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Abstract—Mutant huntingtin (mhtt) causes loss of synaptic plas-
ticity and selective degeneration of striatal medium spiny neurons
(MSNs), a core pathological feature of Huntington’s disease (HD).
However, projecting neurons become dysfunctional in the very
early stages, long before death and this dysfunctional state may
contribute to disease. Interneurons appear to be more resistant to
the effects of mhtt and play important roles in supporting the
activity of projecting neurons. Therefore, early modifications in the
plasticity or in the pattern of cortical and striatal interneuronal
activity may also be a factor in the alteration of the corticostriatal
pathway in HD. While new models of HD provide information on
the onset of complex behavioral changes, the mechanisms under-
lying alterations of the striatal microcircuit and their role in HD
pathogenesis are still unclear. As a consequence, despite the
development of new compounds, no adequate treatment is so far
available to stop or reverse HD. Electrophysiological studies pro-
vide crucial information on neuronal dysfunction and circuit
changes that underlie or precede symptoms. Here we review re-
cent papers in which HD models have been used to study various
aspects of neuronal physiology of corticostriatal pathway. We will
also discuss advantages and limitations of rodent models com-
pared to primate models and current challenges of therapies
aimed at rescuing striatal function in HD.

This article is part of a Special Issue entitled: Neuroscience
Disease Models. © 2012 IBRO. Published by Elsevier Ltd. All rights
reserved.
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Huntington’s disease (HD) is an autosomal dominant neu-
rodegenerative disorder characterized by psychiatric dis-
turbances and progressive cognitive decline associated
to development of involuntary choreic movements. The
cause of HD is a mutation that leads to polyglutamine
(CAG) expansion in the coding region of the huntingtin (htt)
gene (The Huntington’s Disease Collaborative Research
Group, 1993). In unaffected humans, there are typically
10–29 (median 18) repetitions of the CAG triplet at 5= end
of htt gene, which, upon translation, result in polyglutamine
stretch; in contrast, HD patients have a significantly ex-
panded number—36–121 (median 44)—of trinucleotide
repeats. The length of the CAG/polyglutamine repeat is
inversely correlated with the age of disease onset and
severity of symptoms: the higher number of expanded
trinucleotide repeats results in an earlier onset of the dis-
ease, and a lower number in a later onset.

ROLE OF HUNTINGTIN

Although the function of normal htt is still not completely
clarified, it is expressed very early in development and
several lines of evidence suggest that it has a role in
vesicular trafficking, exocytosis, and endocytosis (DiFiglia
et al., 1995; Nasir et al., 1995; Caviston and Holzbaur,
2009). Accordingly, disruption of htt gene results in em-
bryolethality (Nasir et al., 1995) and its mutant form (mhtt)
interacts with a number of important pre- and postsynaptic

proteins involved in vesicle transport, receptors internal-
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ization, and control of synaptic structure (Li et al., 2003;
Borrell-Pages et al., 2006; Truant et al., 2006), promoting
cellular alterations by changing htt–protein interaction pat-
terns. Such action is made possible because CAG expan-
sion does not result in complete loss of normal function of
htt gene, but rather it confers a novel gain-of-function
independent of the physiological role of the protein (White
et al., 1997). Indeed mhtt is able to alter cell signaling and
induce neuronal disfunction also by altering transcriptional
pathways and several gene expression patterns (Cha,
2000; Luthi-Carter et al., 2003) causing molecular changes
able to modify structure and function of synapses.

It has been reported that axon terminals in mice with
advanced HD contain fewer synaptic vesicles than wild-
type mice and that mhtt binds more tightly to synaptic
vesicles than wild-type htt culminating in a global reduction
of glutamate release in vitro that produces specific impair-
ment of exocytosis and endocytosis (Li et al., 2003). These
features may account for the early synaptic and cellular
dysfunctions in HD brains, which occur years prior to cell
death or appearance of overt neurological symptoms and
seem to be related to initial psychiatric and cognitive def-
icits (Orth et al., 2010; Paulsen et al., 2008; Schippling et
al., 2009).

SELECTIVITY OF STRIATAL LESION

HD is characterized by early selective loss of GABAergic
striatal medium spiny neurons (MSNs) accompanied by
degeneration of neurons in the cortex and in other brain
areas (Vonsattel and DiFiglia, 1998). The selective vulner-
ability of specific neuronal subtypes is one of the most
interesting aspects of HD pathophysiology. In fact, despite
its ubiquitous expression throughout the central nervous
system (Strong et al., 1993; Bhide et al., 1996), mhtt
produces an altered protein particularly harmful to the
GABAergic projecting neurons of striatum, a nucleus in
which htt levels are even lower than in other unaffected
areas. Several hypotheses have been made to explain
such specific neurodegenerative effect and many are the
aspects to take into account as various complex interac-
tions take place within the striatal microcircuit.

