively of cerebral and peripheral origin, are lower in plasma from HD patients respect to 

controls, at any disease stage (Leoni et al. 2011). These data suggest that whole body cholesterol 
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homeostasis is disturbed in HD patients. In particular, the decrease in plasma 24OHC, an indirect 

marker of metabolically active brain neurons (Lütjohann & von Bergmann 2003), was proportional 

to the degree of caudate atrophy (measured as reduction of caudate volume at MRI) and to the 

motor impairment in HD patients (Leoni et al. 2008). Finally, an additional study, revealed a 

definitive correlation between decreasing concentration of 24OHC and the progression of striatum 

atrophy and striatal volumes reduction at MRI (Leoni et al. 2013).  

 

Molecular mechanisms of cholesterol dysfunction in HD 

One of the possible mechanisms underlying cholesterol metabolism defect in HD is the reduction of 

SREBP activity, linked to mHtt expression. Indeed, in HD cellular models and in R6/2 mice striata 

a reduced nuclear translocation of SREBP is observed (Valenza et al. 2005). 

Brain cholesterol homeostasis could be also impaired due to mutant Htt inability to bind some 

nuclear receptors involved in lipid metabolism such as LXRs (Futter et al. 2009a). 

A further potential interconnection exists between cholesterol dysfunction, BDNF signaling and 

synaptic transmission alterations in HD. BDNF signaling in neuronal cells leads to the activation 

cholesterol synthetic pathway, increases the cholesterol content in lipid rafts and facilitates the 

development of a readily releasable pool of presynaptic vesicles (Suzuki et al. 2007). Mutant Htt, 

by affecting both BDNF transport and release (Zuccato, Valenza, and Cattaneo 2010), could inhibit 

neuronal cholesterol synthesis. 

An additional key mechanism is the cross-talk between neurons and astrocytes. In adulthood 

astrocytes produce and secrete cholesterol bound to ApoE lipoproteins, which is available to 

neurons, but this process is altered in HD. Indeed, the expression of cholesterol biosynthesis genes 

is reduced in primary astrocytes cultured from two HD mouse models (R6/2 and YAC128) 

compared to control littermates (Valenza et al. 2010). Primary astrocytes from YAC128 mice also 

displayed reduced mRNA levels of ABCA1, ATP binding cassette sub-family G member 4 (another 

ATP binding cassette transporter highly expressed in the brain) and ApoE compared with controls 

(Valenza et al. 2010). Furthemore, ApoE was predominantly associated with smaller lipoprotein 

particles in CSF from HD mice (Valenza et al. 2010). These findings suggest that reduced 

cholesterol biosynthesis and efflux occur in HD astrocytes, along with reduced transport in the HD 

brain (Valenza et al. 2010). Accordingly, a recent study confirmed that astrocytes derived from both 

neural stem knock-in cells, carrying increasing CAG repeats, and from R6/2 mice secrete lower 

levels of cholesterol bound to ApoE in the culture medium, leading to a reduced availability of 

cholesterol to HD neurons (Valenza et al. 2015). Glia-conditioned medium (GCM) from wt 

astrocytes is able to rescue neurite outgrowth defect in NS-derived HD neurons, as well as 
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cholesterol administration. This beneficial effect of wt GCM is abolished following silencing of 

ABCA1 or SREBP2 in wt astrocytes (Valenza et al. 2015). Conversely, GCM derived from HD 

astrocytes fails to support neurite outgrowth in NS-derived HD neurons. However, the induced 

ABCA1 or SREBP2 N-terminal fragment over-expression in HD astrocytes makes the relative 

GCM able to promote efficient neurite outgrowth in HD neurons (Valenza et al. 2015). The same 

study proved that a reduced supply of glial-derived cholesterol from HD astrocytes affects synaptic 

related activities (number of synapses, synaptic proteins, electrophysiological parameters) in 

primary neurons cultured from R6/2 mice but this condition may be reversed by cholesterol or wt 

GCM supplementation (Valenza et al. 2015). 

Taken together, these observations suggest that in HD there is a reduced ApoE mediated cholesterol 

transport and supply from astrocytes to neurons that might be due to a combination of reduced 

activity of LXRs and a reduced SREBP activation. 

Other mechanisms that can concur to perturb brain cholesterol homeostasis are the deficiency of 

metabolic intermediates for cholesterol biosynthesis associated with HD mitochondrial dysfunction 

(Leoni and Caccia 2015) and the alteration of membrane properties and fluidity (Muratore 2013) 

that can contribute to affect the transfer of cholesterol between cells.  

 

3.3 Brain cholesterol alterations in other neurodegenerative diseases  

Dysregulation of brain cholesterol homeostasis is being linked to different chronic 

neurodegenerative disorders over HD, including Niemann-Pick type C (NPC) disease, Smith-Lemli 

Opitz syndrome (SLOS) and Alzheimer’s disease (AD). 

 

Cholesterol and NPC disease 

NPC is a fatal, autosomal, recessive, inherited disorder characterized be massive loss of neurons, 

often accompanied by hepatosplenomegaly and lung disease (Vanier & Millat 2003). NPC disease 

is directly related to cholesterol metabolism impairment, since it is caused by mutations in either the 

NPC1 or NPC2 gene resulting in unesterified cholesterol and glycosphingolipids sequestration and 

accumulation within the endocitic pathway (Karten et al. 2002) (Karten et al. 2005). Consequently, 

a deficiency in the intracellular trafficking of cholesterol towards plasma membrane and 

endoplasmic reticulum is observed. NPC1 and NPC2 are involved in recycling endosomes in 

presynaptic nerve terminals thus synaptic vesicle morphology and composition are also impaired by 

NPC1 dysfunction (Karten et al. 2006).  

There is currently no definitive cure for NPC, but treatments based on cyclodextrin gave 

encouraging results (Rosenbaum et al. 2010) (Aqul et al. 2011) (Peake & Vance 2012).  
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Cholesterol and SLOS 

SLOS is an, autosomal recessive, neurodegenerative and developmental disease caused by 

mutations in the gene encoding for 7-dehydrocholesterol reductase, the enzyme that catalyzes the 

final step in the cholesterol biosynthetic pathway. This condition leads to increased levels of 7- 

dehydrocholesterol in parallel with a dramatic decrease in cholesterol amounts within the cells, 

plasma and the brain (Porter 2006) (Porter and Herman 2011). It remains unclear whether these 

disease-related processes are caused by the low level of cholesterol in the brain or by the abnormal 

accumulation of the potentially toxic cholesterol precursor, 7-dehydrocholesterol. The 

developmental abnormalities observed in SLOS patients might also be caused by reduced activity of 

the sonic hedgehog (SHH) linked to alterations in cholesterol metabolism. Indeed SHH signaling 

pathway is involved in embryonic development of the CNS, limbs and facial features (Maity et al. 

2005). SHH correct activity is only ensured by the covalent attachment of a cholesterol molecule to 

the protein (Porter, Young, and Beachy 1996) (Mann & Beachy 2000). 

 
Cholesterol and AD 

AD is a progressive neurodegenerative disorder that leads to memory loss and cognitive decline. 

The brains of individuals affected by AD are characterized by the presence of extracellular deposits 

of β-amyloid (Aβ) plaques, as well as intracellular neurofibrillary tangles that contain 

hyperphosphorylated tau, a microtubule-associated protein. The accumulation of Aβ plaques and 

the loss of neurons play a critical role in the development of AD (Selkoe 2002). 

Although, on the contrary of NPC and SLOS disorders, a direct causal relationship has not been 

found, different experimental evidences have indicated that alterations in brain cholesterol 

metabolism might contribute to the pathogenesis of AD (Simons et al. 1998). 

Interestingly, the secretases responsible for the generation of the Aβ peptides from the amyloid 

precursor protein (APP) are located in cholesterol-enriched microdomains of the plasma membranes 

(Simons et al. 1998) (Ehehalt et al. 2003). Moreover, intracellular cholesterol levels can influence 

the production of the Aβ peptides (Bodovitz & Klein 1996) (Simons et al. 1998).  

APOE associates with Aβ peptides, facilitating their degradation (Sanan et al. 1994). A recent study 

performed in a mouse model of AD demonstrated that the induced increased production of APOE 

enhanced Aβ degradation reducing Aβ plaque area within the brain (Cramer et al. 2012). Other 

contrasting data have suggested that low APOE levels are associated with reduced amount of Aβ in 

the brain (Bien-Ly et al. 2012). These differences could be due to the expression of different 

isoforms of ApoE. The most common isoform allele is APOE3. The less widespread allele in the 

human population is APOE4 whose inheritance is recognized as the strongest genetic risk factor for 
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the development of late-onset AD (Corder et al. 1993). In contrast, inheritance of the APOE2 allele 

seems to protect against AD (Corder et al. 1994).  

Finally, evidences in AD mice show that ABCA1 deficiency can lead to increased amyloid 

deposition (Wahrle et al. 2005), while its overexpression have the opposite effect (Wahrle et al. 

2008). 

  

 

4. OUR THREE SELECTED STRATEGIES FOR CHOLESTEROL 

DELIVERY TO THE BRAIN 
Considered the critical role of brain cholesterol for correct synaptic transmission (described in 

paragraph 3.1), we hypothesized that HD synaptic dysfunction could be, at least in part, due to 

reduced brain cholesterol production and availability, described in different animal models 

(Valenza et al. 2007) (Valenza et al. 2010) (Shankaran et al. 2017). We were interested in 

investigating the therapeutic potential of brain cholesterol supply in R6/2 mice. To this end, we 

tested three drug delivery strategies that allowed to overcome the obstacle of the blood-brain barrier 

(BBB) in different ways.  

 
4.1 Surface-Modified Poly(lactic-co-glycolic acid) (PLGA) Nanoparticles (NPs) (Strategy 1) 

PLGA is one of the most successfully used synthetic polymers in biomedical devices. Indeed, it has 

been approved by the US Food and Drug Administration (FDA) and European Medicine Agency 

(EMA) due to its high biodegradability (Mundargi et al. 2008). Once in the body, PLGA is 

degraded by non-enzymatic hydrolysis leading to the formation of lactic acid (LA), glycolic acid 

(GA), CO2 and H2O (Yoo et al. 2005).  

The biomedical and therapeutic applications of PLGA NPs as drug delivery devices were deeply 

investigated for vaccines (des Rieux et al. 2006), neurological disorders (Tosi et al. 2008) (Tosi, 

Ruozi, and Belletti 2012) and cancer (Bala et al. 2004) (Taurin et al. 2012). NPs biodistribution and 

interaction with living cells, tissues, organs or blood constituents depend on their chemico-physical 

features (shape, size, surface properties) (Alexis et al. 2008) (Minchin 2008). 

Recent studies performed in rodents revealed that surface engineering with a glycosylated hepta-

peptide, called g7, confers to PLGA NPs the ability to cross the BBB at a concentration of up to 

10% of the injected dose (Costantino et al. 2005) (Tosi et al. 2007) (Tosi et al. 2011a) (Tosi et al. 

2011b). Conversely to un-modified PLGA NPs, systemically administered peptide-conjugated NPs 

(g7-NPs) are able to cross the BBB and reach the brain bypassing the hepatic uptake (Costantino et 
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al. 2005) (Tosi et al. 2005). Further studies investigated the g7-NPs ability to act as drug carriers. In 

particular, Loperamide, an opioid drug generally not able to cross the BBB, was loaded into 

systemically administered NPs inducing antinociceptive effects in treated rats (Tosi et al. 2007). 

The ability of g7-NPs to reach the brain following different routes of administration 

(intraperitoneal, intravenous, nasal, oral) was also confirmed by other in vivo studies (Tosi et al. 

2013).  

 

Endocytosis mechanism of NPs 

In order to understand the mechanism of BBB crossing, it is important to consider that g7 peptide 

derives from the native opioid peptide MMP-2200 (Polt & Palian 2001). Consequently, g7 peptide 

ability to cross the BBB could be related to the mechanism used by the β-endorphines. These 

peptides maintain helical amphipathic conformation in presence of BBB luminal wall lipid bilayers, 

for which they have a high affinity (Dhanasekaran et al. 2005). More in general, rigid proteins 

stabilize the membrane curvature inserting their amphipathic moieties or helices between the polar 

head-groups of lipid molecules (Zimmerberg & Kozlov 2006). g7-NPs could elicit the same BBB 

membrane curvature, since they are characterized by a rigid polymeric matrix structure conjugated 

to an amphiphatic glycopeptides (g7), having a helix-like conformation. Following in vivo systemic 

administration, a clear interaction between g7-NPs and BBB was highlighted (Tosi et al. 2011b). In 

particular, electron photomicrographs proved that g7-NPs ability to reach the brain is related to the 

peculiar amphipathic character of g7-peptide that promote endocytosis at BBB level mediating NPs 

translocation to the CNS and macropinocytotic processes (Tosi et al. 2011b). Taken together, these 

evidences suggest that BBB crossing of g7-NPs is a consequence of multiple pathways, mainly 

membrane–membrane interaction and macropinocytosis-like mechanisms. 

 

g7-NPs Trafficking inside the CNS 

Very recently, cellular and intracellular destiny of g7-NPs was analyzed (Tosi et al. 2014) (Vilella 

et al. 2014). Once crossed the BBB, g7-NPs can target specific cell populations within the brain. 

Evidence clearly show that g7-NPs are transported intra- and inter-cellularly within vesicles, after 

vesicular internalization. Moreover, in vitro studies indicate that g7-NPs cell-to-cell transport is 

mediated by tunneling-nanotube (TNT)-like structures, in glial and neuronal cells. This transport is 

dependent on F-actin. 
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4.2 Intrastriatal administration via Alzet osmotic pumps (Strategy 2) 

Alzet osmotic pumps were developed in the seventies (Theeuwes and Yum 1976) and are 

considered today one of the most important examples of miniature pumps operating without need of 

electric energy. They are commercially available by DURECT Corp., Cupertino, CA, USA. Alzet 

osmotic pumps can be surgically implanted subcutaneous, intraperitoneally, intravenous or used for 

brain infusion, in multiple species of laboratory animals. These rate-controlled release systems 

ensure continuous and constant pumping rate of drugs or test agents, over prolonged periods, 

without the need of external connections. ALZET osmotic pumps are cylindrically shaped and 

comprise different components (Fig. 3).  

 

 
Figure 3. Schematic representation of Alzet osmotic minipumps. The inner, collapsible, reservoir is made of 
impermeable thermoplastic hydrocarbon elastomer (4) and is surrounded by a coating layer of osmotic 
driving agent (2). The semi-permeable membrane (3) that covers the osmotic layer is based on a cellulose 
ester blend and forms the outer surface of the pump. Finally, a cannula working as flow moderator (5) is 
inserted into the drug-filled pump (1). (www.alzet.com) 
 

Osmotic minipumps geometry together with the presence of a flow moderator hinders diffusive 

release and prevents accidental spill of drug content. In particular, ALZET pumps operate because 

of the osmotic pressure generated by inflowing water from tissue environment in which the pump is 

implanted. As the water enters it compresses the flexible reservoir, displacing the test solution from 

the pump at a controlled, predetermined rate. Because the compressed reservoir cannot be refilled, 

the pumps are designed for single-use only. The rate of delivery by an Alzet pump is regulated by 

the water permeability of the pump’s outer membrane while is independent from the drug 

formulation or its physical and chemical properties. The Alzet pumps are available with three 
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different reservoir capacities of 100 µL, 200 µL, and 2 mL with, delivery rates ranging from 0.11 

µL/h to 10 µL/h. Depending on the chosen pump model and the delivery rate, these devices can 

operate from 1 day to 6 weeks. Since many agents do not cross the BBB, direct intracerebral 

infusion of drugs or compounds could be required. The Alzet brain infusion kits (Fig. 4) have been 

specifically designed for a targeted delivery to the CNS. In particular, brain infusion kits can be 

used for:  

- Infusion into the cerebral ventricles resulting in infusate diffusion in multiple brain regions, via 

the cerebrospinal fluid.  

- Direct microperfusion of discrete brain structures resulting in localized distribution of infusate. 

The commercially available brain infusion kit models (www.Alzet.com) can differ for the 

maximum depth reached by their intracerebral inserted cannula.  

 

 
Figure 4. Representation of the brain infusion kit. Brain infusion kits are composed by a brain infusion 
cannula (1) connected to the osmotic minipump through a catheter (2). Appropriate spacers (3) allow to 
adjust the cannula length, to target desired brain regions. (www.alzet.com) 
 

Overall, despite being considered an invasive method due to required surgery for their implantation, 

Alzet osmotic minipumps represent a reliable, rate-controlled, delivery strategy that avoids animal’s 

frequent handling. 

 

4.3 Intranasal route of administration (Strategy 3) 

Intranasal transport is the direct transport of therapeutic agents from the nasal cavity to the brain. It 

mainly relies on extracellular and transcellular transport mechanisms, involving the olfactory and 
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respiratory regions of the nasal cavity. Traditionally, the nasal route has been exploited for delivery 

of drugs for the treatment of local diseases like nasal allergy, sinusitis and nasal congestion. In the 

last few decades, the nasal route emerged as a reliable, safe, non-invasive and convenient route to 

accomplish faster and higher levels of drug absorption (Pardeshi et al. 2012). Importantly, this non-

invasive method facilitates patient compliance and comfort compared with other route of 

administration.  

 

Macroscopical anatomy of the nasal cavity 

The nasal cavity consists in three functionally regions: the vestibular, the respiratory and the 

olfactory regions (Graziadei 1970). Generally the nasal vestibule is covered in stratified squamous 

epithelium and is located at the opening of the nasal passages. The vestibular area contains hairs for 

filtering airborne particles. Largest of the three regions in humans is the respiratory area containing 

an epithelium made up of ciliated cells, whose function is to remove particles deposited in the 

mucous layer. The olfactory mucosa is located at the most dorsal and caudal region of the nasal 

cavity and contains a surface area of highly convoluted turbinates. Structurally, it is composed of 

the olfactory epithelium on the luminal side of the basal lamina and an underlying lamina propria. 

Different pathways connecting the nasal passages to the brain and spinal cord have been identified.  

 

Pathways relevant for nose-to-brain transport 

Following intranasal administration, therapeutics can reach the CNS, from the nasal cavity, along 

olfactory nerve pathways. Olfactory nerve pathways represent the major component of intranasal 

delivery, as illustrated by fluorescent tracers-based studies (Jansson & Björk 2002). Olfactory 

pathways originate in the olfactory region, a modified columnar, pseudo-stratified epithelium, 

containing olfactory receptor neurons (ORNs). The olfactory epithelium is located at the top of the 

mammalian nasal cavity, under the cribriform plate of the ethmoid bone, which divides cranial and 

nasal cavities. Beneath the epithelium of the olfactory region, is located the lamina propria that 

contains mucus secreting Bowman’s glands, axons, blood vessels, lymphatic vessels, and 

connective tissue. ORNs are surrounded by supporting cells, microvillar cells and basal cells (Fig. 

5A) and their principal function is to mediate the sense of smell (Hadley et al. 2004). ORNs are 

bipolar neurons extending their dendrites into the mucous layer of the olfactory epithelium. 

Conversely, ORNs axons reach the subarachnoid space containing CSF and terminate on mitral 

cells in the olfactory bulbs, passing through the lamina propria and the cribriform plate of the 

ethmoid bone (Fig. 5A). From the olfactory bulbs, neural projections extend to multiple brain 

regions including the olfactory tract, anterior olfactory nucleus, piriform cortex, amygdala, and 
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hypothalamus (Carmichael et al. 1994) (Kandel et al. 2000). Due to the direct contact with toxins in 

the external environment, ORNs regenerate in few weeks from basal cells residing in the olfactory 

epithelium (Whitman & Greer 2009). Special Schwann cell-like cells called olfactory ensheathing 

cells (OECs) envelope ORNs axons of and play a key role in axonal regeneration, regrowth, and 

remyelination (Field et al. 2003). In addition to ORNs, chemosensory neurons located in the nasal 

cavity in the Grueneberg ganglion lead into the olfactory bulbs (Koos & Fraser 2005). Intranasally 

administered therapeutics can reach the CNS via extracellular or intracellular mechanisms of 

transport along olfactory nerves. Extracellular transport mechanisms are relatively rapid and 

involve the movement of molecules between cells in the nasal epithelium. It has been proved that 

within 30 minutes intranasally administered drug reach the olfactory bulbs and other brain areas 

(Balin et al. 1986), probably through bulk flow mechanisms (Thorne et al. 2004). Intracellular 

transport mechanisms involve the uptake of molecules into ORNs by passive diffusion, receptor-

mediated or adsorptive endocytosis. In this case, a slower axonal transport, requiring several hours 

to days for drug delivery to CNS is observed (Baker & Spencer 1986).  

Another important pathway connecting nasal passages to the CNS involves the trigeminal nerve, 

which innervates the respiratory epithelium (Schuenke, Schulte, and Schumacher 2010) (Chapman 

et al. 2013). The nasal respiratory epithelium represents approximately 50% of the nasal cavity in 

rats and 80–90% in humans. It is a pseudostratified columnar secretory epithelium, which warms 

and humidifies inspired air in addition to removing particulates, microorganisms, and allergens. The 

human respiratory epithelium is comprised of goblet cells, ciliated cells distributed among mucus 

secreting goblet cells, (Fig. 5B) intermediate cells, and basal cells (Jafek 1983). Basal cells function 

as progenitors to the other cell types in the nasal respiratory epithelium. The trigeminal nerve 

conveys sensory information from the nasal cavity, the oral cavity, the eyelids, and the cornea, to 

the CNS via the ophthalmic division (ophthalmic nerve, V1), the maxillary division (maxillary 

nerve, V2), or the mandibular division (mandibular nerve, V3) of the trigeminal nerve (Standring 

2009). The three branches of the trigeminal nerve come together at the trigeminal ganglion and 

ramify centrally to enter the brain at the level of the pons, terminating in the spinal trigeminal nuclei 

in the brainstem. A unique feature of the trigeminal nerve is that it enters the brain from the 

respiratory epithelium of the nasal passages at two sites: (1) through the anterior lacerated foramen 

near the pons and (2) through the cribriform plate near the olfactory bulbs, creating entry points into 

both caudal and rostral brain areas following intranasal administration (Schaefer et al. 2002). 
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Figure 5. Schematic representation of the olfactory (A) and respiratory (B) regions of the nasal cavities. 
(From: van Woensel, Matthias et al. 2013. “Formulations for Intranasal Delivery of Pharmacological 
Agents to Combat Brain Disease: A New Opportunity to Tackle GBM?” Cancers.) 

 
The vascular pathway provides a further connection between the nose and the brain. The olfactory 

and respiratory mucosa receives blood supply from small branches of the ophthalmic artery and 

from arterial branch of the maxillary artery, respectively (Coulston & DeSesso 1993). The 

vasculature in the respiratory region contains a mix of continuous and fenestrated endothelia, 

(Grevers & Herrmann 1987) allowing both small and large molecules to enter the systemic 

circulation following nasal administration. This pathway preferentially facilitates small, lipophilic 

drugs delivery to the CNS. Increasing evidence is emerging suggesting that perivascular channels, 

are involved in intranasal drug delivery to the CNS (Thorne et al. 2008) (Dhuria et al. 2009). 

Perivascular spaces surround perforating arterioles and venules (Kwee & Kwee 2007) and represent 

an important drainage conduit for cerebral interstitial fluid (Weller et al. 1992) (Abbott 2004). They 

do not have a direct connection with the subarachnoid space. Perivascular transport is not only due 

to diffusion but also to bulk flow mechanisms (Groothuis et al. 2007). Furthermore, arterial 

pulsations are considered a driving force for perivascular transport (Rennels et al. 1990). The 

resulting ‘‘perivascular pump’’ can account for the rapid distribution of therapeutics throughout the 

brain (Hadaczek et al. 2006). Perivascular transport mechanisms are also responsible for the 

widespread distribution within the CNS of intranasally applied drugs (Thorne et al. 2004). Direct 

transport from the nasal cavity to the cerebrospinal fluid (CSF) has also been reported (Johnston et 

al. 2004) (Walter et al. 2006). Finally, absorption of the intranasally applied substance in the 
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lymphatic vessels, located just under the basal lamina and draining the deep cervical lymph nodes 

of the neck is been observed (Yoffey & Drinker 1938). 

 

 
Figure 6. Schematic representation of the olfactory and trigeminal pathways for nasal targeting of the CNS. 
(Modified from: Methods and Compositions for Enhancing Intranasal Delivery of Therapeutic Agents US 
20140050718 A1). 

 
Many evidences prove the efficacy of the intranasal delivery method for the administration of 

variety of growth factors, hormones, neuropeptides and therapeutics including insulin, oxytocin, 

orexin and even stem cells. Hence, this could represent a promising strategy for the treatment of 

CNS associated disease, such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, 

depression, anxiety, autism spectrum disorders (Chapman et al. 2013) (Meredith et al. 2015).
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The aim of our study is to explore whether cholesterol administration to the HD brain is able to 

rescue neurobehavioral and synaptic defects in a transgenic mouse model of the disease. 

This study will also allow to further understanding the relevance of cholesterol defects in HD. 

Locally synthesized brain cholesterol plays a critical role in synapse formation, synaptic activity 

and integrity (Pfrieger 2003). Many evidences show that brain cholesterol biosynthesis is reduced in 

several HD rodent models (Valenza et al. 2005) (Valenza et al. 2007) (Valenza et al. 2010). These 

data were recently confirmed in Q175 knock-in mice, in which consistent decrease in daily 

synthesis rate of cholesterol (by 2H2O labeling) and reduced lathosterol and cholesterol levels were 

found (Shankaran et al. 2017). Due to the blood-brain barrier (BBB), brain cholesterol metabolism 

is independent from that in peripheral tissues (Dietschy & Turley 2004). As a consequence, 

eventual brain cholesterol dysfunction cannot be compensated by diet. 

We decided to exploit alternative routes for cholesterol delivery to the brain of R6/2 transgenic 

mouse model of HD (Mangiarini et al. 1996), each one presenting different advantages and 

limitations: 

(i) Systemic injection of biodegradable polymeric nanoparticles, loaded with cholesterol, and 

modified with specific glycopeptides to cross the BBB (Strategy 1 - Polymeric g7-NPs-Chol). 

(ii) Osmotic minipumps, attached to a stereotaxically implanted brain cannula, to infuse increasing 

doses of cholesterol at continuous and controlled rates, directly in the striatum (Strategy 2 - 

Osmotic minipumps). 

(iii) Intranasal administration of cholesterol-containing liposome formulations (Strategy 3 - 

Intranasal rout of administration). 

A combination of neurobehavioral tests, biochemical and functional assays will allow to assess how 

such treatments influence neuronal activity and neurobehavioral anomalies in HD mice. 
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Strategy 1 – Surface-Modified PLGA NPs 
With this first series of studies, we tested the therapeutic potential of brain cholesterol 

supplementation, via polymeric NPs, in R6/2 mice. Table 1 summarizes the features of the 

unloaded (u) and cholesterol (chol) loaded Polymeric Poly(lactic-co-glycolic acid)-nanoparticles 

(PLGA-NPs) used in this work, provided and characterized by G. Tosi (University of Modena and 

Reggio Emilia) (Tosi et al. 2005) (Tosi et al. 2007) (Tosi et al. 2011). We decided to use g7-PLGA-

NPs for their multiple attractive properties: (i) biodegradability and biocompatibility; (ii) protection 

of drug from degradation; (iii) successful brain targeting (due to the conjugation with the glyco-

heptapetide (g7), 10% of g7-NPs reach the brain once systemically injected in rodents (Costantino 

et al. 2005) (Tosi et al. 2007); (iv) PLGA is approved by FDA and EMA as drug delivery system 

for parenteral administration in humans (Mundargi et al. 2008). 

 

 
Table 1. Chemical-physical properties of g7-PLGA-NPs used in the study. 
Z-Average value (nm) indicates the dimensions of samples; Polydispersity Index (PDI) indicates 
homogeneity of the samples; Di (nm) indicates intensity distribution; ζ‐pot (mV) expresses surface charge; 
%PVA expresses as percentage the polyvinyl alcohol residual; mg of Chol per 100 mg of formulation (LC%) 
and percentage of encapsulation efficiency (EE%) represent drug loading values. Standard Deviation is 
reported as SD. 
 

Characterization of g7-NPs distribution in vivo 

First of all, we performed immunohistochemical analysis to investigate g7-NPs distribution 

following a single intraperitoneal injection into both R6/2 and wild-type (wt) mice, at 8 weeks of 

age. Results showed both rhodamine-labeled control (unmodified) NPs (C-NPs) and g7-NPs 

signals, in the liver (Fig. 1A) and in other peripheral tissues (data not shown) of mice sacrificed few 

hours after the injection. On the contrary, only the g7-NPs signal was detected in the brain (Fig. 

1B). Successive quantification of g7-NPs, determined normalizing the red spots on the mean size of 

NPs, yielded an approximate ratio of ~10:1 in liver compared to striatum and cortex of wt mice 

(Fig. 1C). The same quantification was also performed in R6/2 mice revealing reduced propensity 

of g7-NPs to reach the brain despite greater liver accumulation, compared to the wt. These results 

suggest an influence of HD-related mechanism in g7-NPs BBB crossing. Interestingly, g7-NPs 

signal was still present into mice brain 24 h and 2 weeks after a single (Fig. 1D) or multiple 

!
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intraperitoneal injections performed in the same week (Fig. 1E). Further analysis performed on 

high-magnification confocal images indicated the presence of g7-NPs in different brain regions and 

in different cells types such as IBA1 immunoreactive microglial cells (Fig. 1F), GFAP positive 

astrocytes (Fig. 1G) and calbindin (Fig. 1H) and DARPP-32 (Fig. 1I) positive neurons. 

 

 

!
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Figure 1. g7-NPs localize within different cells types in R6/2 mice brain. 
(A, B) Representative confocal images of liver (A) and brain (B) slices from R6/2 mice intraperitoneally 
injected with C-NPs (left) or with g7-NPs (right) and sacrificed after 4 h. (C) Quantification of g7-NPs 
localized in the liver, striatum, and cortex of wt (n = 3) and R6/2 mice (n = 3). Data are expressed as the 
number of g7-NPs for 100 µm2 ± SEM. Statistics: *P < 0.05 was determined by Student’s t-test. (D, E) g7-
NPs in brain slices from R6/2 mice 24 h (D, left) or 2 weeks (D, right) after a single intraperitoneal injection 
and 1 week (E) after multiple injections. (F-I) Representative confocal images of IBA1 (F), GFAP (G), 
calbindin (H), and DARPP-32 (I) positive cells, on brain coronal sections from R6/2 mice intraperitoneally 
injected with g7-NPs and sacrificed at indicated time points. White arrowheads indicate g7-NPs within 
different cells types. DAPI (A, B, D) or Hoechst 33258 (Ho) (F–I) was used to counterstain nuclei. Scale 
bars: 20 µm (A); 10 µm (B, D, E); 5 µm (F–I). 

 

Delivery and release of cholesterol by g7-NPs in the R6/2 brain 

To track cholesterol delivery and intracellular release by g7-NPs, we performed specific 

experiments using rhodamine-labeled g7-NPs (Vergoni et al. 2009) loaded with the fluorescent 

analog NBD cholesterol (g7-NPs-NBD-Chol). NBD cholesterol closely resembles the structure of 

native cholesterol, localizes in the membrane's interior and is commonly used to study lipid 

transport processes as well lipid-protein interactions (Gimpl & Gehrig-Burger 2007). Accordingly, 

NBD cholesterol, stereotaxically injected into mice brain ventricles, co-localized with the plasma 

membrane Ca2+ ATPase (PMCA), confirming that exogenous cholesterol is incorporated on brain 

cells’ membranes in vivo (Fig. 2).  
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Figure 2. Co-localization of NBD-Cholesterol with PMCA in vivo. 
Representative confocal images of brain slice from wt mice stereotaxically injected in the lateral ventricle 
with NBD-Cholesterol (10ug) and sacrificed after 7 h. (A, B) low-magnification images of brain slices from 
mice injected with NBD-Cholesterol (A) or with saline (B) (see arrows). (C) Representative 63x confocal 
image of co-localization (yellow signal) between NBD-Cholesterol (green signal) and the plasma membrane 
marker PMCA (red signal), in brain slices of injected wt mice (scale bar: 10µm). The Hoechst 33342 dye 
(Ho; blue) was used to counterstain nuclei. 

 

We next monitored g7-NPs degradation and consequent NBD cholesterol release following the red 

spots and the green signal respectively. 12 and 24 h after a single intraperitoneal injection of g7-

NPs-NBD-Chol, g7-NPs and NBD cholesterol signals co-localized in brain cells as indicated by the 

scatterplot of red and green pixel intensities (Figs. 3A and B). However, successive analysis 

performed 7 days (not shown) and 14 days after the injection highlighted a separation between g7-

NPs and NBD-Chol signals (Fig. 3C). These findings demonstrated a release of NBD-Chol from 

NPs starting from 1–2 weeks after injection, in parallel with a reduction in g7-NPs signal, probably 

due to their degradation. g7-NPs quantification in brain slices from injected mice confirmed a 

decrease in the number of NPs over time (Fig. 3D).  
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Figure 3. Cholesterol delivery and release in the R6/2 brain.  
(A) Representative confocal image (crop) of brain slices from R6/2 mice 12 h after the intraperitoneal 
injection of rhodamine-labeled g7-NPs-NBD-Chol, showing co-localization of NBD-Chol (green signal) and 
rhodamine (NPs, red signal). Scale bar: 5 µm. (B, C) Representative confocal image (low magnification) of 
brain slices from R6/2 mice treated with g7-NPs-NBD-Chol and sacrificed after 24 h (B) or 2 weeks (C), 
with the relative, decreasing, co-localization (yellow signal) of NBD-Cholesterol and g7-NPs. Scale bar: 10 
µm. (D) g7-NPs quantification in brain slices at the same time points in (B, C). Data are expressed as 
number of g7-NPs (evaluated based their size) for 100 µm2 ± SEM. Statistics: **P < 0.01 (48 h vs. 7 days; 7 
days vs. 14 days), ***P < 0.001 (24 h vs. 7 days; 7 days vs. 14 days) was determined by one-way ANOVA 
followed by Newman–Keuls multiple comparison test. DAPI was used to counterstain nuclei. 

 

g7-NPs-Chol rescue synaptic activity in R6/2 mice 

As R6/2 mice typically show alterations in striatal medium spiny neurons (MSNs) synaptic 

transmission with disease progression (Cepeda et al. 2003) (Cepeda et al. 2004), we next explored 

whether cholesterol supplementation to the brain, via systemic injection of g7-NPs-Chol, was able 

to ameliorate synaptic parameters in HD mice. Pilot experiments in R6/2 animals treated only with 

1 or 2 injections of g7-NPs-Chol did not show any significant modifications in electrophysiological 

properties (data not shown). We therefore redesigned the experimental paradigm in order to provide 

sustained and prolonged delivery of cholesterol to the HD brain (Fig. 4).  

 

 

 

 

 

 

 
Figure 4. Scheme of the experimental paradigm. 
Saline solution or g7-NPs were intraperitoneally injected, twice a week, from pre-symptomatic stage (5 
weeks of age) to late-symptomatic stage (9 weeks of age), delivering an estimated dose of 15µg of cholesterol 
in g7-NPs-Chol treated mice. 

 

R6/2 mice were treated starting from pre-symptomatic stage (5 weeks of age) to the symptomatic 

stage (9 weeks of age). 0.15 mg of g7-NPs per gram body weight were intraperitoneally injected 

twice a week, delivering approximately 15 µg of cholesterol to HD brain. We compared: wt and 

R6/2 mice treated with saline (referred to as wt and R6/2 respectively), R6/2 mice injected with 

empty g7-NPs (referred to as R6/2-emp) and R6/2 mice injected with g7-NPs-Chol (referred to as 

R6/2-Chol). In different HD animal models, robust defects have been described in striatal MSNs, 
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such as a reduced membrane capacitance, a decrease in spontaneous excitatory postsynaptic current 

(EPSC) and an increase in spontaneous inhibitory postsynaptic current (IPSC) frequencies (Cepeda 

et al. 2003). Therefore, in collaboration with the group of professor M. Levine (University of 

California, Los Angeles), we tested whether cholesterol supply, achieved by our experimental 

scheme, could reverse any of these phenotypes. Using the whole-cell patch-clamp recording 

technique, we examined MSNs properties in brain slices. Results showed that MSNs membrane 

capacitance, a parameter directly proportional to the membrane surface area, was significantly 

reduced in R6/2 mice treated with saline or empty g7-NPs (as no differences were detected between 

these groups, relative data were pooled in R6/2-untreated group), compared to wt mice (treated with 

saline) (Table 2). Conversely, in MSNs from R6/2 mice treated with g7-NPs-Chol (R6/2-Chol), cell 

capacitance was not significantly different to that of wt cells, suggesting a mild rescue of cell 

membrane surface area (Table 2). Input resistance, a parameter that reflects the extent to which 

membrane channels are open, was not influenced by cholesterol treatment, in fact it resulted 

increased in both R6/2-untreated and R6/2-Chol recorded neurons compared to wt. Interestingly, in 

cells from R6/2-Chol mice a significant decrease in the decay time constant was observed, 

compared to cells from wt or R6/2 mice treated with saline or empty g7-NPs (Table 2).  

 

 

 

 

 

 

 

 
Table 2. Summary of MSNs passive membrane properties from wt, R6/2-untreated and R6/2-chol mice. 
Capacitance (pF), Input Resistance (MΩ) and Time constant (ms) registered in MSNs from wt mice treated 
with saline (wt), R6/2 mice treated with saline or with empty g7-NPs (R6/2-untreated) and R6/2 treated with 
g7-NPs-Chol (R6/2-Chol). *** R6/2-Chol vs wt; ### R6/2-Chol vs R6/2-untreated. 

 

This result suggests possible changes in membrane fluidity induced by cholesterol supplementation. 

The average frequency of spontaneous IPSCs was also significantly higher in MSNs from R6/2-

untreated mice compared to wt mice (Figs. 5A and B), as previously demonstrated (Cepeda et al. 

2004). In contrast, R6/2-Chol mice displayed a significant reduction in the frequency of IPSCs 

compared to R6/2-untreated mice (Fig. 5B), in particular for small-amplitude events (< 40 pA), 
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while the cumulative inter-event interval histogram showed a decreased release probability in R6/2-

Chol compared to R6/2-untreated cells (Fig. 5C). We analyzed also the frequency of spontaneous 

excitatory postsynaptic currents (EPSCs) (Fig. 5D) that was significantly reduced in R6/2-untreated 

mice compared to wt mice (Fig. 5E). Although the decrease in the average frequency of EPSCs was 

not significantly rescued in R6/2-Chol mice, the cumulative inter-event interval indicated a 

significantly increased release probability in R6/2-Chol cells versus R6/2-untreated cells (Fig. 5F). 

Altogether, these findings demonstrate that cholesterol supplementation through g7-NPs strategy 

resulted in a rescue of specific membrane and synaptic parameters typically altered in MSNs of HD 

mice. 
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Figure 5. Systemic injections of g7-NPs-Chol rescue synaptic deficits in R6/2 mice. 
(A) Spontaneous IPSCs were recorded from striatal MSNs (wt = 52; R6/2-untreated = 27; R6/2-Chol = 29) 
at a holding potential of +10 mV. Data from R6/2 mice treated with saline (R6/2) or with empty g7-NPs 
(R6/2-emp) were pooled, as no differences were found. (B) Amplitude–frequency histogram and average 
frequency (inset) of IPSCs from R6/2-Chol, R6/2-untreated, and wt mice MSNs. (C) Cumulative inter-event 
histogram showing the release probability of IPSCs in all the experimental groups. (D) Spontaneous EPSCs 
were recorded from striatal MSNs (wt = 52; R6/2-untreated = 27; R6/2-Chol = 29) at a holding potential of 
-70 mV. Data from R6/2 mice treated with saline (R6/2) or with empty g7-NPs (R6/2-emp) were pooled, as 
no differences were found. (E) Amplitude–frequency histogram and average frequency (inset) of EPSCs from 
R6/2-Chol, R6/2-untreated, and wt MSNs. (F) Cumulative inter-event histogram showing the release 
probability of EPSCs in all the experimental groups. Data information: (B, D–F) Data represent mean ± 
SEM. P < 0.05 was calculated by one-way ANOVA followed by Newman–Keuls multiple comparison tests 
(#P < 0.05, ##P < 0.01, ###P < 0.001 R6/2-untreated mice vs. R6/2-Chol mice; *P < 0.05, **P < 0.01, 
***P < 0.001 WT mice vs R6/2-untreated or R6/2-Chol mice). 
 

g7-NPs-Chol rescue cognitive dysfunction in R6/2 mice 

R6/2 mice develop a progressive neurological phenotype characterized by cognitive and motor 

symptoms resembling those seen in HD (Carter et al. 1999) (Murphy et al. 2000) (Lüesse et al. 

2001) (Giralt et al. 2011). For this reason, we investigated the impact of cholesterol 

supplementation on behavioral abnormalities in that HD mouse model by using standard motor and 

cognitive tasks. The experimental paradigm employed in these behavioral studies is shown in Fig. 

4. To evaluate mice motor skills, we performed both rotarod and activity cage tests. We chose 

rotarod test since is widely used to evaluate motor coordination in rodents. Mice are first trained to 

walk on a rotating bar at constant speed and their motor performance is then evaluated in 

accelerating speed. In the rotarod test, R6/2 mice treated with saline or empty g7-NPs exhibited 

typical impaired motor coordination compared to wt mice, as indicated by the significantly shorter 

latency to fall (Fig. 6A). This deficit was not improved in R6/2-Chol mice (Fig. 6A).  

Activity Cage test determines global activity, locomotion activity and exploration habits and is 

often used to assess motor abilities in rodent models of central nervous system (CNS) disorders. 

Animals are placed in the center of the testing arena and allowed to freely move while being tracked 

by an automated tracking system. In the activity cage, reduced rearing activity, a form of vertical 

exploration, was not rescued by cholesterol supplementation at 10 weeks of age (Fig. 6B). At the 

same time point, the hypokinetic phenotype (indicated by reduced global activity in the activity 

cage) was less dramatic in R6/2-Chol mice (Fig. 6C) in comparison to R6/2-untreated mice, 

suggesting that cholesterol supplementation partially ameliorates locomotion-related behavior in a 

novel environment.  
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Figure 6. Motor phenotype assessment in R6/2 untreated and cholesterol treated mice. 
(A) Fall latency from an accelerating rotarod for 5- to 11-week-old wt and R6/2 mice (wt = 17; R6/2-
untreated = 21; R6/2-Chol = 13). (B) Rearing episodes in the activity cage at 10 weeks of age (wt = 14; 
R6/2-untreated = 21; R6/2-Chol = 15). (C) Global activity in the activity cage test at 10 weeks of age (wt = 
14; R6/2-untreated = 21; R6/2-Chol = 15). Data information: data are from three independent trials and 
represent mean ± SEM. P < 0.05 was calculated by one-way ANOVA followed by Newmann–Keuls multiple 
comparison tests (#P < 0.05, ##P < 0.01, ###P < 0.001 R6/2-untreated mice vs. R6/2-Chol mice; *P < 0.05, 
**P < 0.01, ***P < 0.001 wt mice vs. R6/2-untreated or R6/2-Chol mice). 
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Finally, we evaluated cognitive tasks in HD mice after cholesterol supplementation, since changes 

in cholesterol synthesis/levels are associated with cognitive decline (Suzuki et al. 2013). To 

evaluate cognitive performance, we used the novel object recognition test (NORT), a low-stress 

task aimed at evaluating recognition memory. This is a cognitive test particularly attractive also 

because it requires no external motivation, reward, or punishment. NORT is based on the 

spontaneous tendency of rodents to spend more time exploring a novel object than a familiar one. 

The choice to explore the novel object reflects the learning and recognition memory. Importantly, 

object memory is impaired in patients with HD (Lawrence et al. 1996) (Lawrence et al. 2000). 

Behavioral analysis showed a progressive inability to discriminate novel from familiar objects in 

R6/2-untreated mice, from 8 weeks of age (Fig. 7). On the contrary, R6/2-Chol mice performance 

was absolutely comparable to that of wt mice, indicating that cholesterol supplementation is 

sufficient to complete rescue memory defect (Fig. 7). Importantly, this beneficial effect on 

recognition memory was observed at all the time points tested, even at 12 weeks of age, that is 3 

weeks after the last injection (Fig. 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. Cognitive phenotype assessment in R6/2 untreated and cholesterol treated mice. 
Index of discrimination (%) in wt, R6/2-untreated, and R6/2-Chol mice, at 8 weeks of age (wt = 24; R6/2-
untreated = 36; R6/2-Chol = 21), at 10 weeks of age (wt = 25; R6/2-untreated = 35; R6/2-Chol = 20), and 
at 12 weeks of age (wt = 24; R6/2-untreated = 30; R6/2-Chol = 19). A DI above zero indicates a preference 
for the novel object; on the contrary the index below zero indicates a preference for the familiar object. Data 
from R6/2 mice treated with saline (R6/2) or with empty g7-NPs (R6/2-emp) were pooled, as no differences 
were found. Data information: data are from three independent trials and represent mean ± SEM. P < 0.05 
was calculated by one-way ANOVA followed by Newmann–Keuls multiple comparison tests (#P < 0.05, ##P 
< 0.01, ###P < 0.001 R6/2-untreated mice vs. R6/2-Chol mice; *P < 0.05, **P < 0.01, ***P < 0.001 wt 
mice vs. R6/2-untreated or R6/2-Chol mice). 

!



                                                                                                                                                 Results 
 

      52 

Cholesterol supplementation influences the protein levels of synaptic machinery  

To determine whether the cognitive improvement observed in R6/2 mice after cholesterol 

supplementation was related to a positive modulation of synaptic protein machinery, we purified 

synaptic protein enriched triton-insoluble fractions (TIF) from the brain of wt, R6/2-untreated and 

R6/2-Chol mice. Next, we performed semiquantitative Western blotting for scaffolding proteins 

such as PSD95 and gephyrin and NMDA receptor subunits (GluN1 and GluN2B) (Fig. 8A). 

Reduced PSD95, as well as a reduction in GluN1 and GluN2B, were found in R6/2-untreated mice 

compared to wt mice, as expected (Fig. 8B). Importantly, cholesterol supplementation normalized 

or increased the levels of these proteins (Fig. 8B), suggesting a rescue of the molecular composition 

of the synaptic machinery contributing to synaptic structure.  
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Figure 8. Systemic injections of g7-NPs-Chol increase the levels of synaptic machinery proteins. 
Protein levels (A) and relative densitometry quantification (B) of several synaptic proteins analyzed in 
triton-insoluble (synaptic enriched) fractions purified from total brains from wt (n = 5), R6/2-untreated (n = 
5) and R6/2-Chol (n = 3) mice. Cholesterol supplementation rescued the levels of PSD95 and NMDA 
receptor subunits GluN1 and GluN2B in R6/2 mice. Data information: Data in B represent mean ± SEM. P 
< 0.05 was determined by one-way ANOVA followed by Newman–Keuls multiple comparison tests (§P < 
0.05, §§P < 0.01, §§§P < 0.001 R6/2-untreated mice vs. R6/2-Chol mice; *P < 0.05, **P < 0.01, ***P < 
0.001 wt mice vs. R6/2-untreated or R6/2-Chol mice).  

 

Anatomical examination of R6/2 brains revealed several age-related alterations in brain morphology 

such as progressive reduction in striatal volume and increase in ventricular volume, compared with 

controls (Stack et al. 2005). To investigate whether cholesterol supplementation was able to 

ameliorate neuropathological deficits in R6/2 mice, we performed unbiased stereological analyses 

at 12 weeks of age, in collaboration with Marina Boido (Neuroscience institute Cavalieri 

Ottolenghi, Torino). A significant enlargement of ventricles was observed in R6/2 mice treated with 

saline (R6/2) compared to wt mice (Fig. 9A), as already reported in the literature. Surprisingly, 

systematic injections of both empty g7-NPs and g7-NPs-Chol led to a reduction of the ventricular 

volume (Fig. 9B). We hypothesized that the effect induced by both types of NPs could be related to 

degradation of PLGA in lactic and glycolic acids. Altogether, these findings suggest that cholesterol 

supplementation via g7-NPs is not sufficient to contrast brain atrophy in R6/2 mice, at least with 

this experimental paradigm, although it does restore the physiological levels of specific synaptic 

proteins altered in HD mice. 
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Figure 9. Systemic injections of g7-NPs-Chol do not rescue a typical neuropathological feature of R6/2 
mice. 
Representative images of Nissl staining (A) and ventricle volume analyzed using Neurolucida 3D 
reconstruction software, at 12 weeks of age (B) in wt (n = 7), R6/2 (n = 7), R6/2-emp (n = 6), and R6/2-Chol 
(n = 8) mice. Data information: Data in B represent mean± SEM. P < 0.05 was determined by one-way 
ANOVA followed by Newman–Keuls multiple comparison tests (#P < 0.05, ##P < 0.01, ###P < 0.001 R6/2-
untreated mice vs. R6/2-Chol mice; *P < 0.05, **P < 0.01, ***P < 0.001 wt mice vs. R6/2-untreated or 
R6/2-Chol mice).  
 

Safety evaluation of g7-NPs in R6/2 mice 

It is known that cholesterol supplementation to the brain might lead to a further reduction in 

cholesterol synthesis, already compromised in R6/2 mice (Valenza et al. 2007b). We therefore 

analyzed by MS the levels of cholesterol precursors and the brain-specific cholesterol catabolite 

24OHC in the brain of treated mice, at 12 weeks of age. Lathosterol, a marker of cholesterol 

synthesis, was found equally reduced in both R6/2-untreated and R6/2-Chol mice compared to wt 

mice (Fig. 10A), suggesting that exogenous cholesterol supplemented via g7-NPs does not further 

decrease the endogenous biosynthetic pathway. Similarly, 24OHC, an indicator of brain cholesterol 

catabolism that usually mirrors cholesterol biosynthesis in brain (Lund et al. 2003), was found 

similarly reduced in both R6/2 groups compared to wt mice (Fig. 10B). Furthermore, we also 

measured mRNA levels of cholesterol biosynthetic genes (hmgcr and fdft1) in liver and lung of 

R6/2 mice to verify if the injected NPs that localized in periphery altered endogenous cholesterol 

metabolism. The mRNA expression of both cholesterol genes was similar in both tissues in all 

groups, even in the presence of g7-NPs-Chol (Figs. 10C and D). All these results suggest that the 

exogenous cholesterol delivered to the brain or accumulated in peripheral tissues does not lead to 

significant alterations of endogenous cholesterol homeostasis in the time frame analyzed in this 

study. Although the PLGA NPs employed in this study are considered biocompatible and 

biodegradable, an immunogenicity study of these NPs in vivo is missing. PLGA, released after 

degradation of empty or cholesterol-loaded g7-NPs, and cholesterol itself might influence immune 

responses. Therefore, we analyzed mRNA levels of two pro-inflammation genes encoding for 

Tumor Necrosis Factor (TNF)-alpha and interleukin-6 (IL-6), in peripheral tissues from our cohorts. 

As shown in Figs. 10E and F, TNF-alpha and Il6 mRNA levels were significantly increased in the 

liver and in lung of R6/2 mice treated with saline (R6/2) compared to wt mice, supporting the 

available evidence that peripheral inflammation is associated with HD (Trager et al. 2014). Similar 

results were found in R6/2-emp and R6/2-Chol mice, suggesting that multiple administrations of 

g7-NPs (empty or loaded with cholesterol) per se do not affect peripheral inflammation in R6/2 

mice. 
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Figure 10. Exogenous cholesterol or g7-NPs per se do not affect endogenous cholesterol biosynthesis or 
inflammatory genes expression. 
Lathosterol (A) and 24OHC (B) measured by MS in the brain of wt (n = 6), R6/2-untreated (n = 7) and R6/2-
Chol (n = 5) mice. mRNA levels of hmgcr and fdft1 in liver (C) and lung (D) of wt (n = 7), R6/2-untreated (n 
= 8) and R6/2-Chol (n = 4) mice. Data from R6/2 mice treated with saline (R6/2) or with empty g7-NPs 
(R6/2-emp) were pooled, as no differences were found. mRNA levels of inflammatory genes in liver (E) and 
lung (F) of wt (n = 7), R6/2 (n = 4), R6/2-emp (n = 4) and R6/2-Chol (n = 5) mice. Data information: Data 
in (A–F) represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 was determined by one-way ANOVA 
followed by Newman–Keuls multiple comparison tests. 

 

All these data have been published in: Valenza M.*, Chen J.Y.*, Di Paolo E.§, Ruozi B.§, Belletti D., 

Ferrari Bardile C., Leoni V., Caccia C., Brilli E., Di Donato S., Boido M.M., Vercelli A., Vandelli 

M.A., Forni F., Cepeda C., Levine M.S., Tosi G., Cattaneo E. (2015) Cholesterol-loaded 

nanoparticles ameliorate synaptic and cognitive function in Huntington’s disease mice. EMBO 

Molecular Medicine, 7(12), 1547–1564. http://doi.org/10.15252/emmm.201505413. *co-first 

authors, §co-second authors. 
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Strategy 2 – Alzet Osmotic Minipumps 

To define the most efficacious dose of cholesterol in contrasting neurobehavioral defects in R6/2 

mice and to avoid potential confounding effects from peripheral administration and limited blood–

brain barrier permeability, we performed a second series of studies employing osmotic minipumps 

(Alzet). Conversely to g7-NPs, this second strategy allowed us to investigate the effects of chronic, 

unilateral, infusion of increasing doses cholesterol into mice striatum. This is of great importance 

given that the striatum is one of the most affected brain areas in HD, in which cholesterol 

dysfunction is higher and more precocious respect to other areas (Valenza et al. 2005) (Valenza et 

al. 2007). In all the trials performed, the animals were treated with the same experimental paradigm 

showed in Fig. 11. 

 

 

 

 

 

 

 

 

 
Figure 11.  Scheme of the experimental paradigm. 
Minipumps were surgically implanted in 7 weeks old mice and a battery of behavioral tests is performed 
before and after surgery, to assess motor and cognitive abilities of mice. 

 

Cholesterol levels increase in the brain of wt animals, after minipump infusion 

To verify if the delivery of exogenous cholesterol, via osmotic minipumps, led to a detectable 

variation in the amount of brain cholesterol, we performed initial MS studies in collaboration with 

the Carlo Besta Neurological Institute of Milan. Analysis of MS data, from wt mice intrastriatally 

infused with 500µg of cholesterol, indicated a significant increase in total cholesterol levels into 

both infused (right) and contralateral (left) striata of cholesterol treated wt mice, respect to controls 

(untreated or ACSF infused wt mice) (Fig. 12A). Interestingly, a detectable increase in cholesterol 

levels was also found into cortex of both right and left hemispheres from cholesterol treated mice, 

indicating cholesterol diffusion into the surrounding brain areas from the site of infusion (Fig. 12B). 
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Figure 12. Intrastriatal infusion of exogenous cholesterol induces an increase in brain cholesterol levels. 
Cholesterol levels measured by MS in striatum (A) and cortex (B) of wt mice at 11 weeks of age, after 4 
weeks of continuous infusion (pumping rate 0.11 µl/h). Data information: data in (A–B) represent the mean 
from n = 2 untreated, n = 3 ACSF treated and n = 4 cholesterol treated mice ± SEM. *P < 0.05, **P < 0.01, 
***P < 0.001 was determined by one-way ANOVA followed by Newman–Keuls multiple comparison tests. 
All data are normalized above weight tissue. 
 
 

Surgical implantation of osmotic minipumps per se does not influence behavioral phenoytpe in 

healthy mice 

In a first trial, wt mice were subjected to surgical implantation of artificial cerebrospinal fluid 

(ACSF)-containing minipumps and compared to untreated (unoperated) mice, in order to 

investigate possible side effects associated with the procedure. Animal’s behavioral phenotype was 

evaluated before (6 weeks of age) and after surgery (8-11 weeks of age) by using the same motor 

!
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and cognitive test described before. At each time point tested, both motor (Fig. 13) and cognitive 

(Fig. 14) performances of ACSF infused mice were comparable to that of unoperated (control) wt 

mice. 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 and 

Wofenshohn 1998). To obtain reliable results in the following cognitive and motor tests it was 

necessary to avoid any kind of bias based on potential mice suffering. No obvious signs of pain or 

distress or significant changes in body weight were detected in all the animals over the infusion 

period (data not shown). 

Overall these data indicate that minipumps implantation does not influence the behavioral 

phenotype of healthy mice, consequently the experimental group of ACSF treated wt mice was not 

included in the successive trials. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 13. Motor phenotype assessment in operated and unoperated wt mice. 
(A) Fall latency from an accelerating rotarod for 5- to 10-week-old wt mice. (B) Global activity in the 
activity cage test for 6- to 11-week-old wt mice. Data information: data in (A–B) represent the mean from n 
= 5 untreated and n = 6 ACSF treated wt mice ± SEM.  
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Figure 14. Cognitive phenotype assessment in operated and unoperated control wt mice. 
Index of discrimination (%) for 6- to 11-week-old wt mice. Data information: data represent the mean from n 
= 5 untreated and n = 6 ACSF treated wt mice ± SEM.  

 

Intrastriatal infusion of cholesterol leads to a dose-dependent rescue of motor and cognitive deficits 

in R6/2 mice 

To provide definitive evidence of the therapeutic potential of brain cholesterol supplementation and 

identify the most efficacious dose in contrasting HD neurobehavioral defects, we implanted osmotic 

minipumps in R6/2 mice. Five independent in vivo trials were completed comparing: 

- unoperated wt mice  

- unoperated R6/2 mice 

- R6/2 mice + ACSF loaded minipumps 

- R6/2 mice + ACSF-cyclodextrin loaded minipumps 

- R6/2 mice + 20µg-cholesterol loaded minipumps (low dose, near to the amount delivered with g7-

NPs-Chol treatment) 

- R6/2 mice + 250µg-cholesterol loaded minipumps (intermediate dose) 

- R6/2 mice + 500µg-cholesterol loaded minipumps (high dose) 

In each trial, the animals were tested following the same experimental paradigm shown in Fig. 11. 

As expected, untreated and ACSF treated R6/2 mice showed a progressive deterioration in fine 

motor coordination assessed by an accelerating rotarod test, from pre-symptomatic stage (5 weeks 

of age) (Fig. 15A) to symptomatic stage (10 weeks of age) (Fig. 15B). All the administered doses 
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of cholesterol failed to induce a significant amelioration in rotarod performance of R6/2 mice at 8 

weeks of age (data not shown) and 10 weeks of age (Fig. 15B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Motor coordination assessment in cholesterol infused R6/2 mice. 
Fall latency from an accelerating rotarod at pre-symptomatic time point (5 weeks of age) (A) and at 
symptomatic time point (10 weeks of age) (B) in R6/2 mice. Data information: data represent the mean ± 
SEM. The number of animals analyzed is reported under each column group. *P < 0.05, **P < 0.01, ***P < 
0.001 was determined by one-way ANOVA followed by Newman–Keuls multiple comparison tests. 

 

To evaluate mice motor abilities, we performed also the activity cage test at 6 (Fig. 16A), 9 (data 

not shown) and 11 weeks of age (Fig. 16B). In this test R6/2 mice typically exhibit a severe 

hypokinetic phenotype with disease progression (Luesse et al. 2001), as confirmed in our 

experiments (Fig. 16A and B). Only the intrastriatal infusion of the high dose of cholesterol 

(500µg) resulted also in a rescue of spontaneous locomotor activity, that remained comparable to 
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that of wt mice at all the time points tested (Fig. 16A and B). A beneficial effect on spontaneous 

locomotor activity was also observed after cholesterol supplementation via g7-NPs, but in that case 

R6/2 mice displayed only a partial rescue at 10 weeks of age (Valenza et al. 2015). 
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Figure 16. Spontaneous global activity assessment in cholesterol infused R6/2 mice. 
Global activity in the activity cage test at pre-symptomatic time point (6 weeks of age) (A) and at late-
symptomatic time point (11 weeks of age) (B) in R6/2 mice. Spontaneous locomotor activity of 11 weeks-old 
R6/2 mice infused with 500µg of cholesterol was comparable to that of age-matched wt mice (B). Data 
information: data represent the mean ± SEM. The number of animals analyzed is reported under each 
column group. *P < 0.05, **P < 0.01, ***P < 0.001 was determined by one-way ANOVA followed by 
Newman–Keuls multiple comparison tests. 
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To assess mice cognitive abilities we performed the novel object recognition test (NORT), as 

previously done in Valenza et al. 2015. Untreated and ACSF treated R6/2 mice cognitive abilities 

declined during disease progression, with a marked inability to discriminate the novel object from 

the familiar one evident at symptomatic time points of 9 (data not shown) and 11 weeks of age (Fig. 