THE STRIATAL MICROCIRCUIT

Topographically organized sensory and motor areas of the
neocortex project to the dorsal striatum through glutama-
tergic corticostriatal projections (McGeorge and Faull,
1987, 1989). These excitatory cortical signals overlap with
glutamatergic inputs from midline thalamic nuclei and do-
paminergic projections from the pars compacta of the sub-
stantia nigra (Gerfen et al., 1987) providing for the conver-
gence of sensory inputs with information on movement
sequences (Brown, 1992; Flaherty and Graybiel, 1994;
Graybiel et al., 1994). The functional interplay of these
converging pathways occurs in the MSNs, providing a
correct information processing that is essential for striatal
control of motor learning and habit formation (Calabresi et

al., 2007).
Similar to other areas in which synaptic plasticity has
been observed, in the striatum such complex integration of
signals requires a finely tuned crosstalk within and between
cell assemblies to be flexible. In fact, the critical filtering role
played by striatum in the basal ganglia network relies also on
the close interactions between MSNs and several subtypes
of interneurons. This heterogeneous neuronal population in-
cludes a group of large aspiny cholinergic interneurons (LAIs)
and different subtypes of GABAergic neurons: one coex-
presses parvalbumin, one calretinin, and one nitric oxide
synthase (Kawaguchi et al., 1995). Another class of interneu-
rons is represented by local tyrosine hydroxylase (TH)-posi-
tive cells that produce both GABA and dopamine (DA) (Tep-
per et al., 2010). All of them receive powerful excitatory inputs
from cortex and thalamus and exert a modulatory action on
striatal synaptic transmission through pre- and postsynaptic
mechanisms, affecting the function of corticostriatal glutama-
tergic system (Brown and Arbuthnott, 1983; Kerkerian et al.,
1987; Garcia-Munoz et al., 1991; Cepeda et al., 1993; Cala-
bresi et al., 2000; Centonze et al., 2001). For these reasons,
although representing a minority of total striatal neuronal
population (Kawaguchi et al., 1995), interneurons play a cru-
cial role in the modulation of striatal function, contributing to
the correct processing of corticostriatal information.

This aspect has been particularly studied in LAIs, the
class of interneurons that represents the main source of
acetylcholine (Ach) within the striatum (Suzuki et al.,
2001). Striatal LAIs receive excitatory glutamatergic inputs
from cortical and thalamic regions (Lapper and Bolam,
1992; Thomas et al., 2000) and their axons develop in-
tense arborization that forms synaptic contacts with virtu-
ally all portions of MSNs. This anatomical organization
allows LAIs to play a major integrative role and exert a
modulatory influence upon vast populations of striatal pro-
jection neurons (Izzo and Bolam, 1988) regulating their
excitability and, consequently, the corticostriatal informa-
tion processing. In particular, endogenous cholinergic tone
is required for corticostriatal synaptic plasticity (Calabresi
et al., 2000, 2007) suggesting that cholinergic interneuro-
nal activity contributes to striatal-dependent learning and
motor habit formation. Hence, long-lasting changes in syn-
aptic efficacy have been also observed at glutamatergic
synapses on LAIs (Pisani et al., 2000, 2001; Bonsi et al.,
2004; Fino et al., 2008) and most recently it has been
reported that LAIs are important sites of interaction among
DA, adenosine, and endocannabinoid receptor signaling
systems (Tozzi et al., 2011).

A proper internal control of striatal function relies on the
interactions between MSNs and a subtype of GABAergic
cells that express parvalbumin (PV), which are called fast-
spiking interneurons (FSIs) on the basis of their electro-
physiological characteristics (Kawaguchi et al., 1995). Stri-
atal PV-containing FSIs receive unique combinations of
inputs from cortex and exert a strong feed-forward inhibi-
tion over MSNs, their predominant synaptic target (Kawa-
guchi et al., 1995; Koos and Tepper, 1999; Mallet et al.,
2005). Synapses between striatal FSIs and MSNs exhibit
extremely low failure rates and effective temporal summa-

tion, and are powerful enough to delay or completely block
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spiking in postsynaptic MSNs (Koos and Tepper, 1999).
Thus, neuronal activity of FSIs is able to influence the fine
timing of MSNs spiking (Pennartz et al., 2009) and provide
the major synaptic inhibitory control within the striatum
(Ramanathan et al., 2002).