17B), but not at 6 weeks of age (Fig. 17A). R6/2 mice treated with all doses of cholesterol 

performed as well as wt mice at 11 weeks of age (Fig. 17B), indicating that cholesterol infusion into 

the striatum completely prevents memory deficits in HD mice, as previously observed with chol-g7-

NPs administration (Valenza et al. 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 17. Cognitive phenotype assessment in cholesterol infused R6/2 mice. 
Index of discrimination (%) in NOR test at pre-symptomatic time point (6 weeks of age) (A) and at late-
symptomatic time point (11 weeks of age) (B) in R6/2 mice. ID is significantly increased in R6/2 mice treated 
with three different doses of cholesterol at 11 weeks of age (B). Data information: data represent the mean ± 
SEM. The number of animals analyzed is reported under each column group. *P < 0.05, **P < 0.01, ***P < 
0.001 was determined by one-way ANOVA followed by Newman–Keuls multiple comparison tests. 
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All these results confirm that low doses of cholesterol are already sufficient to totally contrast 

cognitive decline in R6/2 mice. On the contrary, highest doses of cholesterol are required to 

ameliorate motor performances of HD mice. 

Since in these experiments we used Methyl-β-cyclodextrin (MBCD)-balanced water-soluble 

cholesterol dissolved in ACSF (see material and methods), an additional control group of R6/2 mice 

treated with MBCD cyclodestrin (ACSF-cyclodestrin) was tested. However, the behavioral 

phenotype of this R6/2 group was comparable to that of untreated and ACSF treated R6/2 mice 

(Figs. 15, 16, 17B). 

 

Preliminary analysis of EPSC in MSNs from R6/2 mice infused with high dose of cholesterol  

Also in this case we investigated whether changes in synaptic-transmission parameters, typically 

altered in MSNs of HD mice, were implicated in the behavioral recovery observed in cholesterol 

treated mice. 

In collaboration with the group of professor G. Biella (University of Pavia), we compared EPSC 

frequency in MSNs from R6/2 mice, following ACSF or cholesterol (500µg) infusion. It is known 

that the frequency of spontaneous EPSCs progressively decreases in MSNs of R6/2 mice (Cepeda et 

al. 2003) (Cepeda et al. 2004), however intrastriatal infusion of cholesterol partially restored this 

synaptic defect (Fig. 18).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Intrastriatal infusion of cholesterol led to a significant increase in the frequency of EPSCs. 
Spontaneous EPSCs recorded from striatal MSNs (R6/2 ACSF minipumps = 5; R6/2 chol 500µg minipumps 
= 5) at a holding potential of -70 mV. Data represent mean ± SEM. Statistics: *P < 0.05 was determined by 
Student’s t-test. 
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Strategy 3 – Intranasal rout of administration 
In a third approach we attempted to deliver exogenous cholesterol to mice brain using intranasally 

administered liposomes. We were interested in this route of administration since it has recently 

emerged as a non-invasive, promising, approach for drug delivery to the brain (Meredith et al. 

2015). Intranasally applied drugs are rapidly transported into the central nervous system by the 

peripheral olfactory and trigeminal systems. In collaboration with M. Salmona (Mario Negri 

Institute), we performed preliminary in vivo experiments in order to verify the validity of this 

further strategy for cholesterol delivery to the brain. To supply exogenous cholesterol to the mice 

brain through the intranasal rout, we chose to employ liposomes based formulations. Liposomes are 

spherical, self-closed structures formed by one or several concentric lipid bilayers with an aqueous 

phase inside, which were first proposed and tested as a drug delivery system in the early 1970s. 

Since then, they have been adopted as vehicle for drug delivery and targeting, due to their very 

unique and attractive biological and physical chemical properties. Liposomes are biocompatible and 

can both entrap and protect water-soluble (hydrophilic) molecules in their internal water 

compartment and water-insoluble (hydrophobic) into their membranes. Moreover, they provide a 

unique opportunity to deliver pharmaceuticals into cells or even inside individual cellular 

compartments (Bozzuto & Molinari 2015). 

 

Intranasally administered D6-cholesterol is detectable into mice brain after 6 and 24 hours, but 

chronic intranasal administration of unlabeled cholesterol containing liposomes leads to 

undetectable variation in brain cholesterol levels 

We performed a first experiment using unilamellar liposomes containing deuterated (D6) 

cholesterol in 6 weeks old wt and R6/2 mice. To avoid the use of any anesthesia, mice were 

acclimated to handling for a period of two weeks before the onset of intranasal dosing (Hanson et 

al. 2013). This procedure helps ensure a correct body position and avoid anxiety reaction for 

maximum effectiveness of awake intranasal drug delivery. All the animals received a single 

intranasal administration and then were sacrificed at different time points (1h, 3h, 6h, 24h; n = 2 

mice/genotype/time point) (Fig. 19).  
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Figure 19.  Scheme of the experimental paradigm.  
6 weeks old animals received a single intranasal administration after hyaluronidase pretreatment. Mice 
were then sacrificed at different time points (1h, 3h, 6h, 24h; n = 2 mice/genotype/time point). 

 

Subsequently, the group coordinated by Prof M. Salmona performed liquid chromatography–mass 

spectrometry on brain tissues isolated from treated mice. Collected data revealed that D6-

cholesterol (distinguishable from the native one) reached measurable, increasing, levels in the 

olfactory bulb and in the brain, respectively after 6 and 24 hours (Fig. 20), suggesting the validity 

of the strategy in both wt and R6/2 mice.  
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Figure 20.  Deuterated cholesterol (D6-chol) levels in mice plasma, olfactory bulbs and brain. 
D6-chol signal was determined in plasma 1h after intranasal administration (A) and decreased overtime 
from 3h to 24h (B). Detectable levels of D6-chol were found in olfactory bulbs and brain after 3h and 6h 
respectively (A) and increased overtime (B).  

 

The successive trial performed in wt mice had different aims: (i) to test if repeated intranasal 

administrations of liposomes containing native cholesterol resulted in an increased content of 

cholesterol in the brain; (ii) to evaluate the effectiveness of different liposome based cholesterol 

formulations. On the basis of their size and number of bilayers, liposomes can also be classified into 

multilamellar vesicles (MLVs) and unilamellar vesicles (ULVs). In unilamellar liposomes, the 

vesicle has a single phospholipid bilayer sphere enclosing the aqueous solution, while in 

multilamellar liposomes, vesicles have an onion structure. ULVs and MLVs have different release 

kinetics due overall to the number of phospholipid. We compared ULVs (n = 18 wt mice) and 

MLVs (n = 18 wt mice) containing native hydrophobic cholesterol and cholesteryl hemisuccinate 

(CHEMS) within their lipid membranes and their aqueous core, respectively. In particular, CHEMS 

consists of succinic acid esterified to the beta-hydroxyl group of cholesterol. This chemical 

modification results in the ability of CHEMS to adopt a lamellar assembly in suitable aqueous 

media. 

Following a 14-day acclimation period (Hanson et al. 2013), 6 weeks-old mice were treated three 

times weekly until 12ws when the animals were sacrificed to collect brain tissues (Fig. 21).  
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Figure 21.  Scheme of the experimental paradigm followed in the first intranasal trial in wt mice.  
After two weeks of acclimation to handling, wt mice were intranasally treated three times a week from 6 to 
11 weeks of age. Each treatment consisted in three sequential administrations of 6µl of liposomes for a total 
of 18µl/nostril.  

 

Unfortunately, we didn’t find a detectable increase in the total amount of cholesterol, measured by 

MS, in brain tissues of treated mice respect to controls (Fig. 22). Probably the total amount of 

cholesterol delivered by DRV and MLV liposomes, with this experimental paradigm, was too low 

to detect an increase in the total content of cholesterol. 

 

 

 

 

 

 

 

 

 
 
Figure 22. Total cholesterol levels measured in striatum and resting brain areas. 
Total cholesterol levels measured by MS in cerebral tissues collected from wt mice sacrificed ad different 
time points (4h, 24h, 48h) after the last intranasal administration. All data were normalized above weight 
tissue. 
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Finally, during my PhD, I had also the opportunity to contribute to two recently published papers: 

• Valenza M., Marullo M., Di Paolo E., Cesana E., Zuccato C., Biella G., Cattaneo E. 

“Disruption of Astrocyte-Neuron Cholesterol Cross Talk Affects Neuronal Function in 

Huntington’s Disease.” Cell Death and Differentiation. 2015.  

• Shankaran M., Di Paolo E., Leoni V., Caccia C., Ferrari Bardile C., Mohammed H., Di 

Donato S., Kwak S., Marchionini D., Turner S., Cattaneo E.*, Valenza M.* 2017. “Early 

and brain region-specific decrease of de novo cholesterol biosynthesis in Huntington’s 

disease: a cross-validation study in zQ175 knock-in mice.” Neurobiology of Disease. 2017. 

*corresponding authors. 
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Brain cholesterol homeostasis appears severely compromised in HD.  

Data from our previously published papers reveal a reduction in cholesterol biosynthesis, 

cholesterol precursors and cholesterol levels within the brain of different HD rodent models 

(Valenza et al. 2005) (Valenza et al. 2007) (Valenza et al. 2010). Recently, by measuring the rate of 

de novo brain cholesterol biosynthesis in the Q175 knock-in model we further confirmed this 

reduction (Shankaran et al. 2017). Furthermore, the decreased plasma levels of the brain-specific 

cholesterol catabolite 24OHC suggest a similar dysfunction in HD patients (Leoni et al. 2008) 

(Leoni et al. 2013). However, others studies, performed in some of these HD models, show brain 

cholesterol accumulation (Thrushina et al. 2006) (Del Toro et al. 2010) (Boussicault et al. 2016). It 

has already been demonstrated that these opposite results might be attributable to the different 

methods used for sample preparation and cholesterol measurement. In particular, saline perfusion 

prior to tissue dissection is essential to avoid any contamination of blood-derived cholesterol (Liu et 

al. 2010) as well as the use of reliable analytical method such as gas chromatography-mass 

spectrometry is necessary to properly quantify cholesterol content (Marullo et al. 2012). 

 

Cerebral cholesterol is fundamental for neurite outgrowth, synapses formation and maintenance, 

synaptic activity and integrity and optimal neurotransmitter release (Pfrieger 2003), so its 

deficiency may be injurious especially for neuronal cells. Given that peripheral cholesterol does not 

pass the BBB, we tested different strategies to deliver exogenous cholesterol to the HD brain.  

 

Results from our studies using g7-NPs and Alzet osmotic minipumps highlight the therapeutic 

potential of brain cholesterol supplementation in contrasting disease-related neurobehavioral 

impairments in the most widely used transgenic mouse model of HD.  

Our findings from g7-NPs study demonstrate for the first time that cholesterol supplementation is 

able to completely prevent cognitive decline and to partially rescue hypokinetic phenotype in R6/2 

mice. The improvement in animal’s behavioral phenotype was correlated with increased levels of 

scaffold synaptic proteins and ameliorations in synaptic transmission abnormalities in striatal MSNs 

of R6/2 mice, confirming the critical role of cholesterol in synaptic integrity and neuronal function 

(Pfrieger 2003). We also found that the beneficial effect of exogenous cholesterol is dose-

dependent, indeed higher doses of cholesterol are required to observe a significant functional 

recovery of both cognitive and motor abilities. Even at late-symptomatic stages (11 weeks of age), 

R6/2 mice intrastriatally infused with 500µg of cholesterol performed similarly to age-matched 

nontransgenic wt mice in NORT and activity cage tests. In contrast, we did not observe a significant 

amelioration in rotarod performance. We believe that these contrasting results obtained from 
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rotarod and activity cage can be ascribed to the different nature of these motor tests. While the first 

one is based on forced motor activity and measures primarily mice coordination, the second one 

assesses spontaneous, global, motor activity.  

NORT results indicate that low doses of cholesterol are sufficient to promote the formation of long-

term memory for the familiar object in R6/2 mice, normally impaired in this HD model starting 

from 8 weeks of age (Giralt et al. 2011). Other works analyzed this memory aspect in R6/2 mice 

using the NORT, but not at advanced time points (Bissonnette et al. 2013). In particular, the group 

of Bissonnette et al. observed a significant increase in short- but not in long-term memory in 8 

weeks old-R6/2 mice, in parallel with a partial rescue of spontaneous locomotor activity after 

striatal overexpression of pre-enkephalin (pENK).  

Our preliminary electrophysiological analysis also suggest that behavioral recovery observed in 

R6/2 mice following intrastriatal cholesterol infusion mediated by osmotic minipumps, may be 

related to an improvement in synaptic transmission, as previously observed in our g7-NPs studies. 

 

The encouraging results from g7-NPs and minipumps strategies, prompted us to investigate also the 

intranasal route of administration as an alternative, non–invasive, strategy for cholesterol delivery 

to the HD brain (in collaboration with M. Salmona, Mario Negri Institute). Because of their 

biocompatibility, biodegradability and low toxicity features, we used liposomal formulations as 

cholesterol-delivery vehicles in these experiments. However in our experimental conditions, 

measurable variations in brain cholesterol levels were not observed after repeated intranasal 

administrations of both DRV and MLV liposomes containing unlabeled cholesterol. Ongoing 

investigations are aimed at understanding the percentage of intranasally administered cholesterol 

that effectively reaches the brain.  

Thinking to a possible clinical translation of the therapeutic approach based on brain cholesterol 

supplementation, other studies are necessary to better characterize and optimize g7-NPs and 

intranasal non-invasive strategies. g7-PLGA-NPs used in this study already present many 

interesting advantages. First, PLGA has been approved by FDA and EMA for drug delivery, 

diagnostics and clinical applications (Mundargi et al. 2008). PLGA NPs are totally biodegradable, 

since their physiological hydrolysis into the body produce lactic acid and glycolic acid, which are 

easily metabolized via the Krebs cycle (Yoo et al. 2005). A significant toxicity associated to PLGA 

has not been described (Athanasiou, Niederauer, and Agrawal 1996) and our studies confirmed this 

result as our NPs do not induce any inflammatory response in peripheral tissues in which they 

preferentially accumulate (liver and lung). PLGA NPs are able to sustain the release of the 

encapsulated therapeutic agent over a period of days to several weeks (Panyam and Labhasetwar 
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2003), protecting them from the body excretion and metabolism. Furthermore, due to their sub-

micron size, NPs delivery systems are taken up efficiently by the cells (Vinogradov, Bronich, and 

Kabanov 2002).  

Despite all these advantages, NPs based strategies present some limitations. Their small size and 

large surface area can result in particle aggregation and allow limited drug loading. Indeed, g7-NPs 

formulations used in this study only achieve 1% drug loading. Consequently, with our experimental 

paradigm we delivered only about 15 µg of cholesterol to the mouse brain, without the possibility to 

test the effects of higher doses of cholesterol.  

In collaboration with G. Tosi (University of Modena) our future efforts will be orientated to 

optimize this promising, non invasive, CNS delivery system, with the goal of increasing the amount 

of cholesterol loaded into g7‐NPs, without affecting their chemical–physical properties. This will 

also allow to reduce the number of injections/week in order to minimize handling stress in mice. 

 

Additional experimental investigations are also required to optimize the intranasal strategy. 

Currently, the main limiting factors associated with nasal drug delivery are the limited capacity of 

the nasal cavity along with the rapid mucociliary clearance that hinders complete drug absorption 

(Soane et al. 1999). Furthermore, nasal mucosa contains a number of enzymes responsible for the 

degradation of intranasally applied drugs (Chung and Donovan 1996).  

Common utilized approaches to improve nasal drug absorption include the use of protease and 

peptidase inhibitors (Bernkop-Schnürch 1998). Moreover, to enhance the retention of liposomes 

containing cholesterol on nasal mucosal surface, mucoadhesive polymers can be used. Owing to 

their properties, in situ gelling formulations undergo gelation upon contact with the nasal cavity, as 

they respond to physiological stimuli like nasal temperature and mucous pH (Chonkar, Nayak, and 

Udupa 2015). These “smart” polymers not only are able to enhance the retention of the drug in 

nasal cavity but also provide controlled release, ease of administration, enhanced permeation and 

protection of the drug from mucosal enzymes. Liposomes in situ gelling system (LIGS) have also 

been developed and characterized (Tiwari et al. 2009) and could represent a valid formulation for 

intranasal cholesterol delivery.  

Although it is considered an invasive delivery system, osmotic minipumps allowed us to test the 

therapeutic potential of increasing doses of cholesterol directly administered into mice striatum, 

overcoming current limitations of g7-NPs strategy. Furthermore, a clinical translation of this brain 

targeting drug delivery system should not be excluded, considering that the Company Medtronic is 

developing these devices for human application. Indeed Alnylam Pharmaceuticals and the CHDI 

Foundation started a collaboration with Medtronic, to develop implantable infusion system for CNS 
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delivery of RNAi therapeutics targeting huntingtin (“Industry Update, The Latest Developments in 

Therapeutic Delivery” 2011). 

 

Finally, an additional strategy to counteract the reduction in cholesterol available for synaptic 

function and neurotransmission consists in promoting its endogenous synthesis and efflux in 

astrocytes, which emerged to be defective in the HD brain (Valenza et al. 2010) (Valenza et al. 

2015). Our in vitro data indicate that stimulation of endogenous biosynthesis in astrocytes results in 

increased availability of newly synthetized cholesterol for neuronal activities (Valenza et al. 2015). 

Based on this evidence, our ongoing in vivo studies aim to directly enhance endogenous cholesterol 

biosynthesis in striatal astrocytes relies on the overexpression of the active form of SREBP2, 

through glia-targeted viral vectors, in HD mice. More recently, an alternative indirect approach has 

been adopted in Boussicault et al. 2016. In this study, the viral-induced overexpression of 

CYP46A1 in the striatum of R6/2 mice stimulated the production of 24OHC and led to increased 

levels of lanosterol and desmosterol, indirect indicators of brain cholesterol biosynthesis in neurons 

and astrocytes respectively (Nieweg et al. 2009). The increase of 24OHC likely activates LXR-

dependent cholesterol efflux from astrocytes to neuronal cells (Abildayeva et al. 2006) and 

indirectly glial cholesterol synthesis (i.e. increase of desmosterol), resulting in a rescue of some HD 

phenotypes (Boussicault et al. 2016).  

Our findings together with data from Boussicault et al. (2016) highlight the beneficial effect of 

strategies able to stimulate endogenous biosynthesis both directly (Valenza et al. 2015) and 

indirectly (Boussicault et al. 2016) or, alternatively, aimed at supplying exogenous cholesterol to 

the HD brain (data herein described). All these studies pave the way for clinical translation and 

develop new possible therapeutic strategies for HD patients. 
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General Conclusions and Prospects 

All these studies have provided clear evidence that cholesterol administration to the brain represents 

a promising therapeutic approach for HD.  

Our future primary goals will be to better analyze the cognitive rescue promoted by cholesterol 

supplementation and to deepen our understanding of mechanisms underlying cholesterol-mediated 

behavioral recovery (Valenza et al. 2015). To reach these goals, additional cognitive tests will be 

performed on treated mice to investigate different aspects of learning and memory (i.e. fear 

conditioning test). Furthermore, molecular (RNA sequencing), biochemical, electrophysiological 

and neuropathological analyses will be completed on the tissues collected from mice implanted with 

minipumps.  

Since our findings revealed that high doses of exogenous cholesterol are required to observe a 

significant recovery of both cognitive and motor functions in R6/2 mice, we will work to increase 

cholesterol encapsulation efficacy of g7-NPs and, on the other hand, we will attempt to identify 

more efficacious formulations for cholesterol intranasal delivery. 

Moreover, pharmacokinetic and biodistribution studies will be performed, using D6-cholesterol, in 

order to quantify the amount and cellular localization of exogenous cholesterol delivered in the 

different brain regions with our non-invasive delivery systems. 

Finally the potential validity of brain cholesterol supplementation–based therapeutic approach will 

be evaluated in another HD animal model, chosen among them that closely mimic the genetic 

context of patients with HD. 
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Colony management  

All the in vivo experiments were carried out in accordance with Italian Governing Law (D.lgs 

26/2014; Authorisation n.324/2015-PR issued May 6, 2015 by Ministry of Health); the NIH Guide 

for the Care and Use of Laboratory Animals (2011 edition) and EU directives and guidelines (EEC 

Council Directive 2010/63/UE).  

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 male were paired with non-carrier 

females (B6CBAF1/J, supplied by Charles River). Mice were weaned and then genotyped at 3 

weeks of age (+/- 3 days). R6/2 colony was continually monitored for any changes that could affect 

strain productivity, general behavior, litter size, pup survival, genotype frequency, phenotype and 

other strain characteristics. 

Mice were housed under standard conditions (22 ± 1°C, 60% relative humidity, 12 hour light/dark 

schedule, 3–4 mice/cage, with free access to food and water). 

After PCR genotyping, by method of Mangiarini et al. (1996), animals were randomly divided into 

experimental groups. Male and female mice will be included and matched in experimental groups. 

 

Animal treatments 

-   NPs injections: mice were treated with two intraperitoneal injections at week, from 5 to 9 weeks 

of age, receiving 0.15 mg g7-NPs/g body weight in each injection (NPs stock concentration was 

12.5 mg/ml; 0.7 mg in 100 mg of NPs).  

-   Surgical implantation of osmotic minipumps: mice were anesthetized with Avertin 2.5%. 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). 16 µL of Avertin 2.5% per gram of weight 

was used to anesthetize mice. 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). After disinfecting the scalp with iodine tincture, a midline sagittal 

incision about 2.5 cm long was made, starting slightly behind the eyes. A subcutaneous pocket 

was made on the back of the animals, in the midscapular area, to insert the osmotic pump. The 

brain infusion microcannula, connected to the pump through a catheter, cannula (brain infusion 

kit n°3, Alzet, #0008851) 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). Loctite 

454 instant adhesive gel (Alzet, #0008670) was spread on the base of the cannula in order to fix 

it to the skull. Once the skull surface was dried, the cannula and the entre implantation site were 
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covered with dental cement (Heraeus, #647079) and the scalp was closed with sutures (bLife, 

#668H). Following surgery mice were removed from the stereotaxic apparatus and placed on a 

warm cover to awaken from anesthesia. In each trial animals were operated at 7 weeks of age to 

implant minipumps (Alzet, pump model 1004, #0009922) loaded with artificial cerebrospinal 

fluid (ACSF), with methyl-β-cyclodextrin (Sigma Aldrich, #M7439-1G) diluted in ACSF, or 

with water-soluble cholesterol (Sigma Aldrich, #C4951-30MG) supplemented with 5µM 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.  

-   Intranasal administrations: animals were treated as described in Hanson et al. 2013. 

 

Methods relative to g7-NPs studies and behavioral analysis 

Please for detailed description of this part see material and methods in the paper in attached 

(Valenza et al. 2015). 

 

Electrophysiological analysis relative to osmotic minipumps studies 

Experiments were performed on submerged brain slices obtained from R6/2 adult mice (12 weeks 

of postnatal life) treated with ACSF or cholesterol (500µg) in the 4 weeks preceding the 

experiment. Animals were dissected using the standard procedure preceded by the intracardiac 

perfusion of a saline solution containing (mM): Sucrose 70; NaCl 80; KCl 2.5; NaHCO3 26; 

Glucose 15; MgCl2 7; CaCl2 1; NaH2PO4 1.25. The intracardiac perfusion was necessary to 

preserve the vitality of brain tissue in adult mice. Coronal slices (300 µm- thickness) containing the 

striatum were collected from the hemisphere ipsilateral to the insertion site and were kept for 1 h in 

a saline solution containing (mM): NaCl 125; KCl 2.5; NaHCO3 26; Glucose 15; MgCl2 1.3; 

CaCl2 2.3; NaH2PO4 1.25. After the recovery, slices were transferred to a submerged-style 

recording chamber at room temperature (23-25°C) for the electrophysiological analysis. 

Experiments were performed on striatal projection medium spiny neurons (MSNs). The cell 

selected for recording was approached with a glass patch pipette filled with a solution iso-osmotic 

with cytosol and containing (mM): Cs-methanesulphonate 120; KCl 5; CaCl2 1; MgCl2 2; EGTA 

10; Na2ATP 4; Na3GTP 0.3; lidocaine N-ethylbromide 5; Hepes 8 (pH adjusted to 7.3 with KOH). 

During the approach, the tip of the pipette was brought in close proximity to the neuron in order to 
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create a very high resistance seal (1 GΩ or more - ‘giga seal’): this configuration is called ‘cell-

attached’. After the application of brief strong suctions inside the pipette, the small patch under the 

tip was broken: in this used configuration (called ‘whole-cell’) the interior of the pipette becomes 

continuous with the cytoplasm of the cell, allowing the measurement of electrical potentials and 

currents flowing through the entire cell membrane.  

 

Statistics  

Prism 5 (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. Each set of 

data was normally distributed consequently we used parametric statistical tests. Differences were 

considered statistically if the p-value was less than 0.05. The specific statistical test used is 

indicated in the legend of all results figures. No statistical methods were used to pre-determine 

sample sizes, but our sample sizes are similar to those reported in the literature.  
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Cholesterol precursors and cholesterol levels are reduced in brain regions of Huntington's disease (HD) mice.
Here we quantified the rate of in vivo de novo cholesterol biosynthesis in the HD brain. Samples from different
brain regions and blood of the heterozygous knock-inmousemodel carrying 175 CAG repeats (Q175) at different
phenotypic stages were processed independently by two research units to quantify cholesterol synthesis rate by
2H2O labeling andmeasure the concentrations of lathosterol, cholesterol and its brain-specific cholesterol catab-
olite 24-hydroxy-cholesterol (24OHC) by isotope dilution mass spectrometry. The daily synthesis rate of choles-
terol and the corresponding concentration of lathosterol were significantly reduced in the striatum of
heterozygousQ175mice early in the disease course.We also report that the decrease in lathosterolwas inversely
correlated with CAG-size at symptomatic stage, as observed in striatal samples from an allelic series of HDmice.
There was also a significant correlation between the fractional synthesis rates of total cholesterol and 24OHC in
brain ofwild-type (WT) andQ175mice, supporting the evidence that plasma 24OHCmay reflect cholesterol syn-
thesis in the adult brain. This comprehensive analysis demonstrates consistent cholesterol biosynthesis defects in
HD mouse models and suggests that plasma 24OHC may serve as a biomarker of brain cholesterol metabolism.

© 2016 Published by Elsevier Inc.
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1. Introduction

Huntington's disease (HD) is a progressive neurodegenerative disor-
der clinically characterized by cognitive, psychiatric and motor distur-
bances (Bates et al., 2015). It is caused by a CAG repeat expansion in
the huntingtin (htt) gene that encodes for polyglutamine. The number
of CAG repeats in htt is inversely correlated with age at symptomatic
onset in HD, with variable age-dependent penetrance between 36 and
39 CAG repeats, but full penetrance at 40 or more repeats (Ross et al.,
2014).

Since the discovery of the HD mutation, findings from cell and ani-
mal models have highlighted mechanisms and pathways altered in
HD and have provided insights into HD pathogenesis and progression.
However, there is no single model that recapitulates the full spectrum
of disease pathophysiology, requiring one to select the best model de-
pendent on the biological question of interest. On the other hand,
when specific alterations are consistently observed across different
models, and meet the genetic relationship of polymorphic CAG exten-
sion vs phenotypic onset, then such alterations may have higher rele-
vance and highlight mechanisms more proximal to the HD mutation.

There is a wealth of data showing that brain cholesterol metabolism
is affected in HD models (Valenza et al., 2005; Valenza et al., 2007b;
Valenza et al., 2007a; Valenza et al., 2010; Valenza et al., 2015a). Analyt-
ical approaches based on isotope dilutionmass spectrometry, in combi-
nationwith other biochemical andmolecular analyses, have shown that
cholesterol precursors are reduced in the brain of fiveHD rodentmodels
before the onset of motor defects, and cholesterol content is decreased
at later time points (Valenza et al., 2007a; Valenza et al., 2010).
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Cholesterol homeostasis may also be affected in HD patients early in
the disease as the reduced levels of plasma 24-hydroxycholesterol
(24OHC), the brain-specific catabolite of cholesterol, parallels the large
decrease in caudate volume in gene-positive subjects frompre-manifest
toHD stage (Leoni et al., 2008; Leoni et al., 2013). This suggests that cho-
lesterol dysfunction may be linked to the HD mutation and might be
relevant in the disease pathogenesis. First, a quarter of the cholesterol
in humans is found in the brain and is produced locally because
the blood-brain barrier (BBB) prevents its uptake from circulation
(Dietschy and Turley, 2004). Secondly, although the rate of cholesterol
synthesis decreases after myelination (Dietschy, 1984; Jurevics and
Morell, 1995), the very small amount produced by everyday cholesterol
synthesis in adulthood plays a role in neuronal function (Camargo et al.,
2009). Third, the half-life of brain cholesterol is estimated to 5 years in
humans (Bjorkhem et al., 1998; Saher and Simons, 2010), consistent
with a late-onset disease. Fourth, to develop and maintain synapses,
neurons have a high demand of cholesterol, which is supplied by astro-
cytes (Mauch et al., 2001; Valenza et al., 2007b; Nieweg et al., 2009;
Valenza et al., 2015a). Finally, first attempts at delivering cholesterol
(Valenza et al., 2015b) or at modulating cholesterol catabolism
(Boussicault et al., 2016) in the mouse HD brain have been proven be
beneficial. However, to date there are no direct measurements of cho-
lesterol biosynthesis in the adult mouse HD brain and evidence of CAG
length–dependence is missing.

Here we performed a cross-validation study aimed at measuring
cholesterol biosynthesis in vivo in the adult mouse brain by indepen-
dent methods. The tissue concentration of the cholesterol precursor,
lathosterol, was compared to the fractional synthesis rate of cholesterol,
and brain and plasma24OHCmeasured by isotope labelingwith deuter-
ated water (Lee et al., 1994) themeasures of cholesterol synthesis were
then compared to the concentration of cholesterol andbrain andplasma
24OHC, determined by isotope dilution mass spectrometry (Cohen et
al., 1980). Control and heterozygous knock-in mice carrying 175 CAG
repeats (herein referred as Q175; (Menalled et al., 2012) as well as
mice carrying 20, 80, 111 CAG repeats were included in the study.
The Q175 mouse model exhibits progressive and early-onset HD-
related alterations, while the shorter repeat genotypes develop
symptoms late in life or not at all; these mice enabled us to test
whether any of the parameters measured were CAG dependent at
different stages of disease. Additionally, we investigated whether
the fraction of newly synthesized cholesterol, which is metabolized
into 24OHC and can be measured in the blood, faithfully represents
newly synthesized cholesterol in the brain, thus making this measure-
ment potentially useful as a clinical biomarker for CNS cholesterol
biosynthesis.

2. Material and methods

2.1. Deuterated water labeling and tissue collection in c57bl/6 mice

For deuterated water labeling, 4-months old animals received a
priming intraperitoneal (i.p.) bolus of 49 mL/kg 0.9% NaCl in 99.9%
2H2O and were maintained on 8% 2H2O in drinking water for two
weeks until sacrifice. This regimen results in steady state values of
about 5% excess 2H enrichment of bodywater. At the end of the labeling
period, mice were euthanized and blood drawn by cardiac puncture.
Samples from 5 mice were pooled and centrifuged to separate plasma
and stored at −80 °C. Brain was removed and dissected into striatum,
cortex and cerebellum and frozen on dry ice. Samples from 5 mice
were pooled by brain region and stored at−80 °C.

2.2. Deuterated water labeling and tissue collection in WT and Q175 mice

Given that homozygosity is very rare in humans, all the analyses
were performed in the heterozygous Q175mice. Striatum, cortex, cere-
bellum, and blood fromall animals have beenprovided by PsychoGenics

(USA). 5 weeks old animals were labeled with 2H2O for one week
whereas 6-months and 12-months old mice were labeled for two
weeks with 2H2O as described above. Animals were food deprived for
4 h and perfused with saline prior to tissue collection. The number of
hemizygous and age-matchedWT littermates used for the experiments
were indicated in the figure legends.

2.3. Myelin isolation

Individual brain region from 20 mice (tissue from 5 mice were
pooled per sample for n = 4 samples per group) was weighed and ho-
mogenized with tissue homogenizer (Fastprep®24-MP Biomedical) in
10 mL of 30% sucrose solution. 10 mL of 10% sucrose solution was lay-
ered over 10 mL of brain homogenate in polycarbonate ultracentrifuge
tube and centrifuged at 25000RPM for 30 min in SW-17 rotor. The my-
elin layer at the interface of the two sucrose solutions was collected
with a Pasteur pipette and the pellet constituted the ‘myelin-depleted
fraction’. The procedurewas repeated twice to further deplete the pellet
of myelin by resolubilizing the pellet with 2.5 mL of 30% sucrose and
layering with 1.9 mL of 10% sucrose solution in 4 mL tubes. The tubes
were centrifuged at 2500RPM for 30 min in Ti 50.4 and the myelin at
the interface was extracted with 2 mL pasture pipette. For further puri-
fication of isolated myelin, the combined myelin extract washed with
water (1:1, v/v), resuspended in 2.5mL of 30% sucrose solution and lay-
ered with 1.9 mL of 10% sucrose. The tubes were centrifuged at
25000RPM for 30 min in Ti50.4 rotor, the myelin at the interface of
the two solutions removed andwashedwithwater. The purifiedmyelin
and the myelin-depleted fraction were reconstituted in 500ul of water
and stored at−20 °C.

2.4. Brain sterols (lathosterol, desmosterol cholesterol and 24OHC) synthe-
sis rates

Lipid was extracted in 2:1 chloroform methanol from myelin-
enriched and myelin-depleted fractions of each brain region. 125 μg of
butylated hydroxytoluene (BHT)was added to 75 μL lipid extract and al-
kaline hydrolysis was performed with 2 mL of NaOH in 90% ethanol for
2 h at 50 °C. The sterols were extracted three times with 4 mL of cyclo-
hexane and evaporated under streamof nitrogen. The dried samplewas
acetylated for subsequent analysis by GC/MS as described previously
(Lee et al., 1994) on an Agilent Technologies GC6890N equipped with
DB-17MS column (30m× 0.25mm× 0.25 µm) and 5973Nmass detec-
tor operated in selected ion-monitoring mode. The selected ions corre-
sponding to M0 & M1 mass isotopomers for cholesterol were m/z 368
and 369, for 24OHC were m/z 426 and 427, for lathosterol were m/z
428 and 429, and for desmosterol werem/z 366 and 367. For each ana-
lyte, fractional synthesis was calculated as described below.

2.5. Calculation of fractional synthesis

Cholesterol and 24OHC synthesis rate are expressed as fractional
synthesis (%) over the duration of label. The fractional synthesis (f)
was calculated on the basis of the precursor-product, or rise-to-plateau,
approach, f = EM1/A∞, where EM1 represents the mass + 1-labeled
species in excess of natural abundance, and A∞ represents the theoreti-
cal plateau or asymptotic value for fully labeled moiety. The theoretical
plateau or asymptotic value A∞ during 2H2O labelingwas determined by
mass isotomer distribution analysis (MIDA) of the combinatorial label-
ing pattern based on precursor 2H–enrichment (Hellerstein and
Neese, 1992). When the duration of label was different for different
age-groups, data for cholesterol and 24OHC are represented as synthe-
sis rate per day, calculated as –ln(1-f)/t, where (f) is fractional synthesis
and (t) the duration in days of label.
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2.6. Plasma 24OHC and cholesterol synthesis rates

For analysis of cholesterol, 125 μg of BHT added to 1.5 mL plasma
(pooled from5miceper sample in the samemanner as for brain tissues)
and hydrolyzed with 2 mL of 1 M NaOH in 90% ethanol for 2 h at 50 °C.
1 mL of water added and the unsaponiable part was extracted three
times with 4 mL of cyclohexane. The combined top organic phase was
dried with stream of nitrogen. For analysis of 24-hydroxy cholesterol,
the lipid extract were dissolved in 2 mL of toluene and loaded to
500 mg/3 mL strata Sl-1 SPE column (Phenomenex) preconditioned
with methanol and hexane. The columnwas washed with hexane, cho-
lesterol was eluted with 0.5% isopropanol in hexane, and 24-hydroxy
sterol and other oxysterolswere elutedwith 30% isopropanol in hexane.
Each fractionwasdried under streamof nitrogen and acetylated for sub-
sequent analysis by GC/MS as described above.

2.7. Isotope dilution mass spectrometry

Tissue homogenates were prepared in PBS. The weight of each sam-
ple was used to normalize raw data. Fifty microliters of homogenates
were added to a screw-capped vial sealed with a Teflon-lined septum,
together with 100 ng of 5a–cholest-7-en-3b-ol-1,2,5a,6a-d4 (D4-
lathosterol; CDN Isotopes), 200 ng of D324S–hydroxycholesterol, and
5 μg of (D6) cholesterol internal standards. To prevent self-oxidation,
25 μL of butylated hydroxytoluene (BHT) (5 g/L) and 25 μL of EDTA
(10 g/L) were added to each vial, and argon was flushed through to re-
move air. Alkaline hydrolysis was allowed to proceed at room tempera-
ture (22 °C) for 1 h in the presence of 1 M ethanolic potassium
hydroxide solution undermagnetic stirring. After hydrolysis, the neutral
sterols (cholesterol, lathosterol, lanosterol and desmosterol; herein only
lathosterol has been shown and oxysterol (24OHC) were extracted
three times with 5 mL of cyclohexane. The organic solvents were evap-
orated under a gentle stream of argon, and converted into trimethylsilyl
ethers with N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) at 70 °C
for 30min. Gas chromatography–mass spectrometry (GC–MS) to quan-
tify single components was performed as described by Valenza et al.
(2007a, 2007b).

2.8. Western blot analysis

Protein lysates from a small aliquot (2 μL) of the same homogenates
used for in vivo labeling studies were prepared by adding 50 μL of RIPA
buffer supplemented with PMSF (1:250; Sigma-Aldrich) and protease
inhibitors (1:100; Sigma-Aldrich). Proteins were separated by SDS-
polyacrylamide gel electrophoresis and then transferred to a nitrocellu-
lose membrane using a Trans-Blot Turbo System (Bio-Rad). The mem-
branes were next probed with mouse anti-MBP (1:500; Chemicon),
mouse anti-SNAP25 (1:1000; Becton Dickinson), mouse anti-GFAP
(1:500; Becton Dickinson) and mouse anti-α-tubulin (1:5000; Sigma-
Aldrich), followed by washing, and probing with horseradish peroxi-
dase-conjugated secondary antibodies (1:3000; Bio-Rad). Bands were
visualized with enhanced chemoluminescence (Pierce) and imaged
with the ChemiDoc MP Imaging System (Bio-Rad).

2.9. Real time PCR

Total RNA from tissues was isolated with TRIzol Reagent (Life Tech-
nologies). Total RNA (0.5 μg)was reverse-transcribed to single-stranded
cDNA using the iScript cDNA synthesis kit (Bio-Rad). For each reverse-
transcribed product, three real-time PCR analyses were performed in
duplicate for each of the analyzed genes. Real time PCR was performed
on an iCycler Thermal Cycler with a Multicolor Real-time PCR Detection
System (Bio-Rad) using TaqMan 2× Master Mix (Bio-Rad). Taqman
primer/probe sets were designed in collaboration with Bio-Rad techni-
cal service and are available upon request. Relative gene expression
was determined usingΔΔCtmethod, normalizing to b-actin and Gapdh.

2.10. Statistics

No statisticalmethodswere used to predetermine sample sizes. Data
were expressed asmean± S.E. M or±S.D. as indicated. Statistical anal-
ysis was performed by two-tail Student's t-test, one-way ANOVA with
Newman–Keuls Multiple Comparison post-hoc test or two-way
ANOVA with Holm-Sidak's multiple comparison test, as indicated. Nor-
mality of the data was assessed using the Shapiro-Wilk test. Differences
for which p was b0.05 were considered to be significant.

3. Results

3.1. Cholesterol, lathosterol and 24-hydroxycholesterol synthesis rates in
wild-type mice

To determine the fractional synthetic rate of cholesterol, we utilized
in vivo stable isotope labeling and Isotope Dilution mass spectrometry
(ID/MS) analysis (Lee et al., 1994).Malemicewere labeledwith deuter-
ated water (8% 2H2O) for 2 weeks added in the drinkingwater (see ma-
terial and methods). Deuterium incorporated into newly made
cholesterol and the 2H enrichment in cholesterol and its precursor,
lathosterol, as well its catabolite, 24OHC, were measured by mass spec-
trometry. Since labeled water freely and rapidly penetrates all tissues in
the body and deuterium enrichments can be easilymaintained at a con-
stant level for days or weeks, the synthesis rate of very slowly turning
over pools of cholesterol can be accurately determined.

Cholesterol biosynthesis rates were first measured in 4-month-old
littermate wild-type (WT) mice. We purified myelin-enriched and my-
elin-depleted fractions (Zoller et al., 2008) from striatum, cortex and
cerebellum of the labeled mice to characterize the contribution of de
novo cholesterol synthesis in these two potentially distinct pools of cho-
lesterol in the brain. To check for the efficiency of purification, we mea-
sured the levels of MBP (a marker of myelin), GFAP (a marker of
astrocytes, which are regarded as the cells that producemost of the cho-
lesterol in the adult brain; (Mauch et al., 2001)) and SNAP25 (a marker
of neurons) in myelin-depleted and myelin-enriched fractions. Both
preparations contained neuronal cells and astrocytes (as detected by
SNAP25 and GFAP, respectively) but the myelin-depleted fractions
wereMBPnegative, indicating thatmeasures of cholesterol biosynthesis
rates in myelin-depleted fractions had limited myelin contamination
(Fig. 1A). Cholesterol synthesis rate, expressed as cholesterol fractional
synthesis % for the duration of 2 weeks of label (see methods), was in
general lower inmyelin-enriched fractions compared tomyelin-deplet-
ed fractions (Fig. 1B), consistent with the notion that myelin lipids turn
over more slowly than other brain lipid pools (Aggarwal et al., 2011). In
both fractions, cholesterol synthesis rate was highest in cortex with re-
spect to striatum and the lowest rate of synthesis was found in cerebel-
lum (Fig. 1B). The synthesis rate of lathosterol was also measured and
found to be fully turned over in both myelin and myelin-depleted frac-
tions in all brain regions (data not shown).

In order to maintain homeostasis in brain, cholesterol synthesis and
degradation are equilibrated through its oxidation to 24OHC, which is
catalyzed by cholesterol-24-hydroxylase (CYP46a1), a supposedly neu-
ronal-specific enzyme prevalent in striatum and cortex (Lund et al.,
1999; Ramirez et al., 2008). 24OHC, in contrast to cholesterol, crosses
the blood-brain barrier (BBB) and is exported into the circulation to pre-
vent excess accumulation of cholesterol in brain. The synthesis rate of
24OHC in the present study refers to the de novo synthesis of 24OHC
from Acetyl CoA. Accordingly, the measure of 2H enrichment in
24OHC reflects the proportion of newly synthesized cholesterol that
was catabolized into 24OHC; this is based on the assumption that both
non-labeled and labeled cholesterol contribute to 24OHC formation. If
the enrichment in 24OHC and cholesterol in brain is equal, then the syn-
thesis rate of 24OHC can be used as a surrogate for whole brain choles-
terol synthesis ((Bjorkhem et al., 1998; Meaney et al., 2000). As shown
in Fig. 1C, the 24OHC fractional synthesis in adult mice mirrored the
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cholesterol fractional synthesis in all the brain regions tested both in
myelin-enriched and myelin-depleted fractions, suggesting that
24OHC is formed from cholesterol locally and there is no bias toward
conversion of newly made cholesterol into 24OHC. Cholesterol synthe-
sis rate (Fig. 1B) and new cholesterol present in 24OHC (Fig. 1C) were
also highly correlated as shown in Fig. 1D (values represent average of
myelin and myelin-depleted fractions by brain region).

3.2. Cholesterol biosynthesis in the striatum of Q175 mice

The striatum is among thebrain regionsmost affected inHD. Of note,
the content of cholesterol in the striatummeasured by mass spectrom-
etry is the highest compared to other brain regions ((Runquist et al.,
1995; Zhang et al., 1996; Dietschy and Turley, 2004) likely due to its
richness in interconnections and synapses that require high cholesterol
content.We firstmeasured lathosterol content by isotopic dilutionmass
spectrometry in the striatumofWTand heterozygousQ175miceduring
phenotype progression (n= 10 animals/genotype for each time point).
As shown in Fig. 2A, lathosterol levels were significantly reduced in the
striatum of Q175 mice since the age prior to motor deficits (5 weeks of
age)with respect toWTmice, with the difference beingmore evident at
ages with emerging motor deficits (25 weeks) and significant motor
deficits (54 weeks). In agreement with what has already been reported
for other HDmousemodels (Valenza et al., 2007b; Valenza et al., 2007a;
Valenza et al., 2010), our data here suggests that cholesterol precursor
level is affected early in the Q175 mouse model.

To attribute decrease in precursor level to decreased cholesterol bio-
synthesis, we measured the in vivo cholesterol biosynthesis rate with
deuterated water in the samemouse lines and at the same time points.
We performed evaluations for both myelin-enriched and myelin-de-
pleted fractions from different brain tissues ofWT andQ175mice. How-
ever, as the contribution of oligodendrocytes to cholesterol production
in the adult brain is limited (Dietschy and Turley, 2004), we show
data only from myelin-depleted fractions. As expected, lathosterol was
completely turned over in both genotypes at all time points (data not
shown). The cholesterol fractional synthesis rate, expressed as rate per
day since mice of different ages had different durations of label (see
methods) was reduced in the striatum of Q175 mice compared to WT
mice at all ages examined, which were statistically significant at 25
and 54 weeks (10–18% reduction, Fig. 2B). Taken together, the reduced
cholesterol concentration and fractional synthesis, suggest that the ab-
solute production of cholesterol is reduced at early time points in the
striatum of Q175 mice. Of note, in agreement with the notion that cho-
lesterol biosynthesis is high during postnatal stage (up to 4 weeks of
age) and low (albeit measurable) in the adult brain, we report that
both lathosterol levels (Fig. 2A) and cholesterol synthesis rates (Fig.
2B) were highest in young mice but decreased in older mice, regardless
of the genotype.

We next asked if reduced cholesterol synthesis rate might lead to a
decrease in cholesterol content in the striatum of Q175 mice. In agree-
ment with the literature (Jurevics and Morell, 1995; Dietschy and
Turley, 2004), cholesterol levels increased steadily with age in the WT
brain. In contrast, Q175 mice did not accumulate cholesterol in the

Fig. 1. Synthesis rate of brain cholesterol and 24OHC in c57bl/6 mice. (A) Representative western blot analysis for GFAP (marker of astrocytes), SNAP25 (marker of neurons) and MBP
(marker of oligodendrocytes) in myelin-depleted and –enriched fractions purified from a subset of cortical and cerebellar samples, in which cholesterol biosynthesis rates were
measured. Alpha-tubulin was used as loading control. (B–C) Synthesis rate of cholesterol (B), and 24OHC (C) in myelin-depleted (left) and in myelin-enriched fraction (right) from
different brain regions (cortex, CTX; striatum, STR; cerebellum, CRB) in 4 month-old c57bl/6 mice. Synthesis rate is expressed as fractional synthesis % for the duration of 2 weeks of
label. (D) Correlation between % new cholesterol and 24OHC synthesis in striatum of 4-month-old c57bl/6 mice. The values are the average of data obtained for myelin-enriched and
myelin-depleted fractions by brain regions (black, CTX; dark grey, STR; grey, CRB) shown in Fig 1B and C. The graphs in (B, C) show the mean ± SD of fractional synthesis (%) of n = 4
samples per group, each sample was tissue pooled from 5 mice (all males). Statistics: 2-way ANOVA with post-hoc Holm-Sidak comparisons. ****p b 0.0001 for each brain region.
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Fig. 2. Brain cholesterol homeostasis in Q175 het mice during disease progression. Lathosterol (A), cholesterol (C) and 24OHC (E) levels measured by ID-MS in striatum ofWT and Q175
mice at 5, 25 and 54weeks of age. Cholesterol synthesis rate per day (B) and 24OHC synthesis rate per day (D) in striatum ofWT and Q175mice at 5, 25 and 54weeks of age. The 24OHC
synthesis rate per day indicates the % of new cholesterol that is catabolized into 24OHC. (F) Correlation between % of new cholesterol and 24OHC synthesis inWT (white circle) and Q175
(black circle) mice in striatum at different ages. The graphs in (A, C, D) show themean from n=10mice (5males and 5 females) per group± SEM. The graphs in (B, C, F) show themean
from 4 samples per group, each sample was tissue pooled from 5 mice (all males) per group ± SD. Statistics: two-tailed unpaired t-test with age-matched WT. *p b 0.05; **p b 0.01,
***p b 0.001, ****p b 0.0001.

Table 1
Concentration of lathosterol, cholesterol and 24OHC in females andmales ofWT and Q175 mice. Statistics. Unpaired t-test WT vs Q175, within the same age and gender group, *p b 0.05;
**p b 0.01, ***p b 0.001.

Gender Females Males

Age 5 weeks 25 weeks 54 weeks 5 weeks 25 weeks 54 weeks
Genotype
(n = 5/group)a

wt Q175 wt Q175 wt Q175 wt Q175 wt Q175 wt Q175

Lathosterol
(ng/mg ww)

52,34
± 2,48

43,66
± 2.28*

17,84
± 1,23

8,33
± 0,675***

13,40
± 0,87

7,77
± 0.57***

46,11
± 0,80

45,89
± 1,49

16,16
± 1,77

7,72
± 0.77**

13,75
± 1,74

7,12
± 1.01*

Cholesterol
(μg/mg ww)

11,65
± 0,33

10,07
± 0.44*

12,57
± 0,28

10,85
± 0.48**

14,61
± 1,59

12,47
± 0.54*

11,04
± 0,25

10,95
± 0,47

13,13
± 0,37

12,69
± 0,53

15,11
± 0,81

11,16
± 0.67**

24OHC
(ng/mg ww)

48,39
± 1,70

40,64
± 2.60*

59,61
± 2,27

50,75
± 2.76*

63,20
± 2,87

52,72
± 0.90**

46,07
± 0,97

46,69
± 1,36

56,75
± 1,34

49,36
± 1.55**

58,67
± 2,57

47,65
± 3.93*

a Unpaired t-test wt vs Q175 (within the same age and gender groups).
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brain with age; an overall reduced cholesterol content was found in the
Q175 striatum, compared to WT mice, at 54 weeks of age (Fig. 2C). We
also noted a gender effect as female Q175 mice showed a reduction in
lathosterol and cholesterol at earlier time points (from 5 weeks of
age) compared to males (from 25 to 54 weeks of age) (Table 1).

The findings of reduced cholesterol biosynthesis (at early ages; Fig.
2A,B) and cholesterol content (at ages where the mice exhibit motor
deficits; Fig. 2C), together with the lack of evidence of cholesterol accu-
mulation at any of the timepoints analyzed, reinforce the notion of a de-
fect in cholesterol production in Q175 mice, and support previous
findings in R6/2, YAC46, YAC72, YAC128, Q111 knock-in mice and
tgHD rats carrying 51 CAG (Valenza et al., 2007b; Valenza et al., 2010).
This cross-validation analysis conducted in parallel by two independent
research units on the same samples supports the hypothesis that re-
duced cholesterol biosynthesis is the primary event that leads to a de-
crease in cholesterol content in mouse HD brain.

3.3. Cholesterol catabolism in the striatum of Q175 mice

To explore whether reduction rate of cholesterol synthesis can also
reflected in a reduction of 24OHC production in HDmice, we measured
2H enrichment in 24OHC in the striatum of WT and Q175 mice after in
vivo stable isotope tracking experiments. As shown in Fig. 2D, a 10–
14% significant reduction of 24OHC synthesis rate per daywas observed
starting from 25 weeks in the striatum of Q175 mice compared to WT
mice. Accordingly, 24OHC level, measured by isotope dilution mass
spectrometry, was reduced at 25 and 54 weeks of age in the striatum
of Q175 mice compared to WT mice (Fig. 2E), an event that occurs
later with respect to reduction of lathosterol level (Fig. 2A). All together
these results suggest that the reduced concentration of 24OHC is reflec-
tive of reduced cholesterol synthesis, not for example, reduced forma-
tion or increased clearance of 24OHC.

Importantly, there was a significant correlation between the frac-
tional synthesis rates of total cholesterol and 24OHC in the striatum
(but also in other brain regions, see Fig. 4E,F) of both genotypes (Fig.
2F) suggesting that 24OHC can be used to track cholesterol synthesis
in the brain.

3.4. Cholesterol biosynthesis and removal in other brain regions of Q175
mice

We next explored whether cholesterol biosynthesis and catabolism
are also reduced in cortex and cerebellum of Q175 mice. To better ap-
preciate differences between the brain regions tested, the striatal data
from Fig. 2 were re-plotted in Fig. 3. In contrast to the early reduction
in lathosterol found in the Q175 striatum, lathosterol levels were re-
duced in the cortex and cerebellum of Q175 mice only at 54 weeks
(Fig. 3A–C). Similar levels of cholesterol were found in cortex and cere-
bellum of WT and Q175 mice at all the time points (Fig. 3D–F), while
24OHC mirrored lathosterol, with a significant decrease in both cortex
and cerebellum only at 54 weeks (Fig. 3G–I).

In vivomeasurement of cholesterol, lathosterol and 24OHC synthesis
rates in the same brain regions and at the same time points revealed
similar and coherent findings with respect to the isotope dilution
mass spectrometry data. Similar to striatum, lathosterol was fully
turned over (fractional synthesis ~100%) in cortex and cerebellum in
both WT and Q175 mice (data not shown). Cholesterol synthesis rates
were similar in young Q175 mice andWTmice, but there was a signifi-
cant 7–10% reduction in cortex and 7–17% in cerebellum in 25- and 54-
week-old Q175 mice, respectively, compared to WT mice (Fig. 4A,B).
24OHC synthesis rate in cortex and cerebellum alsomirrored cholester-
ol with a 8–9% (in cortex) and 21–24% (in cerebellum) reduction in
Q175 mice, respectively, compared to WT mice (Fig. 4C,D). Similarly
to striatum, a significant correlation between the fractional synthesis
rates of total cholesterol and 24OHC was found in the cortex and cere-
bellum from WT and Q175 mice (Fig. 4E, F).

All these findings indicate that a reduction in steady-state
lathosterol and 24OHC, and cholesterol synthesis rates, in the absence
of changes in cholesterol content in the CTX and CRB of Q175, suggests
that these brain regions are more efficient in their compensatory re-
sponses to maintain cholesterol homeostasis, in comparison to the
striatum.

3.5. SREBP-dependent cholesterol biosynthesis genes in the striatum and
cortex from Q175 mice

Nearly all genes involved in cholesterol biosynthesis are transcrip-
tionally regulated by SREBP2 (Jeon and Osborne, 2012). SREBP activity
was reduced in an inducible cell model of HD, brain and primary astro-
cytes from the R6/2 mouse model (Valenza et al., 2005; Valenza et al.,
2015a), in N171-82Q mice (Lee et al., 2015) and in postmortem HD
brain (Valenza et al., 2005; Hodges et al., 2006). Here we analyzed
mRNA levels of hydroxyl-methyl-glutaryil-CoA-reductase (hmgcr) and
farnesyl-diphosphate farnesyltransferase 1 (fdft1) in the striatum and
cortex of WT and Q175 mice. mRNA level of Fdft1, encoding for the
first enzyme catalyzing the metabolic step in cholesterol biosynthesis
that is exclusively committed to sterol biosynthesis, was reduced of ~
20–30% in the striatum and in cortex from Q175 mice (0.82 ± 0,045
and 0.69 ± 0,064 respectively) compared to control mice (1.00 ±
0,028 and 1.00 ± 0,027 respectively). Also the mRNA level of Hmgcr,
encoding for the rate-controlling enzyme of the upstream mevalonate
pathway that produces cholesterol and other isoprenoids, was reduced
of ~20% in the striatum and cortex of Q175 mice (0.81 ± 0,041 and
0.80 ± 0,025) at 54 weeks of age compared to control mice (1.00 ±
0,021 and 1.00 ± 0,020).

All these data support the hypothesis that impaired SREBP2 activa-
tion in the presence ofmutant htt contributes to cholesterol dysfunction
in HD.

3.6. Cholesterol related parameters in striatumand cortex from allelic series
of knock-in HD mice

To test whether cholesterol dysfunction is CAG length dependent,
we measured cholesterol, cholesterol precursors and 24OHC in the stri-
atum and cortex from amouse allelic series (Q20, Q80, Q111, Q175 – all
HETs -versusWT control). In this experiment, samples fromWT (herein
defined as Q7) and Q175 mice were re-analyzed and plotted in the
graphs together with the other samples. Fig. 5A shows that lathosterol
level in 54-week-old striata correlates strongly (R2 = 0.96,252) with
CAG length with its level being Q175 b Q111 b Q80 b Q20 b Q7, while
in 54-week-old cortical samples, we found a CAG-dependent reduction
of lathosterol only in animals with Q111 and Q175 (Fig. 5B). Conversely,
cholesterol content (Fig. 5C) and 24OHC level (Fig. 5E) were reduced in
expanded Q striatal samples (Q80, Q111, Q175) compared to control
striata (Q7 andQ20) independent from the polyQ expansion. Significant
changes were observed for cholesterol (Fig. 5D) in expanded Q mice –
however with the Q111 samples that did not reach significance - and
a decrease of 24OHC level was found in cortical tissues of expanded Q
mice (Fig. 5F) independent from the length of CAG expansion.

All together, these data suggest that lathosterol, a precursor of cho-
lesterol biosynthesis, correlates strongly with CAG expansion in the
striatal samples.

3.7. Plasma 24OHC as a marker of brain cholesterol synthesis in HD

We next asked whether 24OHC in blood might reflect brain choles-
terol metabolism in Q175 and allelic series mice. Steady-state level of
plasma 24OHC was similar among all samples at 5 weeks of age (Fig.
6A). However, at 54 weeks of age, there was a significant reduction in
plasma 24OHC in Q80, Q111 and Q175 samples, compared to Q7(WT)
samples (Fig. 6B), mirroring the levels of brain 24OHC in the same
mice. In parallel, a statistically significant reduction in the plasma
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24OHC synthesis rate was detected in Q175mice at 25weeks of age, al-
though no significant changes were observed in other time points (Fig.
6C). Plasma cholesterol synthesis rate, which reflects peripheral choles-
terol, was not altered in Q175 mice at all time points (Fig. 6D) suggest-
ing that whole body de novo cholesterol metabolism is not affected in
HD mice.

We conclude that circulating 24OHC is reduced inHDmousemodels
with high CAG expansion (N80Q), mirroring the brain levels, and that
plasma 24OHC should be explored further for its utility as a biomarker.

4. Discussion

Our study provides a clear demonstration that a reduction in choles-
terol biosynthesis is associatedwithHDmousemodels. In particular, the

uniqueness of the approach,multi-platform, isotope dilutionmass spec-
trometry and deuterium incorporation analyses combined with in vivo
labeling based measurements of cholesterol synthesis, in the same
brain regions and time points by two independent research units, pro-
vided a rigorous cross-validation study with the best available technol-
ogies in at least one mouse model (i.e. Q175). Furthermore, the
inclusion of brain samples from a knock-in mouse series carrying 20,
80, 111 CAG in the isotopic-dilution mass spectrometry analyses pro-
vided solid evidence of a CAG length dependence of the lathosterol
level that robustly mirrors cholesterol biosynthesis rate in mouse brain.

Our previous in vitro and in vivo data have proposed that mutant
huntingtin moderates the cholesterol biosynthetic pathway in the
brain (Karasinska and Hayden, 2011; Valenza and Cattaneo, 2011).
This is based on mass spectrometry data showing reduced level of the

Fig. 3. Lathosterol, cholesterol and 24OHC levels in different brain regions of Q175 het mice during disease progression. Lathosterol (A-B-C), cholesterol (D-E-F) and 24OHC (G-H-I) levels
measured by ID-MS in striatum, cortex and cerebellumofWT andQ175mice at 5weeks, 25weeks and 54weeks of age. The graphs show themean fromn=10 animals/genotype±SEM.
The raw data for striatum are the same shown in Fig. 2. Statistics: two-tailed unpaired t-test with WT by region. *p b 0.05; **p b 0.01, ***p b 0.001.
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cholesterol precursor lathosterol at stages prior to onset of motor phe-
notypes in the brain regions from R6/2 and YAC128 mice and reduced
cholesterol content at more advanced stages. However, lathosterol
level is only an indirect measure of cholesterol biosynthesis (Kempen
et al., 1988). Furthermore, the measure of cholesterol content in a spe-
cific tissue reflects all cholesterol present in the brain and not the pool
of newly synthetized cholesterol. On the contrary, an in vivo labeling ap-
proach allows us to directly address questions related to synthesis rate/
day of a specific metabolite. By combining indirect and direct measure-
ments, in this report we show that cholesterol biosynthesis is signifi-
cantly reduced in the striatum (and other brain regions) of the Q175
mouse model.