Although the glutamatergic inputs to striatal PV-posi-
tive cells have long been considered invariable (Nissen et
al., 2010), it has been recently demonstrated that both
LAIs and FSIs respond earlier than MSNs to cortical stim-
ulation, depending on the specific temporal sequence of
activation, to modulate MSNs excitability. In particular,
using pairing stimulations of corticostriatal neurons and
target cells, it is possible to observe that when presynaptic
(corticostriatal) neurons are activated earlier than postsyn-
aptic neurons (either MSNs or interneurons), the stimula-
tion pairing leads to an increase of the GABAergic inhibi-
tion exerted by interneurons on MSNs, while synaptic
strength of MSNs and cholinergic interneurons decreases.
Conversely, if activation of presynaptic neurons follows
stimulation of MSNs and interneurons, the stimulation in-
duces a reduction of GABAergic inhibition from FSIs while
reinforcing the synaptic efficacy of MSNs and LAIs (Fino
and Venance, 2011; Fino et al., 2008).

Because the striatal functions in learning and memory
processes require the cooperation of these neuronal pop-
ulations, the capability of striatal interneurons to develop
activity-dependent long-term synaptic efficacy changes in
physiological condition (Suzuki et al., 2001; Bonsi et al.,
2004; Fino et al., 2008) has important functional conse-
quences and its dependence on several neurotransmitter
systems is becoming a focus of intense study.

At corticostriatal synapses, repetitive cortical activation
can generate either long-term depression (LTD) or long-
term potentiation (LTP) depending on the subtype of iono-
tropic glutamate receptor activated during the induction
phase of these forms of synaptic plasticity (Calabresi et al.,
1992; Wang et al., 2006) and the interneuronal subtypes
involved (Calabresi et al., 2007). Unique characteristic of
striatal neurons is that DA critically regulates both the
induction and the maintenance of neuroplasticity at corti-
costriatal synapses via DA D1-like and D2-like receptors
activation as full DA denervation abolishes the physiolog-
ical corticostriatal plasticity by producing biochemical and
morphological changes within the striatum (Calabresi et
al., 2007) and partial DA depletion alters maintenance of
LTP (Paille et al., 2010). A third form of striatal synaptic
plasticity, distinct from LTD and defined synaptic depoten-
tiation, results from the reversal of an established LTP by
the application of a low-frequency stimulation of corticos-
triatal fibers (O’Dell and Kandel, 1994; Picconi et al.,
2003). This form of plasticity critically relies on glutamater-
gic N-metyl-D-aspartate receptor (NMDAR) activation and

ch striatal tone (Gardoni et al., 2006; Picconi et al., 2006).
t the molecular level, the fact that the NMDAR complex is
dynamic structure involved in the regulation of corticos-

riatal long-term synaptic changes (Menegoz et al., 1995;
alabresi et al., 1996; Ulas and Cotman, 1996; Dunah et
l., 2000; Hallett et al., 2005) makes the concurrent in-

olvement of glutamatergic and dopaminergic pathways a
haracteristic of striatal synaptic plasticity. Activity-depen-
ent plasticity of glutamatergic MSNs synapses is also
odulated by endocannabinoids (presynaptically) and
etabotropic glutamate (pre- and postsynaptic) receptors

Shen et al., 2008). In particular, cannabinoid CB1 recep-
ors are expressed at MSNs but also at interneuronal level
here they exert important modulatory function on the
ontrol of movement. CB1 receptors are also present pre-
ynaptically in glutamatergic neurons within the basal gan-
lia circuits, including the afferences to the striatum com-

ng from cortical structures (Kofalvi et al., 2005; Uchi-
ashima et al., 2007).

Interestingly, modulatory actions exerted through DA
eceptors synergistically interact with effects of intracellular
econd messengers activation triggered by Ach and GABA
o determine whether corticostriatal LTP or LTD is trig-
ered in MSNs in response to repetitive synaptic stimula-
ion. Moreover, stimulation of DA D2 receptors (D2Rs)
ocated on LAIs, inhibits Ach release and then removes the
ch-dependent activation of muscarinic M1 receptors lo-
ated on MSNs, facilitating the induction of LTD (see Fig.
). On the other hand, DA D1/D5R stimulation favouring
ch release from LAIs promotes the induction of LTP in
SNs (Calabresi et al., 2007).

Thus, the integrative action exerted by striatal projec-
ion neurons on the converging information arising from the
ortex, nigral DA neurons, and interneurons, shapes the
ctivity of neurons throughout the entire basal ganglia
ircuitry.