The cross-validation analyses performed at different time points,
from young ages prior to phenotypic deficits to ages with emerging
and significant phenotypic deficits, allowed us to define the timing of
cholesterol dysregulation in the Q175 mouse model. Mass spectrome-
try data show that lathosterol levels are reduced in the striatum of
Q175 mice by 5 weeks of age, followed by a decrease in 24OHC levels
at 25 weeks of age. As cholesterol biosynthesis is reduced, there is
likely a compensatory response to reduce cholesterol catabolism

into 24OHC in order to maintain cholesterol levels in the brain.
However, at 54 weeks of age, the equilibrium between synthesis
and catabolism is compromised, leading to a reduced total cholester-
ol content compared to WT mice. In vivo labeling experiments are in
agreement with the mass spectrometry data, indicating that reduced
cholesterol biosynthesis is a primary event in the Q175 mice and is
not a consequence of cholesterol catabolism. Therefore, upstream
interventional strategies (i.e. at cholesterol synthesis) might be
more impactful in HD systems. Of note, the low daily synthesis rate
of cholesterol in different brain regions in Q175 mice supports the
hypothesis that the availability of newly synthesized cholesterol –
a small pool dedicated to synaptic transmission - is reduced in HD
mouse models and might further compromise neuronal functional
during disease progression. Additionally, Q175 striatum is affected
at an earlier time point than cortex and other brain regions, suggest-
ing a specific need of continuous production and/or availability of
cholesterol. Accordingly, the rodent and bovine striatum has been
described to contain higher levels of cholesterol compared to other
regions (Jurevics and Morell, 1995; Zhang et al., 1996), which may
account for its particular anatomical/functional properties.

Fig. 4. Cholesterol and 24OHC synthesis rates in different brain regions of Q175 het mice during disease progression. Cholesterol synthesis rate (A–B) and percentage of new cholesterol
into 24OHC (C–D) in cortex and cerebellum ofWT andQ175mice at 5weeks, 25weeks and 54weeks of age. The graphs show themean± SD, n=4 samples per group, each sample was
tissue pooled from 5 mice (all males). Statistics: two-tailed unpaired t-test with age-matchedWT. *p b 0.05; **p b 0.01, ***p b 0.001.
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Recently, we have shown that cholesterol supplementation via
nanoparticles rescues synaptic and cognitive dysfunction and partially
improved global activity in the R6/2-HD mice (Valenza et al., 2015b).
Another study has shown that the increase of brain cholesterol catabo-
lism, via adeno-associated virus-mediated delivery of CYP46A1 into the
striatum, partially improves neuropathology and motor deficits in the
samemouse HDmodel (Boussicault et al., 2016).Whether these appar-
ently opposed strategies act on the same molecular mechanisms is un-
known. 24OHC is supposed to be the “signaling molecule” that
induces the apoE-mediated cholesterol efflux from astrocytes to neu-
rons (Abildayeva et al., 2006). We may speculate that an increase of
neuronal 24OHC level stimulates cholesterol synthesis and efflux in as-
trocytes to supply new cholesterol to neurons. This is in agreementwith
the huge increase of desmosterol, the cholesterol precursor more relat-
ed to astrocytic cholesterol biosynthesis (Nieweg et al., 2009), observed
after CYP46A1 delivery in Boussicault work. Previous studies show that

lathosterol levels are reduced in the striatum or brain of several HD
mouse models in which CAGmutation in htt has been expressed in dif-
ferent contexts, i.e. over-expressed as N-terminal or full-length form
(R6/2 and YAC mice respectively; (Valenza et al., 2007b; Valenza et al.,
2007a) or expressed at endogenous levels in the knock-in models
(Q111 and Q175; (Valenza et al., 2010) and herein described). Here
we show that lathosterol level is reduced in the striatum of an allelic se-
ries of HDmice. This decrease is CAG-length dependent with the fold-
decrease being higher with the increase in CAG repeats. In particular,
we report that lathosterol levels are Q175 b Q111 b Q80 b Q20 b Q7,
suggesting that the reduction in cholesterol biosynthesis is proximal
to HD. This correlation was more evident at 54 weeks of age and in
striatum, suggesting that higher CAG expansionmay exacerbate cho-
lesterol dysregulation at ages with phenotypic deficits, while com-
pensatory mechanisms may occur at ages prior to onset of phenotypic
deficits.

Fig. 5. Lathosterol, cholesterol and 24OHC levels in striatum and cortex from allelic series of mice expressing increasing polyQ. Lathosterol (A,B), cholesterol (C,D) and 24OHC (E,F) levels
measured by ID-MS in the striatum (A,C,E) and in cortex (B,D,F) of Q7(WT) and Q20, Q80, Q111 and Q175 mice at 54 weeks of age. The graphs show the mean from n = 10 animals/
genotype ± SEM. The raw data for Q7 and Q175 mice are the same shown in Fig. 2. Statistics: one-way ANOVA, Newman–Keuls multiple-comparison post-test. *p b 0.05; **p b 0.01,
***p b 0.001.
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We previously proposed that reduced cholesterol biosynthesis may
result as a consequence of reduced SREBP activity. Here we found that
two SREBP2-dependent cholesterol genes are reduced in the striatum
and cortex of Q175 mice, compared to control mice. Reduced transloca-
tion of the active form of SREBP2, rather than its sequestration into
muHtt aggregates, might occur in the presence of CAG expansion, as
previously suggested (Valenza et al., 2005; Valenza et al., 2015a). How-
ever, differently from that observed in the R6/2 mice (Valenza et al.,
2005), we found a significant decrease of mRNA of these genes at a
later time point compared to reduced lathosterol levels. Further in
vitro and in vivo studies in which expression of cholesterol and lipid
genes are experimentallymanipulatedwill help to elucidatewhich cho-
lesterol related genes are more proximal to mutant htt in order to iden-
tify targets of intervention to restore cholesterol biosynthesis in HD.

We also previously explored the potential of circulating 24OHC as
candidate biomarker in HD mouse models and patients.

In humans, 24OHC is of cerebral origin and there is a continuous net
flux of this oxysterol across the BBB from brain into the circulation
(Lutjohann et al., 1996; Bjorkhemet al., 1998). In YAC128mice, circulat-
ing 24OHC levels are reduced reflecting what is observed in the brain
(Valenza et al., 2007b), while its level in plasma from HD patients
mimic HD onset and progression (Leoni et al., 2008; Leoni et al., 2011;
Leoni et al., 2013). Notably, 24OHC plasma level is significantly reduced
in pre-manifest HD gene positive subjects and can further distinguish
betweenpre-manifest and patientswith overtmotor disease.Moreover,
this measure has suggested to be second only to striatal volume in its
stability to distinguish among progression groups (Leoni et al., 2013).
Level of circulating 24OHC is linked to brain cholesterol synthesis, but
also increased clearance or reduced formation. The decrease in circulat-
ing 24OHC that we observed in mice carrying NQ80 suggests that
24OHC can be used in HD models to trace a defect in brain cholesterol
biosynthesis and, eventually, a neurodegenerative process. We should

consider that previous reports suggested only 50% of circulating
24OHC is of cerebral origin in mice (Meaney et al., 2000) and that the
power of this measure in mice might be lower than in humans, in
which almost all the 24OHC is of cerebral origin (Bjorkhem et al.,
1998). A longitudinal study for 24OHCwill be required to definewheth-
er 24OHC is a candidate biomarker in human HD. Using stable isotope
labeling we also demonstrate for the first time the use of deuterated
water labeling in plasma 24OHC as a surrogate, noninvasive measure-
ment of in vivo brain cholesterol synthesis.

In conclusion, we demonstrate that reduced cholesterol synthesis is
a biological pathway that is proximal to mutant huntingtin in mouse
models and future studies should examine perturbations of this path-
way with an eye toward therapeutic interventions in appropriate cells.
Importantly, the in vivo labeling study conducted in mice in this study
is fully translational and similar experiments could be conducted in
humans. Measurement of 24OHC in the plasma of HD patients after
2H2O labeling will help evaluate the relevance of 24OHC as a potential
biomarker in HD onset and progression.
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Cholesterol-loaded nanoparticles ameliorate
synaptic and cognitive function in Huntington’s
disease mice
Marta Valenza1,†, Jane Y Chen2,†, Eleonora Di Paolo1,‡, Barbara Ruozi3,‡, Daniela Belletti3,

Costanza Ferrari Bardile1, Valerio Leoni4,5, Claudio Caccia4, Elisa Brilli1, Stefano Di Donato4,§,

Marina M Boido6, Alessandro Vercelli6, Maria A Vandelli3, Flavio Forni3, Carlos Cepeda2,

Michael S Levine2, Giovanni Tosi3 & Elena Cattaneo1,*

Abstract

Brain cholesterol biosynthesis and cholesterol levels are reduced in
mouse models of Huntington’s disease (HD), suggesting that locally
synthesized, newly formed cholesterol is less available to neurons.
This may be detrimental for neuronal function, especially given
that locally synthesized cholesterol is implicated in synapse integ-
rity and remodeling. Here, we used biodegradable and biocompati-
ble polymeric nanoparticles (NPs) modified with glycopeptides (g7)
and loaded with cholesterol (g7-NPs-Chol), which per se is not
blood–brain barrier (BBB) permeable, to obtain high-rate choles-
terol delivery into the brain after intraperitoneal injection in HD
mice. We report that g7-NPs, in contrast to unmodified NPs, effi-
ciently crossed the BBB and localized in glial and neuronal cells in
different brain regions. We also found that repeated systemic
delivery of g7-NPs-Chol rescued synaptic and cognitive dysfunction
and partially improved global activity in HD mice. These results
demonstrate that cholesterol supplementation to the HD brain
reverses functional alterations associated with HD and highlight
the potential of this new drug-administration route to the
diseased brain.
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Introduction

Huntington’s disease (HD) is a genetic neurological disorder caused

by a CAG expansion in the gene encoding the huntingtin (HTT)

protein (HDCRG, 1993). Clinically, HD is characterized by motor,

cognitive, and psychiatric disturbances (Ross et al, 2014) and is

associated with neuronal dysfunction, atrophy of the striatum and

other brain regions, and progressive loss of striatal medium-sized

spiny neurons (MSNs) and of cortical pyramidal neurons (Vonsattel

& DiFiglia, 1998). Several molecular and cellular dysfunctions have

been identified (Zuccato et al, 2010), and one affected pathway

implicates brain cholesterol.

The brain is the most cholesterol-rich organ in the body, with

almost all of the cholesterol produced in situ, as circulating choles-

terol is not able to cross the BBB (Dietschy & Turley, 2004). A large

majority of cholesterol (> 70% of brain cholesterol mass) is present

in myelin sheaths. Indeed, the rate of cholesterol synthesis is highest

during post-natal stage to build myelin scaffolding. Cholesterol is

also a structural component of glial and neuronal membranes and is

concentrated in lipid rafts, specialized membrane microdomains

that initiate, propagate, and maintain signal transduction events

(Paratcha & Ibanez, 2002). Newly synthesized cholesterol is also

required for vesicle assembly and fusion (Huttner & Zimmerberg,

2001; Lang et al, 2001), synapse formation, integrity, remodeling

(Pfrieger, 2003), and neurotransmitter release (Thiele et al, 2000;

Mauch et al, 2001). Accordingly, a breakdown of cholesterol synthe-

sis causes brain malformations and impaired cognitive functions

(Valenza & Cattaneo, 2006).
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HD is characterized by abnormal brain cholesterol homeostasis.

Patients with HD show altered cholesterol homeostasis since pre-

and early stages of disease as judged by the plasmatic measure of

24S-hydroxy-cholesterol (24OHC), the brain-specific catabolite of

cholesterol able to cross the blood–brain barrier (BBB) (Leoni et al,

2008, 2013). Reduced cholesterol biosynthesis and levels are also

found in the brain of several HD mouse models (Valenza et al,

2007a,b, 2010). On the contrary, others reported an increased accu-

mulation of free cholesterol in brain tissues of HD mouse models

(Trushina et al, 2006; del Toro et al, 2010) likely due to different

sample preparation and less sensitive methods (colorimetric and

enzymatic assays) to detect and quantify cholesterol compared to

mass spectrometry (Marullo et al, 2012). Of note, more recently,

some of the same groups have reported a decrease of lathosterol

and cholesterol levels in the striatum of a HD mouse model by

means of mass spectrometry (Trushina et al, 2014). Cholesterol

dysregulation occurs in astrocytes (Valenza et al, 2015) and is

linked to a specific action of mutant HTT on sterol regulatory-

element-binding proteins (SREBPs) and its target genes, whose

reduced transcription leads to less brain cholesterol produced and

released and available to be uptaken by neurons (Valenza et al,

2005).

Accordingly, an early decrease of cholesterol production in the

HD brain might be detrimental for neuronal activities. Abnormalities

in synaptic communication within the striatum and between the

cortex and striatum occur long before, or in the absence of, cell

death in HD animal models (Milnerwood & Raymond, 2010) and

cognitive disturbances have been observed decades before predicted

clinical diagnosis in HD gene carriers (Levine et al, 2004; Paulsen &

Long, 2014). Similarly, brain cholesterol biosynthesis is significantly

reduced before the onset of motor symptoms in all the HD animal

models analyzed so far (Valenza et al, 2007a,b) and synaptosomes

—a compartment dedicated to impulse transmission and neuro-

transmitter release—carry suboptimal levels of sterols in the early

stages of HD in one mouse model (Valenza et al, 2010). However, a

link between the reduced level of cholesterol and neuronal dysfunc-

tion in vivo in HD is still missing.

Here, we explored the effects of cholesterol supplementation on

synaptic communication and machinery, motor and cognitive

behaviors, and neuropathology in the R6/2 mouse model, a well-

established early onset transgenic mouse model of HD (Mangiarini

et al, 1996). Since cholesterol does not cross the BBB, cholesterol

was delivered using a new technology for drug administration in the

brain (Vergoni et al, 2009; Tosi et al, 2010), that is, via biodegrad-

able polymeric (polylactide-co-glycolide, PLGA) nanoparticles (NPs)

modified with a glycopeptide (g-7) able to cross the BBB upon

systemic injection in mice (Costantino et al, 2005; Tosi et al, 2007,

2011b). The development of new strategies to enhance brain

delivery based on colloidal carriers is of great importance, since

nanocarriers can protect drugs and deliver them across the BBB to

target brain cells in a non-invasive way (Tosi et al, 2008). Notably,

both FDA and EMA have approved PLGA in various drug delivery

systems in humans (Mundargi et al, 2008), as confirmed by a

number of market products (i.e., Lupron Depot�, Nutropin

Depot �).

We report that, in contrast to unmodified NPs, g7-NPs efficiently

crossed the BBB and within a few hours after systemic injection

reached glial and neuronal cells in different brain regions.

Importantly, repeated systemic delivery of g7-NPs-Chol rescued

synaptic communication, protected from cognitive decline and

partially improved global activity in HD mice.

Results

Chemical–physical and technological optimization of unloaded
and cholesterol-loaded Nanoparticles

The chemical formulation and features of unloaded NPs (u-NPs)

herein employed have been largely described (Vergoni et al, 2009;

Tosi et al, 2011a, 2014; Vilella et al, 2014). To optimize the produc-

tion of NPs loaded with cholesterol (NPs-Chol), we first prepared

u-NPs and NPs loaded with different amounts of cholesterol (1, 5,

and 10 mg of Chol per 100 mg of polymer; herein defined as NPs-

Chol1, NPs-Chol2 and NPs-Chol3, respectively) according to the

nanoprecipitation procedure (Minost et al, 2012) (see Materials and

Methods). The composition of different NPs is described in

Appendix Table S1, and details about their optimization and charac-

terization are described in the Appendix.

NPs were characterized by their chemical–physical properties,

summarized in Appendix Table S2. The average diameter

(Z-average) of u-NPs ranged from 170 to 192 nm. Z-average for

NPs-Chol1 and NPs-Chol2 was lower than 210 nm, while size of

NPs-Chol3 ranged between 200 nm and 300 nm. The polydispersity

index (PDI value), a measure of the heterogeneity of NPs, was

0.08 � 0.01 for u-NPs, suggesting a homogeneous and monomodal

distribution population around the mean size. NPs-Chol1 and NPs-

Chol2 showed a PDI value of 0.09 � 0.01 and 0.11 � 0.02, respec-

tively, and a narrow dimension distribution, indicating that they are

monomodal and monodisperse systems. On the contrary, NPs-Chol3

was characterized by a PDI value close to 0.3, accounting for a

marked increase in sample heterogeneity. Zeta-potential (f-pot), a
function of particle surface charges that influences cell interaction,

was negative for all the NPs-Chol samples and similar to those of

u-NPs. Moreover, f-pot of NPs-Chol3 displayed higher standard

deviation (�12 � 10 mV) with respect to those of NPs-Chol1

(�9 � 4 mV) and NPs-Chol2 (�8 � 4 mV), further highlighting the

higher heterogeneity of this sample.

To evaluate whether and how the incorporation of cholesterol

influences the morphology, architecture and surface properties of

NPs, atomic force microscopy (AFM) and transmission electron

microscopy (TEM) analyses were performed on u-NPs and NPs-

Chol (Fig 1A–C). In agreement with the chemical–physical proper-

ties (Appendix Table S2), the “height” AFM image (Fig 1A, left

column), 3D reconstruction (Fig 1A, middle column), and TEM

micrograph (Fig 1A, right column) of u-NPs highlighted well

compact and defined spherical structures (Belletti et al, 2012). The

AFM analysis for NPs-Chol1 confirmed the spherical shape, but

shape and size were less homogeneous if compared with those of

u-NPs (Fig 1B). Particles adopted an irregular frame, evident in

the AFM 3D reconstruction, supporting the hypothesis that alter-

ation of polymer organization and intimate interplay between

cholesterol and PLGA occurred when cholesterol was added to the

formulation. The greater complexity of these samples was con-

firmed by TEM microphotographs (right columns) emphasizing the

less dense and compact structures of NPs-Chol1 with respect to
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u-NPs. NPs-Chol2 showed similar morphology and architecture of

NPs-Chol1 (data not shown). Instead, the AFM images of NPs-

Chol3 showed the presence of irregular structures and unformed

material and a remarkable tendency to aggregate (Fig 1C). With

respect to u-NPs and NPs-Chol1, NPs-Chol3 seemed to promote

the formation of disorganized clusters characterized by heteroge-

neous dimensions (242 � 52 nm) and by a roughness surface with

evident fissuring. Similarly, TEM microphotographs showed the

complexity of NPs-Chol3 that appeared with abundant adsorbed

unformed material (likely unloaded cholesterol) and modified NPs’

morphology.

We also evaluated the content of cholesterol into NPs (loading

capacity, LC%) and the encapsulation efficiency (EE%)

(Appendix Table S2). About 0.7 � 0.1 mg/100 mg of formulation,

corresponding to an EE of 68%, were loaded in the NPs-Chol1, indi-

cating that an important fraction of the initial cholesterol was stably

incorporated into the NPs-Chol1. On the contrary, a decrease in EE

value was observed as the amount of cholesterol used in the prepa-

ration increased. In NPs-Chol2 and NPs-Chol3, the EE remarkably

decreased (about 20%) although the highest value of drug loading

was observed in NPs-Chol3 (2.5 mg of Chol/100 mg of NPs).

However, as previously pointed out, cholesterol in NPs-Chol3 was

A

B

C

D E

Figure 1. Characterization of NPs loaded with different concentrations of cholesterol.

A–C AFM and TEM analysis of unloaded (u-NPs) and cholesterol-loaded NPs (NPs-Chol). AFM “height” images (left column), 3D reconstruction (middle column), and
TEM micrograph (right column) of u-NPs (A), NPs-Chol1 (B), and NPs-Chol3 (C).

D Release profile in water of cholesterol (continuous line, —) and NBD-Chol (dotted line, - - -) from NPs-Chol1 and NPs-NBD-Chol1, respectively. The graph
represents mean ± SEM. Data are from three independent experiments.

E In vitro release of NBD-Chol from NPs at different time intervals in NS cells. Data in the graph represent mean (lg) � SEM of total NBD-Chol (embedded into and
released from NPs; red columns) and NBD-Chol released after NPs degradation (purple columns) present in the homogenates of NS cells treated with NPs-NBD-
Chol1. Data obtained from four independent experiments. N.T.: not treated cells.
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not completely embedded, but a remarkable fraction was absorbed

onto the surface. Based on these analyses, NPs-Chol1 formulation

was used in all experiments.

Controlled release of cholesterol from NPs in physiological
conditions and in vitro

To explore the ability of the system to release cholesterol, we first

carried out release studies in deionized water for 10 days (Fig 1D).

The release profile of cholesterol from NPs-Chol1 (hereafter referred

as NPs-Chol; solid line) showed an initial “burst release” (< 8%)

during the first 3 days, followed by a second slow release phase.

Chol release was detected close to values of 18% over 10 days

owing to the poor water solubility of cholesterol (estimated to be

2 lg/ml). Moreover, during the second phase, the slow linear

release kinetic of Chol from NPs-Chol between day 5 and day 10

could be ascribed to NPs degradation.

In specific experiments, we also adopted a lead formulation

prepared by replacing cholesterol with the fluorescent cholesterol

derivative NBD-Chol to discriminate between endogenous

and exogenous cholesterol released from NPs. We therefore

characterized also the NBD-Chol-loaded NPs (NPs-NBD-Chol) in

terms of their chemical–physical and technological properties

(Appendix Table S2) and morphological features (Appendix Fig S1).

The release of NBD-Chol from NPs in water showed a slow kinetic

profile (Fig 1D, dotted line) similar to that observed for native

cholesterol (Fig 1D, solid line). Similar findings were observed

when the kinetic profile of drug release was evaluated in experi-

ments conducted in cultured cells (Fig 1E). Spectrophotometric

quantification of NBD-Chol in neural stem (NS) cells treated with

3 lg of NPs-NBD-Chol revealed that only 20% of the total NBD-

Chol taken by the cells was released after 24 h (0.05 lg vs. 0.23 lg;
Fig 1E, seventh and fourth columns, respectively). At 72 h, the

amount of NBD-Chol released increased to about 35% of the total

NBD-Chol taken up by cells (0.14 lg vs. 0.39 lg; Fig 1E, ninth and

sixth columns, respectively), confirming the slow kinetic profile of

cholesterol release from NPs.

g7-NPs distribution in HD cells and brain

The g7-NPs used in this study are designed to cross the BBB,

and previous studies indicated that about 10% are estimated to

penetrate the brain (Costantino et al, 2005; Tosi et al, 2007,

2011a,b, 2014). To verify that g7-NPs could penetrate HD cells,

primary neurons from R6/2 mice and neurons and astrocytes

from mouse NS cells carrying 140 CAG repeats (NS Q140/7)

were exposed to g7-NPs labeled with rhodamine to allow their

detection with fluorescence microscopy. Appendix Fig S2 shows

that g7-NPs are taken up in vitro by different brain cells express-

ing mutant Htt. Importantly, 4 h after a single intraperitoneal

(ip) injection into 8-week-old R6/2 mice and wild-type (WT)

littermates, both control (unmodified) NPs (C-NPs) and g7-NPs

were detected in the liver (Fig 2A) and in other peripheral

tissues (Appendix Fig S3), but only g7-NPs were detected in the

brain (Fig 2B). Quantification of g7-NPs yielded an approximate

ratio of ~10:1 in the WT liver compared to striatum and cortex

(Fig 2C). This quantification also revealed a reduced propensity

of g7-NPs to reach the R6/2 brain compared to the WT brain,

while g7-NPs were more prevalent in R6/2 liver compared to

WT liver, suggesting that HD-related mechanisms may influence

the BBB crossing of g7-NPs. g7-NPs were also found 24 h and

2 weeks after a single (Fig 2D) or multiple ip injections

performed in the same week (Fig 2E). High-magnification confo-

cal images indicated the presence of g7-NPs in different brain

regions and in IBA1 immunoreactive microglial cells (Fig 2F)

and in GFAP positive astrocytes (Fig 2G). Notably, g7-NPs were

also detected in neuronal cells, as demonstrated by immunostain-

ing against calbindin (Fig 2H; Appendix Fig S4) and DARPP-32

(Fig 2I).

Delivery and release of cholesterol in vivo in the R6/2 brain

To track the delivery and intracellular release of cholesterol from

g7-NPs, we employed rhodamine-labeled g7-NPs (Vergoni et al,

2009) loaded with the fluorescent cholesterol derivative NBD-

Chol (g7-NPs-NBD-Chol). NBD-Chol closely resembles the struc-

ture of native cholesterol and is normally used to study choles-

terol trafficking (Gimpl & Gehrig-Burger, 2007). Accordingly,

NBD-Chol, injected into brain ventricles of mice, co-localizes

with PMCA ATPase, a marker of plasma membrane, suggesting

that exogenous cholesterol is incorporated on brain cells’

membranes in vivo (Appendix Fig S5). We next monitored the

distribution of g7-NPs as red spots and the distribution of

released NBD-Chol as green signal. In vivo, at 12 and 24 h after

a single ip injection of g7-NPs-NBD-Chol, g7-NPs and NBD-Chol

co-localized in brain cells (Fig 3A and B). In particular, Fig 3B

shows the distribution of g7-NPs (red signal) and NBD-Chol

(green signal) in a brain section of a R6/2 mouse injected ip

with g7-NPs-NBD-Chol and sacrificed 24 h later. Both g7-NPs

and NBD-Chol signals co-localized as indicated by the scatterplot

of red and green pixel intensities. However, g7-NPs and NBD-

Chol were no longer co-localized after 14 days as demonstrated

in Fig 3C. Similar results were found at 7 days after ip injection

(data not shown). These findings indicate that NBD-Chol was

partially released from NPs 1–2 weeks after injection, in parallel

with a reduction in the signal from g7-NPs, probably due to

their degradation. Quantification of g7-NPs in brain slices from

injected mice confirmed a decreased number of NPs over time

as determined after normalizing the red spots on the mean size

of NPs (Fig 3D). In the liver, the kinetics of NBD-Chol release

and g7-NPs degradation was faster (< 24 h) than in brain

(Appendix Fig S6).

g7-NPs-Chol rescue synaptic activity in HD mice

As synaptic transmission in striatal MSNs is altered in R6/2 mice

during disease progression (Cepeda et al, 2003, 2004), we next

explored whether cholesterol supplementation to the brain via

systemic injection of g7-NPs-Chol restored synaptic parameters in

HD mice. Pilot experiments with R6/2 animals that received only

1 or 2 injections of g7-NPs-Chol did not show any significant

modifications in electrophysiological properties (data not shown).

We therefore designed our trials in order to provide sustained

and prolonged delivery of cholesterol to the HD brain. Treatment

started at the pre-symptomatic stage (5 weeks of age) and

continued until the symptomatic stage (9 weeks of age) under
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Figure 2. g7-NPs reach different brain cells and release cholesterol in R6/2 mice.

A, B Representative confocal images of liver (A) and brain (B) slices from R6/2 mice ip injected with C-NPs (left) or with g7-NPs (right) and sacrificed after 4 h.
C Quantification of g7-NPs localized in the liver, striatum, and cortex of WT (n = 3) and R6/2 mice (n = 3). Data are expressed as the number of g7-NPs for

100 lm2 � SEM. Statistics: *P < 0.05 determined by Student’s t-test.
D, E g7-NPs in brain slices from R6/2 mice administered with a single ip injection and sacrificed after 24 h (D, left) or 2 weeks (D, right) and after multiple ip injections

within 1 week (E).
F–I Representative confocal images of immunostaining against IBA1 (F), GFAP (G), calbindin (H), and DARPP-32 (I) on coronal sections of brains isolated from R6/2 mice

ip injected with g7-NPs and sacrificed at the indicated time points. White arrowheads indicate intracellular g7-NPs.

Data information: DAPI (A, B, D) or Hoechst 33258 (Ho) (F–I) was used to counterstain nuclei. Scale bars: 20 lm (A); 10 lm (B, D, E); 5 lm (F–I).
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two experimental regimens. One group of R6/2 mice and WT

littermates were administered 0.15 mg g7-NPs/g body weight for

each injection, once every two weeks (three injections total)

while the second experimental group was injected twice a week

(ten injections total) accounting for a total estimated amount of

6.3 lg or 21 lg of cholesterol injected, respectively. Four groups

were compared: WT mice administered with saline (referred to

as WT), R6/2 mice administered with saline (referred to as R6/

2), R6/2 injected with empty g7-NPs (referred to as R6/2-emp),

and R6/2 mice receiving three or ten injections (referred to as

R6/2-Chol). At sacrifice, the presence of g7-NPs was analyzed by

fluorescence microscopy in liver sections from each animal and

in cortical samples taken from the brains before the

electrophysiological recordings (Appendix Fig S7). At the end of

the analyses, data from the two experimental paradigms were

pooled together as no significant differences were found.

HD mouse models have been extensively analyzed for their basic

striatal electrophysiological phenotypes. Similar and robust defects

have been described in striatal MSNs, namely a reduced membrane

capacitance, a decrease in spontaneous excitatory postsynaptic

current (EPSC), and an increase in spontaneous inhibitory post-

synaptic current (IPSC) frequencies (Cepeda et al, 2003). The consis-

tency of these phenotypes across different HD mouse models

suggests that these changes are a result of the mutant huntingtin

gene. We therefore tested whether our experimental scheme for

cholesterol supplementation could reverse any of these phenotypes.