NEUROPHYSIOLOGICAL ALTERATIONS IN HD
PATIENTS’ BRAIN

As previously mentioned htt mutation consists of CAG
pathological expansion, which generates several confor-
mational changes causing protein misfolding, abnormal
protein aggregation and subsequent transcriptional dys-
regulation, mitochondrial complex II deficiencies, and ex-
citotoxicity. This pattern of oxidative damage affects firstly
striatal MSNs projecting to the globus pallidus (i.e. en-
kephalin/GABA-containing neurons), (Reiner et al., 1988;
Albin et al., 1992) originating a biphasic profile of motor
abnormalities that starts with an early hyperkinetic phase,
manifested as chorea and ballism (Albin et al., 1989) to a
late akinetic and more disabling phase (Albin and Young,
1988; Albin et al., 1990). Accordingly, in early HD patients,
markers for striatopallidal neurons are decreased, includ-
ing D2RS, adenosine A2a receptors, and enkephalin,
whereas in later stages, both populations of striatal projec-
tion neurons are affected, with concomitant loss of markers
of the striatonigral pathway as DA D1Rs and substance P
(Reiner et al., 1988; Richfield et al., 1991). Other symp-
toms include affective disorders, depression, anxiety, irri-
tability or aggressive behavior, and apathy that typically
precede the onset of motor abnormalities by many years
and can be more devastating than movement disturbances
(Bonelli and Hofmann, 2007).

Further symptoms are observed in early stages as

impaired sustained attention, difficult problem solving, and



arinic AC
a

V. Ghiglieri et al. / Neuroscience 211 (2012) 165–184168
poor verbal fluency along with memory deterioration over
time (Caine et al., 1978; Brandt et al., 1984).

It is during presymptomatic phases that first alterations
in the synaptic machinery can be detected. In fact, brain
imaging studies indicated that neuronal alterations are
present before the appearance of clinical symptoms (Maz-
ziotta et al., 1987; Grafton et al., 1990; Aylward et al.,
1994, 1996, 2000, 2004; Antonini et al., 1996; Andrews et
al., 1999).

Glutamate

Research reports focusing on glutamate signaling system
in humans with HD have revealed a variety of alterations,
accounting for controversial data (Andre et al., 2010). Un-
changed striatal and cortical levels of expression of amino
acid receptors (Dure et al., 1991) were not confirmed by
other studies showing reduction of NMDA and AMPA re-

Fig. 1. Alterations of neurotransmitter systems in the striatal and cortic
multiple alterations in neurotransmitters at presynaptic and postsynap
interneurons as well as at cortical pyramidal neurons and interneuron
systems, which in control conditions operate a synergistic control over
severely altered at various levels (i.e. release, uptake, neurotransm
interneurons to undergo synaptic plasticity is suppressed and alterati
(solid lines). We hypothesize (dotted lines) that unbalanced functions w
to temporally distinct alterations in both direct and indirect pathways tha
uncontrolled activity of thalamic nuclei that project back to the cortex
receptor; ACh, acetylcholine; BDNF, brain-derived neurotrophic factor
receptor types 1 and 2; DA, dopamine; eCB, endocannabinoids; FS
aspiny cholinergic interneuron; LTP, long-term potentiation; M1 musc
spartate glutamate receptor.
ceptors expression (Young et al., 1988; Wagster et al.,
1994) and decreased glutamate uptake in the prefrontal
cortex of HD patients (Hassel et al., 2008). The fact that
polyglutamine-expanded proteins alter glutamate transport
is in agreement with previous works showing that in mem-
brane preparations of HD postmortem brains, binding of
D-[3H] aspartic acid to high-affinity binding sites is reduced
(Cross et al., 1986), and that diminished mRNA of the
GLT-1 transporter subtype has also been observed (Arz-
berger et al., 1997).

Moreover, studies in HD patients using MRI spectros-
copy demonstrated increased levels of striatal glutamate/
glutamine and lactate suggesting that glutamatergic func-
tion and abnormalities in energy metabolism may contrib-
ute to the pathology of HD (Koroshetz et al., 1997).

Dopamine

It is well-established that an intact nigrostriatal pathway is

s during HD. In both patients and experimental models of the disease,
ave been described at striatal medium spiny neurons and cholinergic
ine, acetylcholine, GABA, endocannabinoid, and glutamate signaling
rojecting neurons activity, have been demonstrated (solid lines) to be
iated synaptic events). Moreover, the ability of striatal cholinergic

erneuronal activity were also demonstrated in the cortex of HD mice
triatum may also involve other striatal interneuronal subtypes, leading
ause dysregulation of basal ganglia output nuclei. As a consequence,
enerate characteristic fluctuations in HD symptoms. A2a, adenosine
yclic AMP; CB1, cannabinoid receptor type 1; D1 and D2, dopamine

iking PV-positive GABAergic interneuron; Glu, glutamate; LAI, large
h receptor type 1 MSN, medium spiny neuron; NMDA, N-methyl-D-
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quently, it is likely that abnormal release of nigrostriatal DA
has a key role in HD pathophysiology. Thus, it has been
hypothesized that uncontrolled presynaptic activation of
the nigrostriatal dopaminergic pathway induces chorea,
while loss of DA inputs induces akinesia in patients with
HD (Bird et al., 1980). Accordingly, initial studies found that
DA levels and activity of TH, its biosynthetic enzyme, were
increased in the striatum of postmortem HD brains com-
pared with controls (Spokes, 1979, 1980; Bird, 1980; Bird
et al., 1980). However, binding for the presynaptic DA
transporter was reduced in the caudate of HD patients
(Backman et al., 1997; Ginovart et al., 1997) suggesting
that alterations of nigrostriatal DA transmission would lead
to uncontrolled increase of DA synaptic levels and to cho-
reic movements (Bird et al., 1980). The neurochemical
basis for this suggestion is based on the observations that
antagonists of DA receptors and DA-depleting agents re-
duce chorea, and that L-DOPA exacerbates chorea in HD.
Moreover, it has been reported that TH-positive interneu-
rons, as striatal local source of DA, are virtually absent
from the striatum of HD patients (Huot et al., 2007), while
in DA-denervated conditions this interneuronal population
is significantly increased compared to controls (Betarbet et
al., 1997; Bezard and Gross, 1998; Porritt et al., 2000).
Accordingly, imaging studies have provided evidence in
support of a reduced DA function in HD patients. In pres-
ymptomatic patients, which still show reduced cell loss,
both striatal D1 and D2 receptor levels were decreased by
45–50% and their loss progressed by 3–5% per year (An-
drews et al., 1999; van Oostrom et al., 2009).

GABA

In the complex balance that keeps the striatal microcircuit
efficient, besides DA and glutamate, GABA plays a crucial
role but its involvement in HD pathophysiology deserves to
be explored more extensively. While inhibitory synapses
have been studied in several HD models, mechanisms of
dynamic alterations of GABA signaling in humans are still
far from being elucidated. In the striatum there is a heter-
ogeneous population of GABAergic interneurons repre-
sented by at least four distinct subpopulations each elicit-
ing different inhibitory and/or modulatory control of MSNs
activity (Tepper et al., 2010) and that are differentially
affected by mhtt. As GABA content is decreased in the
striatum of HD patients (Spokes, 1980; Spokes et al.,
1980), reduced inhibitory function within the striatum is
likely to reflect degeneration of projection neurons. This
reduction in GABA levels was initially considered second-
ary to the loss of MSNs. However, a recent study reported
that GABA receptors are increased in the internal globus
pallidus, a basal ganglia output nucleus, at all stages of the
disease in HD patients, suggesting compensatory mecha-
nisms for the loss of striatopallidal/striatonigral GABA ter-
minals (Allen et al., 2009). On this view the variety of
GABAergic interneurons, which exert a strong inhibitory
control of MSNs activity, may either contribute to early
pathological changes that take place within the striatal
microcircuit or exert a neuroprotective role, thus becoming

a new interesting target for therapeutic interventions.
Postmortem studies revealed that in HD brains nitric
oxide syntase (NOS)-positive interneurons are more resis-
tant to mhtt effects (Dawbarn et al., 1985; Ferrante et al.,
1985, 1987b; Beal et al., 1986), calretinin-positive are
spared or increased in number (Cicchetti et al., 1996;
Cicchetti and Parent, 1996; Massouh et al., 2008), while
the group of striatal TH-positive cells, whose vast majority
in both human and non-human primates appear to be
GABAergic interneurons (Betarbet et al., 1997; Tepper et
al., 2010), are significantly decreased in HD patients com-
pared to control, as a compensatory response (Huot et al.,
2007).

Acetylcholine

Although in the first studies cholinergic interneurons ap-
peared to be spared (Ferrante et al., 1987a,b), the occur-
rence of cognitive deficits in patients prompted investiga-
tors to explore the possibility that cholinergic system was
altered in HD brain. In line with this idea, the first neuro-
chemistry investigations indicated a marked decrease of
choline acetyl transferase activity (ChAT), the biosyntetic
enzyme of Ach, which reflects lower levels of Ach (Bird and
Iversen, 1974; Aquilonius et al., 1975; Spokes, 1980;
Reynolds et al., 1990; Suzuki et al., 2001). These results
are in line with the decrease in ligand binding of vesicular
Ach transporter (Suzuki et al., 2001) and a diminution of its
protein expression (Smith et al., 2006) observed in post-
mortem HD striata. A recent study has clarified that the
decrease in the number of ChAT-positive neurons in HD
does not appear to result from a degeneration of these
interneurons, but rather from a marked diminution of their
ChAT immunostaining (Massouh et al., 2008), according to
the ability of mhtt to interfere with transcriptional process
and gene expression.