Our whole-cell patch-clamp recordings of MSNs in brain slices

showed that membrane capacitance, a reflection of membrane area,

was significantly reduced in R6/2 mice treated with saline or empty

g7-NPs (R6/2-untreated; data were pooled as no differences were

found), compared to WT mice (WT, treated with saline)

(Appendix Table S3). In contrast, in neurons from R6/2 mice

treated with g7-NPs-Chol (R6/2-Chol), cell capacitance was not

significantly reduced compared to WT cells, suggesting a mild

rescue of cell membrane area (Appendix Table S3). Input resistance

was found increased in both R6/2-untreated and R6/2-Chol neurons

compared to WT neurons. Additionally, a significant decrease in

the decay time constant in cells from R6/2-Chol mice compared

with cells from WT or R6/2 mice treated with saline or empty

g7-NPs was observed (Appendix Table S3). This effect may be

attributed to changes in membrane fluidity induced by cholesterol

supplementation.

The average frequency of spontaneous IPSCs was also signifi-

cantly higher in MSNs from R6/2-untreated mice compared to WT

mice (Fig 4A and B, inset), as previously observed (Cepeda et al,

2004). In contrast, R6/2-Chol mice displayed a significant reduc-

tion in the frequency of IPSCs compared to R6/2-untreated

(Fig 4B, inset), in particular for small-amplitude events (< 40 pA;

Fig 4B), while the cumulative inter-event interval histogram

showed a decreased release probability in R6/2-Chol compared to

R6/2-untreated cells (Fig 4C). Similar to MSNs from R6/2-

untreated mice, IPSCs from R6/2-Chol mice had faster kinetics

than cells from WT mice as judged by shorter decay time and

half-amplitude duration of the current events compared to WTs

(Appendix Table S4A).

The frequency of spontaneous excitatory postsynaptic currents

(EPSCs) (Fig 4D) was significantly reduced in R6/2-untreated mice

compared to WT mice (Fig 4E, inset). Although the decrease in

the average frequency of EPSCs was not significantly rescued in

R6/2-Chol mice, the cumulative inter-event interval indicated a

significantly increased release probability in R6/2-Chol cells

versus R6/2-untreated cells (Fig 4F). EPSC kinetics was similar

among groups, except for half-amplitude duration, which was

significantly shorter in R6/2-chol cells than in WT cells

(Appendix Table S4B). Altogether, these findings indicate that

specific membrane and synaptic alterations observed in MSNs

from R6/2 mice can be rescued by in vivo cholesterol supplemen-

tation through g7-NPs.

Cholesterol supplementation ameliorates cognitive
dysfunction in HD

We next assessed the impact of cholesterol supplementation on

the behavior of HD mice by using motor and cognitive tasks.

The injections regimen used in the behavioral studies, described

in Fig 5A, is the same employed for electrophysiological studies.

In the rotarod test, R6/2 mice treated with saline or empty g7-

NPs exhibited typical impaired coordination compared to WT

mice, as indicated by a shorter latency to fall from an accelerat-

ing rotarod. This deficit was not improved in R6/2-Chol mice

(Fig 5B). Similarly, in the open field test, reduced rearing activ-

ity, which is a form of vertical exploration, was not rescued by

cholesterol supplementation at 10 weeks of age (Fig 5C). At the

same age, the hypokinetic phenotype shown in R6/2 mice (mea-

sured as global activity in the open field) was still apparent in

R6/2-Chol, but the phenotype was less dramatic compared to

R6/2-untreated mice and significance reached P < 0.05 (Fig 5D),

suggesting that cholesterol supplementation partially ameliorates

locomotion-related behavior in a novel environment. Other

parameters (stereotyped movements, locomotion, resting time,

mean velocity) showed similar changes (Appendix Fig S8A).

Accordingly, R6/2-untreated mice worsened over time more than

R6/2-Chol mice (Appendix Fig S8B) as indicated by the signifi-

cant difference reached at later time points when the two groups

were compared at 8 and 10 weeks of age. These findings suggest

that sustained and repeated cholesterol supplementation might

slow the disease progression.

As changes in cholesterol synthesis/levels are associated with

cognitive decline (Suzuki et al, 2013), we next evaluated cognitive

tasks in HD mice after cholesterol supplementation. To evaluate

cognitive performance, we used the novel object recognition test, a

low-stress task aimed at evaluating recognition memory. Impor-

tantly, object memory is impaired in patients with HD. In a pattern

recognition task, subjects have to remember and touch the abstract

patterns they are shown during training and that are paired with a

novel pattern during testing. Early HD patients and clinically symp-

tomatic subjects performed significantly worse than control subjects

(Lawrence et al, 1996, 2000). R6/2-untreated mice showed a

pronounced inability to discriminate novel from familiar objects

from 8 weeks of age and worsened over time (Fig 5E). Notably,

R6/2-Chol mice performed as well as WT mice, indicating that

cholesterol supplementation rescued memory deficits at all time

points (Fig 5E). Importantly, the time-course analysis also revealed

that the benefit on recognition memory in R6/2-Chol mice was still

present at 12 weeks of age, that is, 3 weeks after the last injection

(Fig 5E).
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Cholesterol supplementation restores levels of synaptic
components but not neuropathology

To determine whether cholesterol supplementation modulates

synaptic protein machinery, we used biochemically purified

triton-insoluble fractions (TIF) from the brain of WT (n = 5),

R6/2-untreated (n = 6) and R6/2-Chol (n = 3) mice and performed

semiquantitative Western blotting for scaffolding proteins such as

PSD95 and gephyrin and NMDA receptor subunits (GluN1 and

GluN2B) (Fig 6A). Reduced PSD95, as well as a reduction in GluN1

and GluN2B, were found in R6/2-untreated mice compared to WTs,

as expected (Fig 6B). Importantly, cholesterol supplementation

A

B

D

C

Figure 3. Cholesterol delivery and release in vivo in the R6/2 brain.

A Representative confocal image (crop) of brain slices from R6/2 mice ip injected with rhodamine-labeled g7-NPs-NBD-Chol and sacrificed after 12 h, showing co-
localization of NBD-Chol (green) and rhodamine (NPs, red). Scale bar: 5 lm.

B, C Representative confocal image (low magnification) of brain slices from R6/2 mice ip injected with g7-NPs-NBD-Chol and sacrificed after 24 h (B) or 2 weeks (C) and
relative co-localization of NBD-Chol and g7-NPs. Scale bar: 10 lm.

D g7-NPs quantification in brain slices at the same time points in (B, C). Data are expressed as number of g7-NPs (evaluated based their size) for 100 lm2 � SEM.
Statistics: **P < 0.01 (48 h vs. 7 days; 7 days vs. 14 days), ***P < 0.001 (24 h vs. 7 days; 7 days vs. 14 days) determined by one-way ANOVA followed by Newman–
Keuls multiple comparison test.

Data information: DAPI was used to counterstain nuclei.
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A

B

D

E F

C

Figure 4. Systemic injections of g7-NPs-Chol rescue synaptic alteration in R6/2 mice.

A Spontaneous IPSCs were recorded from striatal MSNs (WTs = 52; R6/2-untreated = 27; R6/2-Chol = 29) at a holding potential of +10 mV. As no differences were
found between R6/2 mice treated with saline (R6/2) or with empty g7-NPs (R6/2-emp), data were pooled.

B Amplitude–frequency histogram and average frequency (inset) of IPSCs from R6/2-Chol, R6/2-untreated, and WT MSNs.
C Cumulative inter-event histogram showing the release probability of IPSCs in all groups.
D Spontaneous EPSCs were recorded from striatal MSNs (WTs = 52; R6/2-untreated = 27; R6/2-Chol = 29) at a holding potential of �70 mV. As no differences were

found between R6/2 mice treated with saline (R6/2) and with empty g7-NPs (R6/2-emp), data were pooled.
E Amplitude–frequency histogram and average frequency (inset) of EPSCs from R6/2-Chol, R6/2-untreated, and WT MSNs.
F Cumulative inter-event histogram showing the release probability of EPSCs in all groups.

Data information: (B, D–F) Data represent mean � SEM. P < 0.05 was determined by one-way ANOVA followed by Newman–Keuls multiple comparison tests (#P < 0.05,
##P < 0.01, ###P < 0.001 R6/2-untreated mice vs. R6/2-Chol mice; *P < 0.05, **P < 0.01, ***P < 0.001 WT mice vs R6/2-untreated or R6/2-Chol mice).
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normalized or increased the levels of these proteins (Fig 6B),

suggesting a rescue of the molecular composition of the synaptic

machinery contributing to synaptic structure.

To evaluate whether cholesterol supplementation also influences

the expression of synaptic genes, we performed qRT–PCR for a

panel of synaptic genes known to be reduced in HD. BDNF mRNA is

reduced in brain of several HD mice and is considered a critical hall-

mark in HD (Zuccato and Cattaneo (2014). Unpaired t-test between

R6/2-untreated and R6/2-Chol groups revealed a slight but signifi-

cant increase of bdnf expression in HD cortex after cholesterol

supplementation (Fig 6C). We also evaluated the expression of

snap25 and complexin II (Fig 6D and E), the latter being a gene

encoding for a presynaptic protein involved in neurotransmitter

release (Reim et al, 2001). Similarly to bdnf, mRNA levels of snap25

were significantly increased in cortex of HD mice after cholesterol

supplementation (Fig 6D). mRNA level of complexin II was strongly

reduced in cortex, hippocampus, and striatum of R6/2-untreated

mice compared to WTs. Cholesterol supplementation significantly

increased complexin II expression in hippocampus and striatum

from R6/2-Chol mice compared to R6/2-untreated mice (Fig 6E).

These findings suggest that cholesterol supplementation partially

ameliorates transcriptional abnormalities in the synaptic machinery

in HD mice.

We also quantified mRNA levels of genes considered to be MSN

markers, that is, darpp32, dopamine receptor D2 (drd2), and

muscarinic acetylcholine receptor M4 (chmr4). As expected, all

these genes were reduced in the striatum from R6/2-untreated mice

compared to WTs, but cholesterol supplementation did not signifi-

cantly influence their expression (Appendix Fig S9).

To investigate whether cholesterol supplementation counteracts

striatal atrophy and MSN degeneration, we performed unbiased

stereological analyses at 12 weeks of age. Reduced striatal volume

and enlargement of ventricles, both measures of striatal atrophy,

were observed in R6/2 mice treated with saline (R6/2) compared to

WTs (Appendix Fig S10; Fig 6F), as already reported in the litera-

ture. The administration of empty g7-NPs or g7-NPs-Chol did not

influence striatal volume in R6/2 mice (Appendix Fig S10). A statis-

tically significant reduction in ventricular volume was evident in

R6/2-Chol in comparison with R6/2 mice, similar to that observed

in WTs (Fig 6F). However, R6/2 mice treated with empty g7-NPs

(R6/2-emp) also showed a similar rescue, suggesting that the

administration of g7-NPs per se, likely due to degradation of PLGA

in lactic and glycolic acids, might influence this neuropathological

parameter.

Altogether, these findings suggest that cholesterol supplementa-

tion via g7-NPs is not sufficient to counteract brain atrophy and

neurodegeneration in R6/2 mice, at least with this experimental

paradigm, although it does increase the expression of specific genes

and synaptic proteins.

In vivo evaluation of safety of g7-NPs in HD mice

Cholesterol supplementation to the brain might lead to a further

reduction in cholesterol synthesis, already compromised in R6/2

mice (Valenza et al, 2007b). We therefore measured cholesterol

precursors and the brain-specific cholesterol catabolite 24OHC in

the brain of the treated mice at 12 weeks of age. Lathosterol, a

marker of cholesterol synthesis, was equally reduced in both

R6/2-untreated and R6/2-Chol mice compared to WTs (Fig 7A),

suggesting that exogenous cholesterol supplemented via g7-NPs

does not further decrease the endogenous biosynthetic pathway.

Similarly, 24OHC, an indicator of brain cholesterol catabolism that

usually mirrors cholesterol biosynthesis in brain (Lund et al, 2003),

was found similarly reduced in both R6/2 groups compared to WTs

(Fig 7B).

As it is known that most of the NPs (90%) localize in periph-

ery, we also measured mRNA levels of cholesterol biosynthetic

genes (hmgcr and fdft1) in liver and lung. The mRNA expression

of both cholesterol genes was similar in both tissues in all groups,

even in the presence of g7-NPs-Chol (Fig 7C and D). All these

results suggest that the exogenous cholesterol delivered to the

brain or accumulated in peripheral tissues does not lead to

alterations of endogenous cholesterol homeostasis in the time

frame analyzed in this study.

Although the NPs employed in this study are considered

biocompatible and biodegradable as made of PLGA, which is

approved by the FDA and EMA, an immunogenicity study of

these NPs in vivo is missing. Both PLGA, released after degrada-

tion of empty or cholesterol-loaded g7-NPs, and cholesterol itself

might influence immune responses. Therefore, we analyzed

mRNA levels of two pro-inflammation genes encoding for TNF-

alpha and IL6, in peripheral tissues from our cohorts. As shown

in Fig 7E and F, Tnf-alpha and Il6 mRNA levels were signifi-

cantly increased in the liver and in lung of R6/2 mice treated

with saline (R6/2) compared to WTs, supporting the available

evidence that peripheral inflammation is associated with HD

condition (Trager et al, 2014; Chang et al, 2015). Similar activa-

tion of inflammatory genes was also observed in R6/2 mice

treated with empty g7-NPs (R6/2-emp) or g7-NPs-Chol (R6/2-

Chol), suggesting that multiple administrations of g7-NPs (empty

or loaded with cholesterol) do not affect per se peripheral

inflammation in R6/2 mice.

Discussion

Synaptic dysfunction is an attractive target for possible HD therapies

as it occurs early in the disease process when cell death in HD

models is not obvious (Cepeda et al, 2004; Cummings et al, 2006;

Joshi et al, 2009; Milnerwood et al, 2010) and paralleling the

evidence that cognitive disturbances in patients with HD occur long

before onset of overt motor manifestations (Levine et al, 2004;

Paulsen et al, 2008; Schippling et al, 2009; Orth et al, 2010). We

show that exogenous cholesterol supplementation to the HD mouse

brain restores normal synaptic communication and protects mice

from cognitive decline. This study provides the missing link

between the reduction in brain cholesterol in the mouse HD brain

and some of the neuronal abnormalities in the disease state. The

data herein reported are in line with our recent in vitro studies,

suggesting that strategies aimed at supplying cholesterol to HD

neurons can ameliorate neuronal and synaptic dysfunction (Valenza

et al, 2015).

Cholesterol supplementation via ip injection of cholesterol-

loaded NPs normalizes GABAergic and, partially, glutamatergic

synaptic activity in striatal MSNs of R6/2 mice (Fig 4), supporting

the relevance of cholesterol in synaptic integrity and neuronal
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function (Pfrieger, 2003). Cholesterol supplementation also protects

R6/2 mice from cognitive decline as measured by recognition

memory recovery (Fig 5E). Novel object preference has been often

associated with the hippocampus; however, it also depends on

functional interaction between hippocampus and cortex (Barker &

Warburton, 2011) and, more recently, it has been linked to the

striatum (Darvas & Palmiter, 2009). Consistently, reduction of the

cholesterol sensor SCAP in the brains of mice leads to a decrease

in brain cholesterol synthesis and causes impaired synaptic trans-

mission and altered cognitive function assessed by novel object

recognition test (Suzuki et al, 2013). Of note, cognitive decline has

been recently associated with hippocampal cholesterol loss and

cholesterol infusion in aged mice improved learning and memory in

aged rodents (Martin et al, 2014a).

Several in vitro findings indicate that synaptic transmission is

sensitive to cholesterol levels both at pre-synaptic and post-

synaptic levels. Indeed, cholesterol depletion affects vesicle recy-

cling and fusion (Thiele et al, 2000; Dason et al, 2010, 2014;

Linetti et al, 2010), AMPARs mobility (Hering et al, 2003; Renner

et al, 2009; Martin et al, 2014b), and the distribution and

A

B C

D E

Figure 5. Systemic injections of g7-NPs-Chol ameliorate cognitive defects in R6/2 mice.

A Experimental paradigm performed in all the trials.
B Fall latency from an accelerating rotarod for 5- to 11-week-old WT and R6/2 mice during cholesterol supplementation (WT = 17; R6/2-untreated = 21;

R6/2-Chol = 13).
C Rearing activity in open field at 10 weeks of age (WT = 14; R6/2-untreated = 21; R6/2-Chol = 15).
D Global activity in the open field test at 10 weeks of age (WT = 14; R6/2-untreated = 21; R6/2-Chol = 15).
E Index of discrimination (%) in WT, R6/2-untreated, and R6/2-Chol mice during disease progression, at 8 weeks of age (WT = 24; R6/2-untreated = 36; R6/2-Chol = 21),

at 10 weeks of age (WT = 25; R6/2-untreated = 35; R6/2-Chol = 20), and at 12 weeks of age (WT = 24; R6/2-untreated = 30; R6/2-Chol = 19); the index above zero
indicates a preference for the novel object; the index below zero indicates a preference for the familiar object. As no differences were found between R6/2 mice
treated with saline (R6/2) or treated with empty g7-NPs (R6/2-emp), data were pooled.

Data information: Data in (B–E) are from three independent trials and represent mean � SEM. P < 0.05 was determined by two-way ANOVA (in B, C) and by one-way
ANOVA (in D, E) followed by Newmann–Keuls multiple comparison tests (#P < 0.05, ##P < 0.01, ###P < 0.001 R6/2-untreated mice vs. R6/2-Chol mice; *P < 0.05,
**P < 0.01, ***P < 0.001 WT mice vs. R6/2-untreated or R6/2-Chol mice).
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function of NMDAR (Frank et al, 2004, 2008). Accordingly, we

found that cholesterol supplementation increases the levels of

the scaffold synaptic protein PSD95 and NMDARs in synaptic

protein-enriched fractions of HD mice (Fig 6A and B), suggesting

that in vivo delivery of cholesterol contributes to preserve the

structure and integrity of the synaptic machinery. In agreement

with the biochemical findings, the partial but significant increase

of mRNA levels of bdnf, snap25, and complexin II (all involved

in synaptic transmission) in different brain regions of HD mice

after cholesterol supplementation (Fig 6C–E) suggests that choles-

terol may act at different levels in improving synaptic and cogni-

tive functions. In particular, mRNA levels of complexin II, a key

player in the mechanisms underlying cognitive processes (Reim

et al, 2001; Glynn et al, 2003), are reduced in R6/2 mice and in

human HD striatum and cortex (Morton & Edwardson, 2001;

Freeman & Morton, 2004) and complexin II knockout mice show

selective cognitive deficits that reflect those seen in R6/2 mice

(Glynn et al, 2003). The cognitive benefits might be also related to

an effect of exogenous cholesterol on hormone steroids (Hara et al,

2015), but further studies are needed to address this issue.

Cholesterol is also required to establish proper membrane perme-

ability, fluidity, and thickness, and it stabilizes membranes and

provides order to membranes. The partial rescue of membrane

capacitance and the decrease in the decay time constant that we

have observed in striatal MSNs from R6/2 mice treated with g7-NPs-

Chol (Appendix Table S4) suggest that cholesterol supplementation

A

C

F G

D E

B

Figure 6. Systemic injections of g7-NPs-Chol positively influence synaptic protein network but not neuropathology.

A, B Protein levels (A) and relative densitometry quantification (B) of several synaptic proteins in triton-insoluble (synaptic enriched) fractions purified from total brains
from WT (n = 5), R6/2-untreated (n = 5) and R6/2-Chol (n = 3). Levels of PSD95 and NMDA receptor subunits GluN1 and GluN2B are rescued in R6/2 mice by
cholesterol supplementation.

C–E mRNA levels for Bdnf (C), and Snap25 (D) in cortex and hippocampus; Complexin II (E) in cortex, hippocampus, and striatum from a subset of WT (n = 4), R6/2-
untreated (n = 7), and R6/2-chol animals (n = 3). As no differences were found between R6/2 mice treated with saline or treated with empty g7-NPs, data were
pooled.

F, G Representative images of Nissl staining (F) and ventricle volume revealed by Neurolucida analysis at 12 weeks of age in WT (n = 7), R6/2 (n = 7), R6/2-emp (n = 6),
and R6/2-Chol (n = 8) mice.

Data information: Data in (B–E, G) represent mean � SEM. P < 0.05 was determined by one-way ANOVA followed by Newman–Keuls multiple comparison tests (in B, E)
and by Student’s t-test between R6/2-untreated and R6/2-Chol (in C, D) (#P < 0.05, ##P < 0.01, ###P < 0.001 R6/2-untreated mice vs. R6/2-Chol mice; *P < 0.05,
**P < 0.01, ***P < 0.001 WT mice vs. R6/2-untreated or R6/2-Chol mice).
Source data are available online for this figure.
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induces changes in membrane fluidity. However, other than show-

ing its incorporation into the membrane (Appendix Fig S5), we were

not able to establish where exactly the exogenous cholesterol, once

released by g7-NPs, localizes in brain cells, and more refined

methods to visualize exogenous cholesterol at subcellular levels are

needed.

We also reported that cholesterol supplementation does not

rescue motor defects and restores only partially the global activity of

HD mice (Fig 5B and D). The dichotomy that we observed in rescu-

ing cognitive but not motor functions might be associated with

specific roles of cholesterol in neuronal function. Similarly,

neuropathological hallmarks such as striatal volume and MSN

markers (Appendix Figs S9 and S10) do not significantly change

after cholesterol supplementation in R6/2 mice, suggesting that

cholesterol alone, at least within this experimental paradigm, is not

sufficient to prevent brain atrophy or to improve neuropathology.

Of note, both empty g7-NPs and g7-NPs-Chol seem to counteract the

enlargement of ventricle volume observed in R6/2 mice (Fig 6F and G)

likely due to degradation of PLGA in lactic and glycolic acids that

might influence metabolic pathways related to energy. However, the

significance of this effect is unknown and cannot be ascribed to

cholesterol. We should also consider that the content of cholesterol

delivered to the brain through g7-NPs is estimated to be 21 lg (for

the ten injections) and, although we started the treatment at

5 weeks of age, cholesterol was released after 1–2 weeks as shown

by the co-localization studies (Fig 3). Both low dose and slow

timing of cholesterol release might not be sufficient to reverse motor

performance and brain atrophy in HD mice. Further studies, by

A B

C D

E F

Figure 7. Exogenous cholesterol or g7-NPs per se do not influence endogenous cholesterol synthesis or induce inflammatory response.

A, B Lathosterol and 24OHC measured by mass spectrometry in the brain of WT (n = 6), R6/2-untreated (n = 7) and R6/2-Chol (n = 5) mice.
C, D mRNA levels of hmgcr and fdft1 in liver and lung of WT (n = 7), R6/2-untreated (n = 8) and R6/2-Chol (n = 4) mice. As no differences were found between R6/2

mice treated with saline or treated with empty g7-NPs, data were pooled.
E, F mRNA levels of inflammatory genes in liver and lung of the of WT (n = 7), R6/2 (n = 4), R6/2-emp (n = 4) and R6/2-Chol (n = 5) mice.

Data information: Data in (A–F) represent mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001 was determined by one-way ANOVA followed by Newman–Keuls multiple
comparison tests.
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employing mini-pump-based strategies for early and continuous

delivery of well-defined concentrations of cholesterol, will allow to

gain more information about the possible impact of cholesterol

delivery on motor defects.

Recent advances in nanotechnology and growing needs in

biochemical applications have driven the development of multifunc-

tional nanoparticles. Nanodrugs in liposome- or albumin-based

formulations are already used in the clinic for some forms of cancers

(Barenholz, 2012; Sethi et al, 2013; Von Hoff et al, 2013), and

others are being tested in pre-clinical trials (Tasciotti et al, 2008;

Shen et al, 2013). This is the first study in which g7-NPs have been

applied to a disease model for CNS targeting of molecules that are

not able to cross the BBB (such as cholesterol). g7-NPs reach

different brain regions 2–4 h after a single systemic injection and

localize in different brain cells, including striatal neurons (Figs 1

and 2). Previous pharmacological and biodistribution studies esti-

mated that the percentage of g7-NPs that reaches the brain is > 10%

of the injected dose (Tosi et al, 2007) and that multiple non-

receptor-mediated mechanisms are implicated (Tosi et al, 2011b).

Other NPs carrying ligands, antibodies, or peptides for specific

receptors that enter into the brain by receptor-mediated endocytosis

usually reach the brain compartment as maximum level values

ranging from 0.1 to 1% of the injected dose (Gabathuler, 2010; Tosi

et al, 2012; Gosk et al, 2004) owing to a possible saturation of the

receptor or by the competiveness of endogenous ligands. Therefore,

g7-NPs may represent a novel tool that can be used for brain deliv-

ery of several molecules. However, from a therapeutic prospective,

we are conscious that additional quantitative studies of g7-NPs

alone and loaded with cholesterol are needed to increase the knowl-

edge about biodistribution and pharmacokinetics.

The polymeric NPs used in this study are made of PLGA, a

copolymer approved by the FDA as drug delivery system for parent-

eral administration (Danhier et al, 2012). PLGA is considered

biodegradable and biocompatible as it degrades completely into its

original monomers, lactic and glycolic acid, which are easily metab-

olized in the body via the Krebs cycle and then eliminated (Shive &

Anderson, 1997). However, specific studies concerning immune

reactivity of g7-NPs are missing. Similarly, depending on the mole-

cule delivered, specific studies should be performed in order to

exclude any immune reaction or other side effects in different

tissues. Our studies suggest that g7-NPs and cholesterol itself do not

induce inflammatory response in liver and lungs, where almost all

g7-NPs are localized. A more extensive biochemical study to evalu-

ate the impact of g7-NPs degradation (and of the molecule released)

is needed to accelerate preclinical testing and translational develop-

ments of these NPs.

A limitation of g7-NPs in this current study is the low drug

loading (1%) that does not allow the delivery of elevated

amounts of cholesterol. Presumably, a high amount of choles-

terol, its strong affinity for hydrophobic interactions, and the

rigidity of the sterane ring lead to the disruption of the PLGA

organization as observed for NPs-Chol3 formation (Fig 1), with a

marked increase in sample heterogeneity and low quality of

nanoparticles. The identification of strategies aimed at increasing

the amount of cholesterol encapsulated into g7-NPs without

affecting chemical–physical properties of NPs will allow to

reduce the number of injections/week while increasing the

amount of cholesterol that reaches the brain cells. From another

prospective, the low content and the slow release of cholesterol

by g7-NPs might be advantageous as cholesterol accumulation is

dangerous for the brain. Further studies are needed to identify

the threshold of cholesterol increase that is beneficial for HD

brain/neurons and beyond which negative effects may occur.

The very low dose of exogenous cholesterol delivered in the

brain of HD mice in our experimental paradigm (21 lg) does

not allow to discriminate it from the large content of endogenous

cholesterol even by mass spectrometry. However, the demonstra-

tion of a rescue in specific electrophysiological and behavioral

phenotypes support the notion that the exogenous cholesterol

delivered to the adult brain is sufficient to ameliorate neuronal

dysfunction in HD. A similar concentration of cholesterol infused

via osmotic pumps in aged mice has recently been able to

improve learning and memory in aged rodents (Martin et al,

2014a).

In conclusion, these results emphasize the beneficial effects of

cholesterol supplementation in reversing synaptic alterations and

delaying cognitive defects in the HD mouse brain. Additionally, this

study demonstrates the validity of a new technology based on

g7-NPs to administer drugs (besides cholesterol) to the HD brain

and lays the ground for future therapeutic approaches.

Materials and Methods

NPs formulation and characterization

Gly-L-Phe-D-Thr-Gly-L-Phe-L-Leu-L-Ser(O-b-D-Glucose)-CONH2 (g7)

was prepared as previously described (Tosi et al, 2011b) and conju-

gated with PLGA to obtain g7-PLGA. PLGA derivatization yields

were confirmed by nuclear magnetic resonance to be 30–40 lmol

peptide/g of polymer. PLGA conjugated with rhodamine (Sigma-

Aldrich) was prepared as previously described (Costantino et al,

2005; Tosi et al, 2005). In all NPs, a fraction of polyvinyl alcohol

(PVA) (about 12.5 mg PVA/100 mg NPs) remains stably associated

with the NPs despite the repeated purification. The residual PVA

forms a connected network with the PLGA chains becoming a

“secondary” constituent of the NPs and partially masking the

exposed acidic groups of the polymer. This explanation justifies the

less negative values of f-pot with respect to those of the NPs

prepared in the absence of PVA. Details related to the production

and characterization of NPs and related to Fig 1 are listed in the

Appendix Supplementary Methods.

Cell culture and glial and neuronal differentiation

Neural stem (NS) cells carrying normal (Q7/7) or mutant htt

(Q140/7) employed in this study and protocols for their differentia-

tion were previously described (Conforti et al, 2013; Valenza et al,

2015). Primary neuronal cultures were prepared from the cortex of

R6/2 mice embryos (day 18 of gestation) as previously described

(Valenza et al, 2015).

Animals and treatments

Experiments at the University of Milan were carried out in

accordance with the European Communities Council Directive
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2010/63/EU revising Directive 86/609/EEC regarding the care and

use of animals for experimental procedures. All procedures at

UCLA were performed in accordance with the U.S. Public Health

Service Guide for Care and Use of Laboratory Animals and were

approved by the Institutional Animal Care and Use Committee at

UCLA. Genotyping of R6/2 mouse colonies (~150 CAG repeats)

was performed by PCR of DNA obtained from tail samples, once

at weaning and again following sacrifice for verification. The

lifespan of this R6/2 mouse colony is approximately 12–14 weeks,

with HD-like phenotypes evident from 8 weeks of age. All the

mice have been randomly assigned to experimental groups, and

the investigators have been blinded to the sample group alloca-

tion during the treatments and experiments. For each injection,

the mice were administered 0.15 mg g7-NPs/g body weight (NPs

stock concentration is 12.5 mg/ml; 0.7 mg in 100 mg of NPs),

which corresponds to 1 lg of cholesterol/g. The chemical–

physical characterization and drug content in the g7-NPs used in

the pre-clinical trials is summarized in Appendix Table S5. The

complete list of WT and R6/2 animals used for each experiment

is described in Appendix Table S6. An initial trial was performed

in WT and R6/2 mice treated with control NPs loaded with

cholesterol (without g7, i.e., not able to cross the BBB). No

changes were found in terms of behavioral tasks and molecular

signature (Appendix Fig S11). Therefore, we decided to not

include these groups in subsequent trials with g7-NPs-Chol.

Immunohistochemistry

The animals were deeply anesthetized and transcardially perfused

with 4% PFA. When only NPs were detected, cells or tissues were

fixed in cold methanol at �20°C for 10 min, since fixation with

paraformaldehyde reduced rhodamine-related NP fluorescence.