Since early observation of an altered cholinergic sys-
tem, research effort has been focusing on attempts to
restore the cholinergic tone in the brain of HD patients
using inhibitors of acetylcholinesterase, the enzyme that
degrades endogenous Ach. However, very few studies
reported significant clinical outcomes. While some studies
reported a therapeutic effect of acetylcholinesterase inhib-
itors on either cognitive functions (Rot et al., 2002; de
Tommaso et al., 2004), or motor performance (de Tom-
maso et al., 2007), another report failed to demonstrate
any beneficial outcome of the treatment (Cubo et al.,
2006). Interestingly, however, positive effects on cognitive
performances support the role of Ach in striatal-dependent
forms of learning, and the reduction of motor disabilities
confirms the role of cholinergic striatal neurones in the
control of voluntary movements.

Brain-derived neurotrophic factor (BDNF)

Another adverse effect of reduced corticostriatal commu-
nication in HD is the reduced release of BDNF. Corticos-
triatal neurons deliver BDNF via activity-dependent re-
lease into the striatum where it preferentially binds to its
high-affinity receptor, the tyrosine kinase tropomyosin-re-
lated kinase B (TrkB) receptor, leading to the activation of

various intracellular pathways that control neurite growth,
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synaptic plasticity, proliferation, and survival. Notably, de-
creased BDNF levels have been found in the brains of HD
patients (Zuccato and Cattaneo, 2007). Moreover, studies
have demonstrated that transcription of BDNF is increased
by htt and reduced by mhtt (Zuccato et al., 2001, 2003) and
hat reduced BDNF expression is observed in presymp-
omatic HD mice (Zuccato et al., 2001).

nteractions between neurotransmitter systems

lthough few clinical studies have been focused on the
ole of modulatory neurotransmitters in HD, an aspect that
s recently attracting increasing attention from researchers
n the field of neurodegeneration is the derangement of the
nteractions between distinct neurotransmitter systems. An
xample is given by the cross-talk existing between DA D1
nd NMDARs. It has been shown that D1R activation

ncreases the surface levels of NR2B-containing NMDARs
nd their synaptic localization in striatal cells (Hallett et al.,
006) leading to augmented glutamate toxicity in HD mod-
ls (Tang et al., 2007). However, the nature of this rela-
ionship is complicated by the observation that D1 activa-
ion may also suppress NMDAR-mediated currents and
educe NMDAR-mediated toxicity through NR1 and
R2AC-terminal interactions with D1Rs (Lee et al., 2002).
urther investigations of DAergic modulation of NMDAR
ubunits localization, toxicity, and activity in HD models
hould prove informative and provide new insights into the
ole of these two important players in the functioning of
lutamatergic synapse. These data indicate that striatal
ynaptic plasticity could be affected also by changes in
odulatory neurotransmission in HD. Activation of D1-
xpressing cells is positively coupled to cAMP (Shen et al.,
008), whereas MSNs mostly expressing DA D2R, whose
ctivation inhibits cAMP, coexpress adenosine receptors,
hich are positively coupled to cAMP (Shen et al., 2008).
his involvement of adenosine might be important be-
ause cAMP levels are reduced early in HD mice (Gines et
l., 2003). The importance of A2a adenosine receptors in
D pathogenesis relies also on the fact that they are highly
xpressed in the striatum in which they operate a strong
ontrol of DA-modulatory actions, particularly in the striato-
allidal neurons that are affected earlier in HD. Several

ines of evidence indicate that A2a receptors are also
trongly involved in the regulation of both BDNF function
nd levels in the brain (Tebano et al., 2010; Potenza et al.,
007). Interestingly, it has been observed that concomitant
ctivation of DA D2Rs and blockade of A2a adenosine
eceptors is able to decrease striatal glutamatergic trans-
ission (Tozzi et al., 2007). This interaction is made pos-

ible by a retrograde action of endocannabinoids released
y postsynaptic MSNs and acting on CB1 cannabinoid
eceptors located on glutamatergic terminals (Tozzi et al.,
011).

Therefore, it is not surprising that both adenosine and
ndocannabinoids receptors have been implicated in early
D pathogenesis (Tang et al., 2005; Cha, 2007; Zhang et
l., 2008). In fact, alterations in A2a receptor expression
nd signaling have been observed and A2a antagonists

ave protective effects in several experimental models of
HD (Kumar et al., 2010). Moreover, one of the first neuro-
chemical changes observed in HD patients is the loss of
cannabinoid receptor binding in the basal ganglia, an al-
teration that significantly precedes the development of
identifiable striatal neuropathology as documented in post-
mortem samples of HD patients at very early stages of the
disease (Richfield and Herkenham, 1994; Glass et al.,
2000). Such loss of CB1 receptors becomes much more
marked when striatal degeneration emerges as seen in
postmortem samples collected from HD patients at inter-
mediate and advanced phases of the disease (Richfield
and Herkenham, 1994; Glass et al., 2000). In symptomatic
stages, CB1 agonists are in fact successfully used to re-
duce hyperkinesia suggesting that the cannabinoid signal-
ing system, and particularly that acting through CB1 recep-
tor, would become hypoactive in the basal ganglia of HD
patients and of patients suffering from other hyperkinetic
disorders. This hypothesis has been confirmed in numer-
ous studies in which different endocannabinoid elements
have been analyzed in patients, in particular the CB1
receptor type (Glass et al., 1993, 2000; Richfield and
Herkenham, 1994; Lastres-Becker et al., 2001; Battista et
al., 2007).

MODELS OF HD

Excitotoxic models

As striatal cell loss appears to be the primary neuropatho-
logical hallmark in HD, the first rodent models developed to
mimick HD features used excitotoxins to selectively de-
stroy striatal MSNs (Coyle and Schwarcz, 1976; Schwarcz
and Coyle, 1977; Brouillet et al., 1999; Wang and Qin,
2006), leading to the generation of the excitotoxic hypoth-
esis as possible first explanation of striatal selective vul-
nerability in HD.

The most studied excitotoxic model is perhaps the rat
intoxicated with the NMDAR agonist quinolinic acid (Rob-
rts et al., 1993), an endogenous excitotoxin which is
ound elevated in the brain of HD patients. The principal
dvantage of this model is represented by the selective
eurodegeneration of GABAergic neurons exerted by
uinolinic acid administration, with relative sparing of LAIs.
nother interesting aspect consists in the observation that

ats intoxicated with quinolinic acid show an age-depen-
ent decrease in enkephalin neuron vulnerability in con-
rast to substance P-positive striatal neurons. This result
upports the idea that a differential age-related decline in
he sensitivity of striatal projection neuron types to this
rocess may contribute to the more uniform striatal neuron

oss observed in juvenile-onset compared to the more
ifferential loss in adult-onset HD (Sun et al., 2003).

itochondrial toxicity models

ther models were generated starting from the observa-
ion that deficits in energy metabolism also occur in HD. To
electively target mitochondrial function various mitochon-
rial toxins were used, such as rotenone (Greenamyre et
l., 1992), 1-methyl-4-phenylpyridinium (MPP) (Storey et
al., 1992), malonate (Beal et al., 1993a), 3-acetylpyridine
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(Schulz et al., 1994), and 3-nitropropionic acid (3-NP);
(Beal et al., 1993b; Brouillet et al., 1993). In rodents and
non-human primates, systemic or intracerebral administra-
tion of 3-NP or malonate were able to block the mitochon-
drial respiratory complex II by inhibiting the activity of the
membrane-bound mitochondrial enzyme succinate dehy-
drogenase (Alston et al., 1977; Coles et al., 1979). Irre-
versible inhibition of this mitochondrial enzyme by 3-NP
induces depletion of intracellular ATP in neurons, leading
to impairment of cation exchange pumps and progressive
membrane depolarization due to intracellular sodium over-
load (Brouillet et al., 1999) with a selective striatal lesion
similar to the pattern of cell loss observed in HD (Damiano
et al., 2010; Beal et al., 1993b; Brouillet et al., 1995).
These lesions correlate in an age-dependent fashion to a
number of motor and neuropathological symptoms ob-
served in HD patients and result in differential sparing of
striatal interneurons with a significant loss of GABAergic
neurons. Moreover, as the degeneration is prevented by
prior decortication, this model provided the first evidence
that intact corticostriatal glutamatergic innervation plays an
important role in striatal degeneration produced by sys-
temic administration of 3-NP.

Genetic models

Although toxic models greatly contributed to the under-
standing of principal mechanisms underlying cell death in
HD, advanced studies on the progression of the disease
have been made possible after the discovery of htt gene in
1993 and the generation of genetic models (Cepeda et al.,
2010; Kumar et al., 2010; Heng et al., 2008; Menalled et
al., 2009). The possibility to reproduce htt mutation and
create more faithful paradigms of the disease allows the
dissection of early events in neuronal degeneration intro-
ducing the idea that motor symptoms and cell death might
be preceded by neuronal dysfunctions in the affected brain
areas (Levine et al., 2004).