Immunohistochemistry was performed on 15–30 lm coronal

sections with the following primary antibodies: rabbit anti-IBA1

(1:500; Wako), rabbit anti-GFAP (1:250; Dako), rabbit anti-

calbindin28 kDa (1:100; Swant), mouse anti-DARPP32 or rabbit

anti-DARPP32 (1:100, Epitomics; S. Cruz), and mouse anti-PMCA

ATPase (clone 5F10, 1:500; Thermo Scientific). Alexa Fluor 488-

conjugated goat secondary antibodies (1:1,000; Invitrogen) were

used for detection. Sections were counterstained with the nuclear

dye Hoechst 33258 or 40,6-diamidino-2-phenylindole (DAPI) (Invitro-

gen). Confocal images were acquired with a ZEISS LSM 510 or a

LEICA SP5 laser scanning confocal microscopes.

NPs quantification

To quantify NPs in different tissues, we used ImageJ software to

measure the fluorescence derived from the rhodamine used to label

the NPs. NPs were counted in 10 images for each tissue taken from

three WT and three R6/2 mice. Images were divided into three color

channels to set a threshold for the red produced by the NPs, and we

calculated the percentage of red signal for each image. Knowing the

total area of the field and the size of the NPs, we calculated the

approximate number of NPs in the selected area. The count of NPs

in the liver and in the brain was made at 20× and 60×, respectively,

and the data were normalized to compare the results. Ten images

for each animal/condition were analyzed. The images were

acquired with a Leica AF6000LX microscope.

Electrophysiology

At 10–11 weeks of age, mice were anesthetized with isoflurane and

decapitated, and the brain was rapidly removed to ice-cold dissec-

tion artificial cerebrospinal fluid (ACSF) containing 130 mM NaCl,

3 mM KCl, 26 mM NaHCO3, 1.25 mM NaHPO4, 10 mM glucose,

5 mM MgCl2, and 1 mM CaCl2 oxygenated with 95% O2/5% CO2

(pH 7.2–7.4, osmolality 290–310 mOsm/l). Coronal slices (300 lm)

of the striatum were cut with a microtome (Model VT 1000S, Leica

Microsystems) and transferred to an incubating chamber containing

oxygenated standard ACSF (with 2 mM CaCl2 and 2 mM MgCl2) for

1 h before electrophysiological recordings.

Whole-cell patch-clamp recordings were obtained from MSNs

visualized in slices with the aid of infrared video microscopy and

identified by somatic size and basic membrane properties (mem-

brane capacitance, input resistance, and time constant). The patch

pipette (3–5 MO) was filled with solution containing 125 mM

Cs-methanesulfonate, 4 mM NaCl, 3 mM KCl, 1 mM MgCl2, 9 mM

EGTA, 8 mM HEPES, 5 mM MgATP, 1 mM Tris-GTP, 10 mM

disodium phosphocreatine, and 0.1 mM leupeptin (pH 7.2, osmolality

270–280 mOsm/l).

Spontaneous postsynaptic currents were recorded in standard

ACSF. The membrane current was filtered at 1 kHz and digitized at

100–200 ls using Clampex 10.2 (gap-free mode). Cells were volt-

age-clamped at �70 mV to assess basic membrane properties.

Membranes were stepped to a holding potential of +10 mV to assess

GABAA receptor-mediated IPSCs. Bicuculline methiodide (10 lM)

was added to block GABAA receptor-mediated currents, and sponta-

neous glutamate receptor-mediated EPSCs were recorded at a hold-

ing potential of �70 mV. Spontaneous synaptic currents and event

kinetics were analyzed offline using the automatic detection proto-

col within the MiniAnalysis Program (Synaptosoft) and checked

manually for accuracy. Event counts were performed blind to geno-

type and treatment. The threshold amplitude for the detection of an

event (5 pA for glutamatergic currents and 10 pA for GABAergic

currents) was set above the root mean square background noise

level (1–2 pA at Vhold = �70 mV and 2–3 pA at Vhold = +10 mV).

Amplitude–frequency and inter-event interval distributions were

constructed to evaluate differences in events at each amplitude and

interval.

Behavioral characterization

Rotarod: Mice were first trained at a fixed speed of 4 rpm on the

apparatus (model 47600, Ugo Basile). After 1 h, the mice were

tested in an accelerating task (from 4 to 40 rpm) over 5 min, for

three trials per day for three consecutive days with an inter-trial

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

averaged. Open Field: The animals were placed individually into the

center of a transparent, square, activity-cage arena (45 cm × 45 cm)

(2Biological Instrument). Both horizontal and vertical activities

were assessed, monitoring mice allowed to freely move for 60 min

using the Actitrack software (2Biological Instrument) connected to

infrared sensors placed all around the square cage. Novel Object

Recognition Test: The device consisted of a Plexiglass square arena

(dimensions: 40 × 40 × 40 cm). All phases of the test were

conducted in the presence of low-intensity light. Mice were first

habituated to the arena in the absence of objects for 15 min (on one
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day, in the morning). On the same day, in the afternoon, two similar

objects were presented to each mouse for 10 min (A0 and A″), after

which the mice were returned to their home cage. Twenty-four

hours later, the same animals were tested for 10 min in the arena

with a familiar object (A″) and a new object (B). The index of

discrimination was calculated as (time exploring the novel

object � time exploring the familiar object) / (time exploring both

objects) × 100. Object preference was measured as (time exploring

each object) / (time exploring both objects) × 100. All experiments

were done blind to genotypes.

Triton-insoluble protein fraction preparation and Western blot

Triton-insoluble fractions of the brain were prepared as described in

the study by Gardoni et al (2009), separated on SDS–PAGE and

probed with specific antibodies. Antibodies used in these

experiments include anti-PSD-95 (1:1,000; #124011 SySy), NMDAR1

(GluN1) (1:500; #AB9864, Millipore), NMDAR2B (GluN2B) (1:500;

#MAB57578, Millipore), gephyrin (1:1,000; #147111, SySy), synap-

tophysin (1:1,000, S. Cruz), and beta-3-tubulin (1:3,000; #G7121,

Promega). Horseradish peroxidase-conjugated secondary antibodies

were then used (1:3,000; Bio-Rad). Bands were visualized with

enhanced chemoluminescence (Pierce) and imaged with the

ChemiDoc MP Imaging System (Bio-Rad). The bands were densito-

metrically quantified (Image Lab, Bio-Rad) and normalized for

Coomassie staining. Beta-3-tubulin was used as an additional loading

control.

RNA isolation, retrotranscription, and real-time quantitative PCR

Total RNA from tissues was isolated with TRIzol reagent (Life Tech-

nologies). Total RNA (0.25–1 lg) was reverse-transcribed to single-

stranded cDNA using the iScript cDNA synthesis kit (Bio-Rad). For

each reverse-transcribed product, three real-time PCR analyses were

performed in duplicate for each of the analyzed genes. An iCycler

thermal cycler with a Multicolor Real-time PCR Detection System

(Bio-Rad) was used to evaluate gene expressions. Taqman probes

with a FAM dye label (for cholesterol genes) or EVA Green Super-

mix (for inflammatory genes) was used, as previously described

(Valenza et al, 2015).

Nissl staining and Neurolucida analysis

Animals were perfused and brains dissected, frozen and serially cut

(30 lm-thick coronal sections) on the cryostat. One 30-lm-thick

section every five was stained with cresyl violet (Nissl staining).

Briefly, sections were dried overnight. Then, they were dehydrated

with a scale alcoholic of ethanol and xylene, than rehydrated, and

immersed in 1% cresyl violet and 1% glacial acetic acid aqueous

solution for 5 min. The staining was followed by a new dehydration

in ascending ethanol and xylene. Sections were cover-slipped with

Leica CV mounting media (Cat#14046430011). Brain, ventricle, and

striatum perimeters (relative to one hemisphere) were reconstructed

in a cerebral segment included between plates 19 and 39 of the

Franklin K. and Paxinos G. atlas (Paxinos & Franklin, 2008). They

were drawn at 40× at a microscope with a motorized stage inter-

faced to the computer, using the Neurolucida software (Microbright-

field Inc., VT, USA). The obtained volumes were analyzed with the

Neuroexplorer software (Microbrightfield Inc.) using the Cavalieri

formula for volume reconstruction.

Measurement of sterols

Samples were prepared and analyzed by isotopic dilution mass spec-

trometry as previously described (Valenza et al, 2010).

Statistics

SigmaPlot 12.3 (Systat software) or Prism 5 (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 in Prism whether data were normally distributed or not.

As they were all normally distributed, we used parametric tests.

The paper explained

Problem
Huntington’s disease is a genetic neurodegenerative disorder charac-
terized by progressive motor, cognitive, and psychiatric disturbances.
Cholesterol biosynthesis and content are reduced in the brain of
multiple animal models of HD. This dysfunction—of cerebral origin—
is measurable in blood of patients with HD since pre-symptomatic
stages of disease. However, a link between reduced synthesis/level of
cholesterol and neuronal dysfunction in vivo in HD is missing. As
circulating or dietary cholesterol is not able to cross the blood–brain
barrier (BBB) and cholesterol in the brain depends largely on endoge-
nous biosynthesis, this dysfunction may be detrimental for neuronal
function especially given that locally synthesized cholesterol is impli-
cated in synapses formation, integrity, and remodeling.

Results
To address the relationship between cholesterol dysfunction and
synaptic and cognitive deficits in HD mouse models, we delivered
cholesterol into the brain by using a novel technology based on
cholesterol-loaded polymeric nanoparticles further modified with a
peptide (g7) to cross the BBB after systemic injection in the mice. We
showed that these nanoparticles (g7-NPs) reach different brain
regions and different brain cells and gradually release cholesterol after
their degradation. We also showed that repeated systemic administra-
tion of cholesterol-loaded g7-NPs in HD mice: (i) rescues synaptic
communication in striatal medium-sized spiny neurons, (ii) prevents
cognitive decline and partially improves global activity, and (iii)
restores the levels of proteins that compose the synaptic machinery.

Impact
Neuronal and synaptic dysfunction is an attractive target for possible
HD therapies because it occurs long before cell death in mouse
models and in humans with HD. An intervention at this stage could,
in theory, slow or stop neuron loss before it starts. Our conclusions
highlight the relevance of cholesterol deficits in cognitive impairment
associated with HD and the benefits of cholesterol supplementation
with a broad impact for other brain disorders.
In parallel, the evidence that g7-NPs can be used as vectors for the
delivery of therapeutic molecules (besides cholesterol) to the brain
opens new and medically very relevant scenarios for the treatment
of several CNS disorders. Importantly, the nanoparticles employed
are made of PLGA, which is approved by FDA in various drug
delivery systems in humans as it is considered biodegradable and
biocompatible.
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Indeed, differences between group means were assessed with an

unpaired Student’s t-test, and two-way or one-way ANOVA followed

by Bonferroni or Newman–Keuls post hoc tests, as indicated in the

text. Differences were considered statistically significant if P < 0.05.

No statistical methods were used to pre-determine sample sizes, but

our sample sizes are similar to those reported in the literature. For

details, see also Appendix Table S7 showing statistical analyses and

P-values for the main figures.

Expanded View for this article is available online.
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Appendix Figure S1 

Appendix Figure S1. AFM analysis (3D elaboration) of Rhodamine Samples (Rhod-NPs, Rhod-g7-NPs, 
Rhod-g7-NPs-NBD-Chol1). The chemico-physical properties have been described in Appendix Table 
2. 

Rhod-g7-NPs-NBD-Chol1 Rhod-g7-NPs Rhod-NPs 



Appendix Figure S2. g7-NPs are taken up in vitro by different brain cells expressing mutant 
huntingtin. (a) high-magnification confocal image (cropped) of astrocytes at day 14 of glial 
differentiation derived from NS Q140/7 cells incubated with g7-NPs for 6 hrs and immunostained for 
GFAP. Original magnification: 63x. (b) Representative high-magnification confocal image (cropped) of 
neurons at day 7 of neuronal differentiation derived from NS Q140/7 cells incubated with g7-NPs for 6 
hrs and immunostained for MAP2. The boxed region is shown at higher magnification in the inset. 
Original magnification: 63x. (c) Representative high-magnification confocal image (cropped) of primary 
cortical neurons generated from R6/2 embryos at 18 days of gestation, not treated (N.T.) or treated with 
g7-NPs (+g7-NPs) for 6 hrs and immunostained for MAP2. Original magnification: 63x. Hoechst 33258 
was used to counterstain the nuclei.  White arrowheads indicate intracellular g7-NPs. Scale bar: 5 µm. 
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Appendix Figure S3. Distribution of g7-NPs in brain and peripheral tissues in mice. 
Representative high-magnification confocal images of brain, liver, lung, and spleen slices from WT 
mice ip injected with g7-NPs and sacrificed after 4 hrs. 4',6-diamidino-2-phenylindole was used to 
counterstain nuclei. Original magnification: 63x (scale bar: 10µm). 
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Appendix Figure S4 

NPs Calbindin Ho 

Hippocampus, 24h post-injection – low magnification 

Appendix Figure S4. Distribution of g7-NPs in calbindin-positive neurons in hyppocampus. 
Representative confocal image of brain slice from R6/2 mice ip injected with g7-NPs and sacrificed after 24 hrs. 
4',6-diamidino-2-phenylindole was used to counterstain nuclei. Scale bar: 5 µm.  



Appendix Figure S5 

Appendix Figure S5. Co-localization of NBD-Chol with PMCA ATPase in vivo. Representative confocal 
images of brain slice from WT mice injected with NBD-Chol (10ug) into the brain ventricles and sacrificed after 7 
hrs. A-B) low-magnification images of brain slices of mice injected with NBD-Chol (A) or with saline (B) into the 
ventricle (see arrows). C)  Representative 63x confocal image of brain slices of WT mice injected with NBD-Chol 
(green) and immunostained against PMCA ATPase (red), a marker for plasma membrane (scale bar: 10µm). In 
the crops, it is possible to appreciate the distribution of NBD-Chol into brain cells’ membrane (yellow signal). The 
Hoechst 33342 dye (Ho; blue) was used to counterstain nuclei.  
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Appendix Figure S6. Kinetics of g7-NPs in the brain and liver. (a-b) Representative confocal images of 
brain slices (a) and of liver slices (b) from R6/2 mice ip injected with NBD-chol-g7-NPs and sacrificed after 7 
days (a) or after 24 hrs or 14 days (in b; the same experiment described in Fig. 1i-l). (c) Confocal images of 
liver slices from WT mice after a single or multiple injections of g7-NPs and sacrificed after 1 week. Scale 
bars: 10 µm (in a), 50 µm (in b), and 10-20 µm (in c). All images suggest a faster degradation of g7-NPs in 
the liver than in the brain. 4',6-diamidino-2-phenylindole (DAPI) was used to counterstain nuclei. 
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R6/2, g7-NPs-Chol 
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Ip,	  2	  injec2ons/week	  (for	  5	  weeks)	  

Appendix Figure S7. Distribution of g7-NPs-Chol or empty g7-NPs in the brain and liver of WT and HD 
mice in which electrophysiological parameters were analyzed. The presence of g7-NPs was analyzed by 
fluorescent microscopy in the liver and in cortical pieces taken from brains before electrophysiological 
analysis. 4',6-diamidino-2-phenylindole was used to counterstain nuclei. Scale bars: 10µm (brain) and 50µm 
(liver). 
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Appendix Figure S8. A) Open field parameters in WT (n=14), R6/2-untreated (n=22) and R6/2-Chol (n=15) 
mice. Stereotyped moviments, locomotion, total distance travelled, resting time, mean velocity, slow moviments 
and fast moviments at 10 weeks of age. B) Global activity, distance, resting time in R6/2-untreated (n=22) and 
R6/2-Chol mice (n=15). Data were combined to highlight the differences between R6/2 groups at each time 
points. All data are presented as mean ± s.e.m.; P<0.05 was determined by one-way ANOVA followed by 
Newmann-Keuls multiple comparison test or  t-student test . 
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Appendix Figure S9. mRNA levels of striatal genes considered hallmarks of Medium Spiny Neurons (MSNs), 
such as darpp32, drd2 and chrm4. Data are presented as mean ± s.e.m.; WT (n=4), R6/2-untreated (n=7) and 
R6/2-Chol animals (n=3) at 12 weeks of age. P<0.05 was determined by one-way ANOVA followed by 
Newmann-Keuls multiple comparison tests.  
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Appendix Figure S10. Striatal volume was evaluated by Neurolucida Analysis at 12 weeks of age in WT (n= 7), 
R6/2 (n=7), R6/2-emp (n=6), R6/2-Chol (n=8). Data represent mean ± SEM. P<0.05 was determined by one-way 
ANOVA followed by Newmann-Keuls multiple comparison tests. 
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Appendix Figure S11. Initial trial performed in WT and R6/2 mice treated with unmodified control NPs (not able to 
cross the BBB) loaded with cholesterol (C-NPs-Chol) (n=4/genotype) or with empty C-NPs (n=4/genotype) 
according to the same experimental paradigm shown in Figure 5. A) mRNA levels of BDNF, a brain-specific 
hallmark of HD, were found reduced in the brain of R6/2 mice independently from the treatment, suggesting that 
peripheral cholesterol supplementation did not influence BDNF expression in the HD brain, differently from that 
observed in R6/2 mice treated with g7-NPs-Chol (Figure 6C). B) behavioral performance, as measured by rotarod 
test, was not improved in R6/2 treated with C-NPs-Chol compared to WTs; similarly, peripheral cholesterol 
supplementation via C-NPs-Chol injection did not influence rotarod performance in R6/2 mice (see R6/2+C-NPs-
Chol line versus R6/2+ empty C-NPs). Data represent mean ± SEM. P<0.05 was determined by one-way ANOVA 
followed by Newmann-Keuls multiple comparison tests. On this basis, the unmodified control NPs loaded with 
cholesterol (C-NPs-Chol) group was no longer included in subsequent trials with g7-NPs-Chol. 
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Appendix	  Table	  S1.	  Composition	  of	  NPs	  involved	  in	  the	  study.	  

Sample description defined	  in	  the	  text	  as PLGA503H	  
(mg)

Rhod-‐PLGA502H	  
(mg)

g7-‐PLGA503H	  
(mg)

Chol	  
(mg)

NBD-‐Chol	  
(mg)

u-‐NPs unloaded	  (empty)	  NPs u-‐NPs 100

NPs-‐Chol1 NPs	  loaded	  with	  1mg	  Chol NPs-‐Chol1 100 1

NPs-‐Chol2 NPs	  loaded	  with	  5mg	  Chol NPs-‐Chol2 100 5

NPs-‐Chol3 NPs	  loaded	  with	  10mg	  Chol NPs-‐Chol3 100 10

NPs-‐NBD-‐Chol1 NPs	  loaded	  with	  1mg	  NBD-‐Chol NPs-‐NBD-‐Chol 100 1

Rhod-‐u-‐NPs unloaded	  (empty)	  NPs	  labelled	  with	  
Rhodamine	  (used	  in	  vivo	  experiments)

C-‐NPs 80 20

Rhod-‐g7-‐NPs
unloaded	  (empty)	  NPs	  modified	  with	  g7	  

and	  labelled	  with	  Rhodamine	  (used	  in	  vivo	  
experiments)

g7-‐NPs 70 10 20

Rhod-‐g7-‐NPs-‐Chol1
NPs	  modified	  with	  g7,	  labelled	  with	  

Rhodamine	  and	  loaded	  with	  NBD-‐chol	  
(used	  in	  vivo	  experiments)

g7-‐NPs-‐NBD-‐Chol 70 10 20 1

Rhod-‐g7-‐NPs-‐NBDChol1
NPs	  modified	  with	  g7,	  labelled	  with	  

Rhodamine	  and	  loaded	  with	  NBD-‐chol	  
(used	  in	  vivo	  experiments)

g7-‐NPs-‐Chol 70 10 20 1

The	  amounts	  (mg)	  of	  polymers	  (PLGA503H;	  Rhod-‐PLGA502H;	  g7-‐PLGA),	  of	  cholesterol	  (Chol)	  and	  of	  labeled	  cholesterol	  (NDB-‐Chol)	  used	  as	  starting	  materials	  are	  
reported	  for	  each	  formulation.



Appendix	  Table	  S2.	  chemical-‐physical	  properties	  of	  NPs	  involved	  in	  the	  study

Sample Chol/PLGA	  (mg/mg)
Z-‐Average	  
nm	  (±	  S.D.)

PDI	  value	  	  	  (±	  
S.D.)

D(i)10	  	  	  	  	  	  	  	  
nm	  (±	  S.D.)

D(i)50	  	  	  	  	  	  	  	  
nm	  (±	  S.D.)

D(i)90	  	  	  	  	  	  	  	  
nm	  (±	  S.D.)

ζ-‐pot	  	  	  	  	  	  	  	  	  
mV	  (±	  S.D.)

%	  PVA	  residual	  
(±	  S.D.)

mg	  Chol/100	  mg	  form.	  
LC% EE%

u-‐NPs 181±11 0.08±0.01 139±12 187±12 205±12 -‐12±3 4.8±1.2

NPs-‐Chol1 1:100 192±15 0.09±0.01 136±11 195±12 283±23 -‐9±4 5.1±0.4 0.7±0.1 68±5

NPs-‐Chol2 5:100 187±17 0.11±0.02 118±13 177±15 269±28 -‐8±4 4.5±1.8 0.8±0.03 17±1

NPs-‐Chol3 10:100 242±52 0.28±0.03 111±21 256±76 378±78 -‐12±10 5.8±1.0 2.4±0.3 24±3

NPs-‐NBD-‐Chol1 1:100 178±19 0.07±0.02 125±3 186±10 280±7 -‐6±3 5.7±0.2 0.4±0.1 44±1

Dimensions	  of	  samples	  is	  expressed	  with	  Z-‐Average	  values	  (nm);	  Homegeneity	  of	  the	  samples	  is	  expressed	  as	  Polydispersity	  Index	  (PDI);	  	  intensity
distribution	  is	  expressed	  as	  Di	  (nm);	  surface	  charge	  is	  expressed	  as	  ζ-‐pot	  (mV);	  percentage	  of	  polyvynyl	  alchol	  residual	  is	  expressed	  as	  percentage	  as	  
%PVA;	  drug	  loading	  is	  expressed	  as	  mg	  of	  Chol	  per	  100	  mg	  of	  formulation	  (LC%)	  and	  as	  percentual	  encapsulation	  efficiency	  (EE%).	  Standard	  Deviation	  is	  
reported	  as	  SD.



Appendix	  Table	  S3	  -‐	  passive	  membrane	  properties	  of	  MSNs	  from	  WT,	  R6/2-‐untreated	  and	  R6/2-‐chol	  mice

group Capacitance	  (pF) Input	  Resistance	  (MΩ) Time	  constant	  (ms)

WT 68.7	  ±	  2.27 51.6	  ±	  2.73 1.9	  ±	  0.07

R6/2-‐untreated 59.8	  ±	  2.40* 179.3	  ±	  14.91*** 1.9	  ±	  0.09

R6/2-‐Chol 62.9	  ±	  3.60 180.2	  ±	  24.27*** 1.4	  ±	  0.12***###

***R6/2-‐Chol	  vs	  WT;	  ###	  R6/2-‐chol	  vs	  R6/2-‐untreated

Capacitance	  (pF),	  Input	  Resistance	  (MΩ)	  and	  Time	  constant	  (ms)	  registered	  in	  MSNs	  from	  WT	  mice	  treated	  with	  saline	  (WT),	  
R6/2	  mice	  treated	  with	  saline	  or	  with	  empty	  g7-‐NPs	  (R6/2-‐untreated)	  and	  R6/2	  treated	  with	  g7-‐NPs-‐Chol	  (R6/2-‐Chol).



Appendix	  Table	  S4	  -‐	  kinetics	  of	  IPSCs	  (A)	  and	  of	  EPSCs	  (B)	  in	  MSNs	  from	  WT,	  R6/2-‐untreated	  and	  R6/2-‐chol	  mice

A.	  IPSC	  event	  kinetics

group Rise	  time	  (ms) Decay	  time	  (ms) Half-‐amplitude	  duration	  (ms)

WT-‐sal 3.1	  ±	  0.09 19.0	  ±	  0.62 18.3	  ±	  0.42

R6/2-‐untreated 2.7	  ±	  0.12 16.1	  ±	  0.82* 15.8	  ±	  0.5***

R6/2-‐Chol 2.5	  ±	  0.14*** 14.2	  ±	  1.09*** 14.7	  ±	  0.73***

B.	  EPSC	  event	  kinetics

group Rise	  time	  (ms) Decay	  time	  (ms) Half-‐amplitude	  duration	  (ms)

WT-‐sal 1.0	  ±	  0.03 3.5	  ±	  0.08 4.9	  ±	  0.12

R6/2-‐untreated 1.1	  ±	  0.06 3.5	  ±	  0.15 4.7	  ±	  0.17

R6/2-‐Chol 1.0	  ±	  0.06 3.3	  ±	  0.14 4.4	  ±	  0.22*

***R6/2-‐Chol	  or	  R6/2-‐untreated	  vs	  WT



Appendix	  Table	  S5	  -‐	  chemico-‐physical	  characterization	  and	  drug	  content	  in	  the	  NPs	  in	  the	  preclinical	  trials

NPs tyoe	  of	  experiments Rhod g7 Chol	  administered	  (mg/g) Size	  (nm)	  (PDI) Z-‐potential	  (mV)

g7-‐NPs ✓ ✓ -‐ 192	  (0.06) -‐11.7

g7-‐NPs-‐Chol ✓ ✓ 0,7 199	  (0.06) -‐12.5

g7-‐NPs ✓ ✓ -‐ 176	  (0.09) -‐12.2

g7-‐NPs-‐Chol ✓ ✓ 0,7 174	  (0.08) -‐9.1

g7-‐NPs ✓ ✓ -‐ 210	  	  (0.11) -‐5.7

g7-‐NPs-‐Chol ✓ ✓ 0,7 190	  (0.08) -‐9.2

g7-‐NPs ✓ ✓ -‐ 187	  (0.09) -‐6.4

g7-‐NPs-‐Chol ✓ ✓ 0,7 210	  (0.12) -‐7.3

g7-‐NPs ✓ ✓ -‐ 147	  (0.09) -‐16.4

g7-‐NPs-‐Chol ✓ ✓ 0,7 151	  (0.10) -‐17.3

fifth	  preclinical	  trial	  
(behaviour)

first	  pre-‐clinical	  trial	  
(electrophysiology)

second	  pre-‐clinical	  trial	  
(electrophysiology)

third	  preclinical	  trial	  
(behaviour)

fourth	  preclinical	  trial	  
(behaviour)



Appendix	  Table	  S6	  -‐	  summary	  all	  animals	  used	  in	  this	  study

n° exp date Nps n° WT mice n° R6/2 mice injection n° injections sacrifice after first injection

1 28/04/10 g7-‐NPs 2 iv 1 2	  hrs
g7-‐NPs 4 iv 1 4	  hrs
g7-‐NPs 3 iv 1 12	  hrs
C-‐NPs 2 iv 1 2	  hrs
C-‐NPs 2 iv 1 4	  hrs
g7-‐NPs 2 ip 1 4	  hrs
g7-‐NPs 2 ip 1 12	  hrs

2 07/06/10 g7-‐NPs-‐NBD-‐Chol 3 ip 1 4	  hrs
g7-‐NPs-‐NBD-‐Chol 3 ip 1 24	  hrs
g7-‐NPs-‐NBD-‐Chol 3 ip 1 48	  hrs
g7-‐NPs-‐NBD-‐Chol 3 ip 1 1	  week
g7-‐NPs-‐NBD-‐Chol 2 2 ip 2 48	  hrs
g7-‐NPs-‐NBD-‐Chol 2 2 ip 3 1	  week
saline 2 2 ip 1 48	  hrs
saline 2 2 ip 3 1	  week

3 12/07/10 g7-‐NPs-‐NBD-‐Chol 1 3 ip 1 1	  week
g7-‐NPs-‐NBD-‐Chol 3 ip 1 2	  weeks
g7-‐NPs-‐NBD-‐Chol 3 ip 1 3	  weeks
saline 1 3 ip 1 3	  weeks
g7-‐NPs-‐NBD-‐Chol 1 3 ip 2 2	  weeks
g7-‐NPs-‐NBD-‐Chol 1 3 ip 3 3	  weeks
saline 1 3 ip 3 3	  weeks
g7-‐NPs-‐NBD-‐Chol 1 ip 1 5	  months

4 08/07/12 g7-‐NPs 3 3 ip 1 4	  hrs

5 01/07/12 empty-‐C-‐NPs 4 4 ip 2/week 5	  weeks
C-‐NPs-‐Chol 4 4 ip 2/week 5	  weeks

6 01/08/12 g7-‐NPs-‐NBD-‐Chol 3 ip 1 24	  hrs
g7-‐NPs-‐NBD-‐Chol 3 ip 1 48	  hrs
g7-‐NPs-‐NBD-‐Chol 3 ip 1 7	  days
g7-‐NPs-‐NBD-‐Chol 3 ip 1 14	  days

7 28/05/13 g7-‐NPs 2 ip 1 24	  hrs
g7-‐NPs-‐NBD-‐Chol 2 ip 1 24	  hrs,	  1	  week
saline 2 2 ip 1 24	  hrs

8 01/10/10 g7-‐NPs 4 4 ip 3 5	  weeks
g7-‐NPs-‐Chol 10 10 ip 3 5	  weeks

9 01/05/11 g7-‐NPs 5 5 ip 2/week 5	  weeks
g7-‐NPs-‐Chol 5 5 ip 2/week 5	  weeks
saline 5 5 ip 2/week 5	  weeks

10 01/07/13 g7-‐NPs 3 ip 2/week 5	  weeks
g7-‐NPs-‐Chol 6 ip 2/week 5	  weeks
saline 8 7 ip 2/week 5	  weeks

11 01/11/13 g7-‐NPs 4 ip 2/week 5	  weeks
g7-‐NPs-‐Chol 8 ip 2/week 5	  weeks
saline 8 8 ip 2/week 5	  weeks

12 01/06/14 g7-‐NPs 6 ip 2/week 5	  weeks
g7-‐NPs-‐Chol 8 ip 2/week 5	  weeks

saline 8 8 ip 2/week 5	  weeks
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first pilot study (UCLA), electrophysiological 
studies; rotarod test

second pilot study (UCLA), for 
electrophysiological studies

third pilot study (UNIMI), for behavioral 
tests (rotarod and NORT); neurophatology, 
biochemestry

forth pilot study (UNIMI), for behavioral 
tests (rotarod, NORT, open field); 
neurophatology, biochemestry

fifth pilot study (UNIMI), for behavioral tests 
(NORT, open field); neurophatology, 
biochemestry, qRTPCR (injections until 11 
ws)
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ip vs. iv injection
Nps kinetics in the mouse brain

NPs kinetics in the mouse brain
NBD and g7-NPs co-localization
IHC different brain cells

NPs kinetics in the mouse brain
first co-localization study

IHC different brain cells
g7-NPs counts in liver, striatum and cortex

effect of cholesterol supplementation only in 
periphery

IHC different brain cells; second co-
localization study; g7-NPs counts in brain

IHC different brain cells



Appendix	  Table	  S7	  -‐	  summary	  of	  statistics	  for	  the	  main	  figures
Figure Statistical	  Analysis
Figure	  2C unpaired	  t	  test

WT	  liver	  vs	  R6/2	  liver
P	  value 0,0104
P	  value	  summary *
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
One-‐	  or	  two-‐tailed	  P	  value? Two-‐tailed
t,	  df t=2.859	  df=18

WT	  cortex	  vs	  R6/2	  cortex
P	  value <	  0.0001
P	  value	  summary ***
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
One-‐	  or	  two-‐tailed	  P	  value? Two-‐tailed
t,	  df t=9.559	  df=18

WT	  striatum	  vs	  R6/2	  striatum
P	  value <	  0.0001
P	  value	  summary ***
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
One-‐	  or	  two-‐tailed	  P	  value? Two-‐tailed
t,	  df t=8.309	  df=18

Figure	  3D One-‐way	  analysis	  of	  variance
P	  value <	  0.0001
P	  value	  summary ***
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
Number	  of	  groups 4
F 12,34
R	  squared 0,5069

Bonferroni's	  Multiple	  Comparison	  Test Mean	  Diff. t Significant?	  P	  <	  0.05? Summary
brain	  24h	  vs	  brain	  48h 34,06 0,6415 No ns
brain	  24h	  vs	  brain	  7d 255,0 4,804 Yes ***
brain	  24h	  vs	  brain	  14d 232,1 4,371 Yes ***
brain	  48h	  vs	  brain	  7d 221,0 4,162 Yes **
brain	  48h	  vs	  brain	  14d 198,0 3,730 Yes **
brain	  7d	  vs	  brain	  14d -‐22,97 0,4326 No ns

Figure	  4B One-‐way	  analysis	  of	  variance
P	  value <	  0.0001
P	  value	  summary ***
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
Number	  of	  groups 3
F 39,46
R	  squared 0,4315

Newman-‐Keuls	  Multiple	  Comparison	  Test Mean	  Diff. q Significant?	  P	  <	  0.05? Summary
WT	  (n=52)	  vs	  R6/2-‐untreated	  (n=27) -‐6,793 12,39 Yes ***
WT	  (n=52)	  vs	  R6/2-‐Chol	  (n=29) -‐3,396 6,338 Yes ***
R6/2-‐untreated	  (n=27)	  vs	  R6/2-‐Chol	  (n=29) -‐3,397 5,514 Yes *

Figure	  4E One-‐way	  analysis	  of	  variance
P	  value <	  0.0001
P	  value	  summary ***
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
Number	  of	  groups 3
F 78,23
R	  squared 0,6197

Newman-‐Keuls	  Multiple	  Comparison	  Test Mean	  Diff. q Significant?	  P	  <	  0.05? Summary
WT	  (n=52)	  vs	  R6/2-‐untreated	  (n=27) -‐1,990 15,37 Yes ***
WT	  (n=52)	  vs	  R6/2-‐Chol	  (n=29) -‐0,1656 1,047 No ns
R6/2-‐untreated	  (n=27)	  vs	  R6/2-‐Chol	  (n=29) -‐1,824 13,09 Yes ***

Figure	  5B	   two-‐way	  ANOVA	  test
WT	  vs	  R6/2-‐untreated	  
time Difference t P	  value Summary
5	  ws -‐22,27 1,107 P	  >	  0.05 ns
7	  ws -‐70,36 3,496 P<0.01 **
9	  ws -‐95,94 4,768 P<0.001 ***
11	  ws -‐169,9 8,030 P<0.001 ***
WT	  vs	  R6/2-‐Chol
time Difference t P	  value Summary
5	  ws -‐29,99 1,320 P	  >	  0.05 ns
7	  ws -‐79,95 3,518 P<0.01 **
9	  ws -‐119,7 5,268 P<0.001 ***
11	  ws -‐179,0 7,878 P<0.001 ***

Figure	  5C two-‐way	  ANOVA	  test
WT	  vs	  R6/2-‐untreated	  
treatment Difference t P	  value Summary
	  	  5 -‐39,91 5,890 P<0.001 ***
	  	  10 -‐36,07 5,324 P<0.001 ***
	  	  15 -‐35,53 5,244 P<0.001 ***
	  	  20 -‐36,26 5,352 P<0.001 ***
	  	  25 -‐36,77 5,426 P<0.001 ***
	  	  30 -‐39,44 5,821 P<0.001 ***
	  	  35 -‐30,75 4,538 P<0.001 ***
	  	  40 -‐33,94 5,009 P<0.001 ***
	  	  45 -‐40,27 5,944 P<0.001 ***
	  	  50 -‐31,47 4,645 P<0.001 ***
	  	  55 -‐35,39 5,223 P<0.001 ***
	  	  60 -‐33,13 4,890 P<0.001 ***



WT	  vs	  R6/2-‐Chol
treatment Difference t P	  value Summary
	  	  5 -‐39,08 5,241 P<0.001 ***
	  	  10 -‐27,82 3,732 P<0.01 **
	  	  15 -‐29,22 3,919 P<0.01 **
	  	  20 -‐30,65 4,111 P<0.001 ***
	  	  25 -‐33,11 4,441 P<0.001 ***
	  	  30 -‐36,49 4,895 P<0.001 ***
	  	  35 -‐29,34 3,935 P<0.01 **
	  	  40 -‐31,36 4,207 P<0.001 ***
	  	  45 -‐38,03 5,101 P<0.001 ***
	  	  50 -‐27,25 3,655 P<0.01 **
	  	  55 -‐31,71 4,254 P<0.001 ***
	  	  60 -‐28,32 3,798 P<0.01 **

Figure	  5D	   one-‐way	  ANOVA	  test
P	  value <	  0.0001
P	  value	  summary ***
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
Number	  of	  groups 3
F 32,65
R	  squared 0,5763

Newman-‐Keuls	  Multiple	  Comparison	  Test Mean	  Diff. q Significant?	  P	  <	  0.05? Summary
R6/2-‐untreated	  vs	  WT -‐3890 11,36 Yes ***
R6/2-‐untreated	  vs	  R6/2-‐Chol -‐1133 3,379 Yes *
R6/2-‐Chol	  vs	  WT -‐2757 7,408 Yes ***

Figure	  5E
NORT	  -‐	  8	  weeks One-‐way	  analysis	  of	  variance

P	  value <	  0.0001
P	  value	  summary ****
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
Number	  of	  groups 3
F 17,42
R	  square 0,3087

Newman-‐Keuls	  Multiple	  Comparison	  Test Mean	  Diff. q Significant?	  P	  <	  0.05? Summary
R6/2-‐untreated	  vs	  WT -‐38,54 8,271 Yes ***
R6/2-‐untreated	  vs	  R6/2-‐Chol -‐20,46 4,213 Yes **
R6/2-‐Chol	  vs	  WT -‐18,09 3,423 Yes *

NORT	  -‐	  10	  weeks One-‐way	  analysis	  of	  variance
P	  value <	  0.0001
P	  value	  summary ****
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
Number	  of	  groups 3
F 22,32
R	  square 0,3669

Newman-‐Keuls	  Multiple	  Comparison	  Test Mean	  Diff. q Significant?	  P	  <	  0.05? Summary
R6/2-‐untreated	  vs	  WT -‐48,29 8,904 Yes ***
R6/2-‐untreated	  vs	  R6/2-‐Chol -‐37,02 6,377 Yes ***
R6/2-‐Chol	  vs	  WT -‐11,27 1,813 No ns

NORT	  -‐	  12	  weeks One-‐way	  analysis	  of	  variance
P	  value <	  0.0001
P	  value	  summary ****
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
Number	  of	  groups 3
F 18,27
R	  square 0,3430

Newman-‐Keuls	  Multiple	  Comparison	  Test Mean	  Diff. q Significant?	  P	  <	  0.05? Summary
R6/2-‐untreated	  vs	  WT -‐48,22 8,299 Yes ***
R6/2-‐untreated	  vs	  R6/2-‐Chol -‐33,04 5,311 Yes ***
R6/2-‐Chol	  vs	  WT -‐15,18 2,330 No ns

Figure	  6A
PSD95 One-‐way	  analysis	  of	  variance

P	  value <	  0.0001
P	  value	  summary ***
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
Number	  of	  groups 3
F 36,39
R	  squared 0,5740

Newman-‐Keuls	  Multiple	  Comparison	  Test Mean	  Diff. q Significant?	  P	  <	  0.05? Summary
R62-‐untreated	  vsWT -‐0,2700 11,60 Yes ***
R62-‐untreated	  vs	  R6/2-‐Chol -‐0,1973 7,916 Yes ***
R6/2-‐Chol	  vs	  WT -‐0,07268 2,802 No ns

Gephryin One-‐way	  analysis	  of	  variance
P	  value 0,0739
P	  value	  summary ns
Are	  means	  signif.	  different?	  (P	  <	  0.05) No
Number	  of	  groups 3
F 2,873
R	  squared 0,1755

Newman-‐Keuls	  Multiple	  Comparison	  Test Mean	  Diff. q Significant?	  P	  <	  0.05? Summary
R62-‐untreated	  vsWT -‐0,1670 3,161 No ns
R62-‐untreated	  vs	  R6/2-‐Chol -‐0,1409 -‐-‐-‐ No ns
R6/2-‐Chol	  vs	  WT -‐0,02604 -‐-‐-‐ No ns



GluN1 One-‐way	  analysis	  of	  variance
P	  value <	  0.0001
P	  value	  summary ***
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
Number	  of	  groups 3
F 16,54
R	  squared 0,5416

Newman-‐Keuls	  Multiple	  Comparison	  Test Mean	  Diff. q Significant?	  P	  <	  0.05? Summary
R62-‐untreated	  vsWT -‐0,6375 8,111 Yes ***
R62-‐untreated	  vs	  R6/2-‐Chol -‐0,2169 2,760 No ns
R6/2-‐Chol	  vs	  WT -‐0,4206 4,923 Yes **

GluN2B One-‐way	  analysis	  of	  variance
P	  value 0,0028
P	  value	  summary **
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
Number	  of	  groups 3
F 7,188
R	  squared 0,3240

Newman-‐Keuls	  Multiple	  Comparison	  Test Mean	  Diff. q Significant?	  P	  <	  0.05? Summary
R62-‐untreated	  vs	  R6/2-‐Chol -‐0,3574 4,921 Yes **
R62-‐untreated	  vsWT -‐0,2780 4,051 Yes **
R6/2-‐Chol	  vs	  WT -‐0,07939 1,055 No ns

beta-‐3-‐tub One-‐way	  analysis	  of	  variance
P	  value 0,1550
P	  value	  summary ns
Are	  means	  signif.	  different?	  (P	  <	  0.05) No
Number	  of	  groups 3
F 1,956
R	  squared 0,09117

Newman-‐Keuls	  Multiple	  Comparison	  Test Mean	  Diff. q Significant?	  P	  <	  0.05? Summary
R62-‐untreated	  vsWT -‐0,1177 2,796 No ns
R62-‐untreated	  vs	  R6/2-‐Chol -‐0,05825 -‐-‐-‐ No ns
R6/2-‐Chol	  vs	  WT -‐0,05946 -‐-‐-‐ No ns

Figure	  6C R6/2-‐Chol	  vs	  R6/2-‐untreated	  
bdnf	  cortex
Unpaired	  t	  test
P	  value 0,0001
P	  value	  summary ***
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
One-‐	  or	  two-‐tailed	  P	  value? Two-‐tailed
t,	  df t=4.475	  df=25

bdnf	  hippocampus
Unpaired	  t	  test
P	  value 0,1607
P	  value	  summary ns
Are	  means	  signif.	  different?	  (P	  <	  0.05) No
One-‐	  or	  two-‐tailed	  P	  value? Two-‐tailed
t,	  df t=1.441	  df=28

Figure	  6D snap25	  cortex
Unpaired	  t	  test
P	  value 0,0092
P	  value	  summary **
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
One-‐	  or	  two-‐tailed	  P	  value? Two-‐tailed
t,	  df t=2.920	  df=18

snap25	  hippocampus
Unpaired	  t	  test
P	  value 0,0729
P	  value	  summary ns
Are	  means	  signif.	  different?	  (P	  <	  0.05) No
One-‐	  or	  two-‐tailed	  P	  value? Two-‐tailed
t,	  df t=1.905	  df=18

Figure	  6E complexin	  cortex
Unpaired	  t	  test
P	  value 0,1774
P	  value	  summary ns
Are	  means	  signif.	  different?	  (P	  <	  0.05) No
One-‐	  or	  two-‐tailed	  P	  value? Two-‐tailed
t,	  df t=1.404	  df=18

complexin	  hippocampus
Unpaired	  t	  test
P	  value 0,0169
P	  value	  summary *
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
One-‐	  or	  two-‐tailed	  P	  value? Two-‐tailed
t,	  df t=2.666	  df=16

complexin	  striatum
Unpaired	  t	  test
P	  value 0,0151
P	  value	  summary *
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
One-‐	  or	  two-‐tailed	  P	  value? Two-‐tailed
t,	  df t=2.687	  df=18



Figure	  6G One-‐way	  analysis	  of	  variance
P	  value 0,0180
P	  value	  summary *
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
Number	  of	  groups 4
F 4,071
R	  squared 0,3372

Newman-‐Keuls	  Multiple	  Comparison	  Test Mean	  Diff. q Significant?	  P	  <	  0.05? Summary
R6/2-‐emp	  vs	  R6/2 -‐541900000 4,141 Yes *
R6/2-‐emp	  vs	  R6/2-‐Chol -‐92100000 0,7250 No ns
R6/2-‐emp	  vs	  WT -‐18000000 -‐-‐-‐ No ns
WT	  vsR6/2-‐Chol -‐74100000 -‐-‐-‐ No ns
R6/2-‐Chol	  vs	  R6/2 -‐449800000 3,695 Yes *

Figure	  7A One-‐way	  analysis	  of	  variance
P	  value <	  0.0001
P	  value	  summary ***
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
Number	  of	  groups 3
F 79,31
R	  squared 0,9243

Newman-‐Keuls	  Multiple	  Comparison	  Test Mean	  Diff. q Significant?	  P	  <	  0.05? Summary
r62	  chol	  vs	  wt	  saline -‐21,12 13,53 Yes ***
r62	  chol	  vs	  r62	  saline -‐1,197 0,7860 No ns
r62	  saline	  vs	  wt	  saline -‐19,92 16,22 Yes ***

Figure	  7B One-‐way	  analysis	  of	  variance
P	  value 0,0016
P	  value	  summary **
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
Number	  of	  groups 3
F 11,02
R	  squared 0,6290

Newman-‐Keuls	  Multiple	  Comparison	  Test Mean	  Diff. q Significant?	  P	  <	  0.05? Summary
R6/2-‐Chol	  vs	  WT -‐4,237 5,916 Yes **
R6/2-‐Chol	  vs	  R6/2 -‐0,3880 0,5187 No ns
R6/2	  vs	  WT -‐3,849 5,374 Yes **

Figure	  7E One-‐way	  analysis	  of	  variance
P	  value <	  0.0001
P	  value	  summary ***
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
Number	  of	  groups 4
F 24,89
R	  squared 0,5586

Newman-‐Keuls	  Multiple	  Comparison	  Test Mean	  Diff. q Significant?	  P	  <	  0.05? Summary
TNF-‐alpha WT	  vs	  R6/2-‐emp -‐3,087 9,294 Yes ***

WT	  vs	  R6/2-‐Chol -‐2,386 8,344 Yes ***
WT	  vs	  R6/2 -‐2,339 8,820 Yes ***

IL6 WT	  vs	  R6/2-‐emp -‐0,7488 2,064 No ns
WT	  vs	  R6/2-‐Chol -‐0,04721 -‐-‐-‐ No ns
WT	  vs	  R6/2 -‐0,7016 -‐-‐-‐ No ns

Figure	  7F One-‐way	  analysis	  of	  variance
P	  value <	  0.0001
P	  value	  summary ***
Are	  means	  signif.	  different?	  (P	  <	  0.05) Yes
Number	  of	  groups 4
F 11,98
R	  squared 0,3786

Newman-‐Keuls	  Multiple	  Comparison	  Test Mean	  Diff. q Significant?	  P	  <	  0.05? Summary
TNF-‐alpha WT	  vs	  R6/2 -‐1,049 7,972 Yes ***

WT	  vs	  R62-‐emp -‐0,8024 4,866 Yes **
WT	  vs	  R6/2-‐Chol -‐0,5491 3,869 Yes **

IL6 R6/2-‐Chol	  vs	  R6/2 -‐0,5000 3,139 No ns
R6/2-‐Chol	  vs	  R62-‐emp -‐0,2533 -‐-‐-‐ No ns
R62-‐emp	  vs	  R6/2 -‐0,2467 -‐-‐-‐ No ns



Appendix Methods 
Details about formulation and characterization of NPs employed in this study are herein described. 
 

Purification and collection of the NPs 

To purify the loaded NPs from the unloaded Chol, NBD-Chol and PVA residuals, all the samples were 

centrifuged at 17,000 rpm for 10 min (Sorvall RC28S, Dupont, Brussels, Belgium), washed several times with water and 

re-suspended in water. The purified NP suspensions were freeze-dried (-60°C, 1.10-3 mm/Hg, for 48 h; LyoLab 3000, 

Heto-Holten, Allerod, Denmark) using trehalose as cryoprotectant (1:0.5 w:w polymer/trehalose ratio). After the 

liophylisation process, all the samples were stored at 4°C in N2 atmosphere. The yield of NPs (Yield %) was calculated 

as the percentage of NPs recovered after the freeze-drying procedure compared to the weight of PLGA and Chol used for 

the preparation as follows: Yield (%) = (NPs recovered after the freeze-dried process – anidre trehalose - PVA residual) 

weight x100/ (PLGA+Chol) weight. Before their use, freeze-dried NPs were weighed, re-suspended in water at the 

concentration of 10 mg/mL by bath sonication for 3 min at r.t. 

 

Determination of the amount of PVA residual  

As the residual PVA associated with the NPs could affect the physical properties and the uptake by cells, the residual 

PVA was determined by a colorimetric method based on the formation of the colored complex between two adjacent 

hydroxyl groups of PVA and an iodine molecule. Briefly, freeze-dried NPs (5 mg) were solubilized in dichloromethane 

(1 mL). Then, water (2 mL) was added and the organic solvent was evaporated at r.t. under stirring (2 h). The suspension 

was filtered (cellulose nitrate filter, porosity 0.45 µm, Sartorius, Florence, Italy) to remove the polymeric residue and  the 

aqueous solution (1 mL) was treated with 0.5 M NaOH (2 mL) for 15 min at 60°C. The solution was neutralized with 1 N 

HCl (900 µL) and the volume adjusted to 5 mL with water. Then, a solution of I2/KI (0.5 mL) (0.05 M/0.15 M) and water 

(1.5 mL) was added to a solution of boric acid (0.65 M; 3 mL). PVA concentration was determined measuring the 

absorbance at 690 nm after 15 min of incubation at r.t. in comparison with a standard plot of PVA prepared under the 

same experimental conditions. 

 

Chemico-physical characterization 

The surface morphology of both unloaded and loaded NPs was evaluated by means of the atomic force 

microscope (AFM, Park Instruments, Sunnyvale, CA, USA) analysis at r.t. (about 25°C) operating in air and in non-

contact mode using triangular silicon tips. The resonant frequencies of the cantilever were found to be about 160 kHz. 

Before the analysis, a drop (20 µL) of a water-diluted suspension of the NPs (about 0.01 mg/mL) was applied on a small 

mica disk (1 cm × 1 cm); after 2 min, the excess of water was removed using paper filter. The topographical images 

obtained, also called “height” images, were flattened using second-order fitting to remove sample tilt. 

Architecture and internal structure of NPs was studied by using the transmission electron microscope (TEM) operating at 

an acceleration voltage of 200 KV (model JEM 2010; JEOL, Oxford Instruments, Abingdon, England). 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. 

Mean particle size (Z-Average) and polydispersivity index (PDI) of the NPs (in distilled water) were determined at 25°C 

by PCS 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, T = 25 ◦C). The results were 

normalized with respect to a polystirene standard suspension. The zeta potential (ζ-pot) was measured by using the same 



equipment with a combination of laser Doppler velocimetry and phase analysis light scattering (PALS). All the data are 

expressed as means of at least three determinations carried out for each preparation lot (three lots for each sample). 

 
Drug entrapment efficiency (EE%) and loading capacity (LC%) 

To quantify the amount of Chol loaded into NPs, an exact amount of loaded NPs (5 mg) was dissolved in 

chloroform (0.5 mL). Then, isopropyl alcohol (1mL) (in which Chol, but not PLGA, is soluble) was added. The mixture 

was then vortexed (15 Hz for 1 min; ZX3, VelpScientifica, Usmate, Italy) to promote the precipitation of the polymer 

and then filtered (polytetrafluoroethylene filter, porosity 0.20 µm, Sartorius). The amount of Chol loaded in the NPs was 

quantified by RP-HPLC. The HPLC apparatus (JASCO Europe, Cremella, Italy) comprised a Model PU980 pump 

provided with an injection valve with a 50 µL sample loop (Jasco, Model 7725i) and the UV detector (Jasco UV975). 

Chromatography separation was carried out on a Syncronics C18 (250x4.6 mm; porosity 5 µm; Thermo Fisher Scientific, 

Waltham, MA, USA) at r.t., flow rate of 1.2 mL/min, by operating in an isocratic mode using 50:50 v/v 

acetonitrile:ethanol as mobile phase. Before the use, mobile phase eluents were filtered through a 0.45 µm hydrophilic 

polypropylene membrane filters (Sartorius). The eluent absorbance was monitored at 220 nm using the UV detector 

(Jasco UV975). Chromatographic peak area of the standard solution were collected and used for the generation of 

calibration curve. Linearity was assumed in the range of 18-300 µg/mL (r2=0.995). 

The entrapment efficiency (EE) and the loading capacity (LC), expressed as percentage, were calculated using the 

following formula: EE%= D/Td×100; LC%= D/W×100 where D is the amount of Chol loaded in the NPs, Td is the 

amount of drug used for the preparation and W is the weight of the NPs (polymer + drug). All the data are expressed as 

the mean of at least three determinations. 

 
Release of Chol and NBD-Chol from loaded NPs under simulated conditions 

Figure 1D shows the % of Chol and NBD-Chol released in water. The initial “burst effect” can be attributed to 

the fraction of Chol adsorbed or in close contact with the surface of the NPs. This surface Chol fraction dissolved into the 

surrounding liquid, leading to the fast initial release profile. Moreover, during the second phase, Chol embedded in the 

NPs could significantly delay the in vitro release. The slow linear release kinetic of Chol from NPs-Chol between day 5 

and day 10 could be ascribed to NPs degradation. While hydrophilic drugs with high solubility could increase the rate of 

water diffusion into the biodegradable matrix, accelerating the release and the (bulk) erosion, hydrophobic molecules 

with low water solubility (as Chol) may hinder water diffusion into the matrix, slowing the release rate as the 

consequence of the NPs surface erosion with a consequent release.  

An exact amount of lyophilized NPs-Chol1 or NPs-NBD-Chol1 (0.5 mg) were suspended in water under perfect 

sink conditions (6 mL) into a well closed glass vial that was incubated into a water bath at 37±0.2°C under magnetic 

stirring (250 rpm). At fixed time intervals, the loaded NPs were centrifuged (40,000 rpm for 30 min at 10°C) and the 

surnatant (1 mL) was collected to be lyophilized (-60°C, 1.10-3 mm/Hg, for 48 h; LyoLab 3000, Heto-Holten). To 

evaluate the amount of Chol released from NPs-Chol1, the freeze dried residual was dissolved in water and derivatized 

with 50 µL of N,O-bis(trimethylsilyl) trifluoroacetamide/trimethylchlorosilane (BSTFA/TMCS) (Sigma–Aldrich).The 

mixture was heated at 60°C for 30 min. Then, the sample was equilibrated at 25°C and diluted with n-exane. The 

quantification of the derivatized-Chol was performed by gas chromatography (GC) with selected ion monitoring mass 

spectrometric (SIM-MSD) using Agilent (Santa Clara, CA, USA) 7890A gas chromatography interfaced with an 5975C 

Series GC/MSD with Triple-Axis HED-EM Detector and equipped with an Agilent 190915-433 column 

(30m*250µm*0.25µm). The chromatographic conditions were as follow: initial oven temperature 240°C which was 



increased by 15°C/min to 315°C. The temperature of the injector was set at 280°C. Helium was used as the carrier gas in 

a splitless mode injection (3 µL). In selected ion monitoring (SIM) mode three characteristic ions were analyzed (329, 

353 and 368 m/z) and the most representative 329 m/z was used for the calibration. 

Calibration was achieved starting from stock solution of Chol (1mg/mL) properly diluted with chloroform, evaporated to 

dryness and analyzed in the manner previously described. Linearity was assured in the range 0.1-2.7 ppm (r2=0.998). 

To evaluate the amount of NBD-Chol released from NPs-NBD-Chol1, the lyophilized residual was solubilized in 1:5 v/v 

chloroform:isopropyl alcohol mixture and injected in a chromatographic system. The HPLC apparatus (Jasco, Model PU 

2089 pump, injection valve model 7725i with a 20 µl sample loop) was correlated with a fluorimetric detector (Jasco FP 

2020). Chromatographic separation was carried out on a Syncronis C18 column (250*4.6 µm; 5µm; ThermoScientific) at 

30°C and at a flow-rate of l mL/min. Elution was performed in an isocratic mode using as mobile phase a 90:10 v/v 

acetonitrile:isopropyl alcohol  mixture. Mobile phase eluents were filtered through a 0.45 µm of  hydrophilic 

polypropylene membrane filters (Sartorius) before the use. The fluorescence of the eluent was monitored by excitation at 

484 nm detecting the emission at 539 nm. A calibration curve was done by analyzing standard solution assuring linearity 

in the range 0.4-16 µg/ml (r2=0.995). 

 
In vitro release studies and NBD-Chol quantification 

For quantitative studies, NS cells were plated in proliferation medium in 6-mwell plates at 300,000 cells/well. 

Cells were treated for different time points (24-48-72 h) with 165 µL NPs-NBD-Chol1 suspension (4 mg/mL, 440 µg 

NBD-Chol/100mg NPs) to receive 3 µg NBD-Chol. After the treatment, the cells were washed with PBS, collected in 

tubes and centrifuged for 5 min at 1000xg. The centrifuged cell pellets were re-suspended in 400 µl of Lysis Buffer [10 

mM TRIS HCl pH 7.5, 150 mM NaCl, 5 mM EDTA, supplemented with PMSF (phenylmethylsulfonyl fluoride) 1:200 

and Protease inhibitor 1:100] to obtain a homogenate containing total NBD-Chol (released and still encapsulated into 

NPs). A fraction of the homogenate (200 µL) was centrifuged for 15 min at 19000xg to separate NBD-Chol still 

encapsulated into NPs (pellet) from NBD-Chol released after NPs degradation (surnatant). NBD-Chol was quantified in 

duplicate in both fractions (pellet and surnatant) and in total homogenate by spectrophotometry at 488 nm. NBD-Chol 

release was calculated by subtracting the NBD fluorescence detected in the pellet (containing the intact NPs) to NBD 

fluorescence detected in the homogenate (total NBD-Chol present into cells).  
 



Disruption of astrocyte-neuron cholesterol cross talk
affects neuronal function in Huntington’s disease

M Valenza1,3, M Marullo1,3, E Di Paolo1, E Cesana2, C Zuccato1, G Biella2 and E Cattaneo*,1

In the adult brain, neurons require local cholesterol production, which is supplied by astrocytes through apoE-containing
lipoproteins. In Huntington’s disease (HD), such cholesterol biosynthesis in the brain is severely reduced. Here we show that this
defect, occurring in astrocytes, is detrimental for HD neurons. Astrocytes bearing the huntingtin protein containing increasing
CAG repeats secreted less apoE-lipoprotein-bound cholesterol in the medium. Conditioned media from HD astrocytes and
lipoprotein-depleted conditioned media from wild-type (wt) astrocytes were equally detrimental in a neurite outgrowth assay and
did not support synaptic activity in HD neurons, compared with conditions of cholesterol supplementation or conditioned media
from wt astrocytes. Molecular perturbation of cholesterol biosynthesis and efflux in astrocytes caused similarly altered astrocyte–
neuron cross talk, whereas enhancement of glial SREBP2 and ABCA1 function reversed the aspects of neuronal dysfunction in HD.
These findings indicate that astrocyte-mediated cholesterol homeostasis could be a potential therapeutic target to ameliorate
neuronal dysfunction in HD.
Cell Death and Differentiation (2015) 22, 690–702; doi:10.1038/cdd.2014.162; published online 10 October 2014

Huntington's disease (HD) is an adult-onset neurodegenera-
tive disorder characterized by cell loss mainly in the striatum
and cortex. Its pathophysiology is linked to an expanded CAG
repeat in the IT-15 gene, which leads to an elongated polyQ
tract in huntingtin (HTT) protein. No disease-modifying
treatment is available for HD and novel pathophysiological
insights and therapeutic strategies are needed.1

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

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

Additionally, primary astrocytes overexpressing full-length

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

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

Results

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

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

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

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

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

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

However, ABCA1 overexpression stimulated R6/2 astrocytes
to release larger apoE lipoproteins into the medium
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(Figure 3f, right, arrows), suggesting increased lipidation.
When HD neurons were cultured with GCM from R6/2
astrocytes overexpressing ABCA1 (GCMR6/2ABCA1), we

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

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

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

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

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

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

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

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

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

Discussion

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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