The different genetic mouse lines can be subdivided
based on how the mhtt is incorporated into the mouse
genome in: (a) transgenic mice that, besides expression of
both alleles of murine wild-type htt, express also a frag-
ment of the human htt gene containing polyglutamine mu-
tations, like R6/2 and R6/1 mice (Mangiarini et al., 1996;
Laforet et al., 2001); (b) knock-in mice with pathogenic
CAG repeats inserted into the existing CAG expansion of
wild-type murine htt (White et al., 1997; Shelbourne et al.,
1999; Wheeler et al., 1999, 2000; Lin et al., 2001; Menalled
et al., 2002; Heng et al., 2007); (c) mice that express the
full-length human HD gene, like mice expressing mhtt
through yeast artificial chromosomes (YAC) or bacterial
artificial chromosome (BAC) (Reddy et al., 1998; Hodgson
t al., 1999; Hersch and Ferrante, 2004); (d) mice in which
htt can be turned on or off at a certain age, mimicking
istinct phases of the disease and allowing to dissect
arrow effects of htt mutation on specific molecular targets
Yamamoto et al., 2000; Gu et al., 2005).

Besides mouse models, transgenic rats have also been
enerated and are currently studied. In these rats, carrying

runcated htt cDNA fragment with variable numbers of CAG
epeats under control of the native htt promoter, it is possible
o reproduce a wide range of adult-onset neurological phe-
otypes that more closely resemble the neuropathological
haracteristics of human HD (Heng et al., 2008). Other rodent
odels have been generated using rats in which mhtt is
elivered through viral vectors coding for variable numbers of
AG repeats (Senut et al., 2000).

Although most of the studies reviewed here have been
onducted in R6 line, many of the HD symptoms can be
eproduced in the currently available rodent models.
mong them, behavioral cognitive alterations and motor
bnormalities are reliable common features whose level of
xpression is based on the impact of toxin administration
nd the degree of overexpression of the mutant protein.
hanges in neuronal activity can be effectively studied in
ost of the models, although subtle early neuronal alter-
tions in synaptic events can be better characterized in
enetic models, which offer the advantage of a defined
nset and a progressive development of disease symp-
oms. Since electrophysiological analyses provide crucial
nformation on neuronal dysfunction and circuit changes
hat underlie or precede symptoms, we will review seminal
nd more recent papers that focus on various aspects of
euronal physiology of corticostriatal pathway.

NEUROPHYSIOLOGY OF HD IN ANIMAL
MODELS

Similar to human HD mutation carriers, HD mice exhibit
early deficits in cognition and behavior years prior to motor
dysfunction (Murphy et al., 2000; Nithianantharajah et al.,
2008). These initial alterations are often associated with
aberrant neuronal network properties in the striatum and
cortex with disruption of NMDAR-dependent LTP and LTD
(Usdin et al., 1999; Milnerwood et al., 2006; Lynch et al.,
2007). In particular, subtle changes are likely to begin in
the cortex as suggested by experimental reports (Miller et
al., 2008, 2010; Spampanato et al., 2008; Walker et al.,
2008; Schippling et al., 2009) showing loss of coordinated
firing patterns in different HD models.

Glutamate and GABA

Among the many neurotransmitters involved in HD patho-
physiology, glutamate has been so far the most studied. In
fact, the initial underlying hypothesis used to explain neu-
rodegeneration in HD, the excitotoxicity hypothesis,
prompted initial studies in genetic mouse models at veri-
fying whether increased glutamate release and sensitivity
of NMDARs could cause striatal cell death in HD.

As the majority of the studies have been focused on
striatal alterations during symptomatic stages, decreases
of both striatal glutamate receptors and release have been
mainly associated to development of symptoms.

In fact, increased NMDAR function was verified in
R6/2, YAC72, and YAC 128 mice, in electrophysiological
recordings and calcium imaging studies showing that
MSNs had increased responses to NMDA (Graham et al.,
2009; Hodgson et al., 1999; Cepeda et al., 2001). How-

ever, the most interesting aspect in the electrophysiologi-
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cal changes of cortical and striatal glutamatergic and
GABAergic signaling systems is that, in HD, they follow a
biphasic pattern of alteration as the disease progresses
(Cepeda et al., 2010). Most of these studies were done in
R6/2 and YAC128 HD mice. Although a progressive re-
duction in spontaneous and evoked glutamatergic synaptic
activity, coinciding with the appearance of overt behavioral
alterations, is the most noticeable change in R6/2 mice
(Klapstein et al., 2001; Cepeda et al., 2003), dysregulation
of glutamatergic input occurs early and is manifested by
the presence of large-amplitude and complex synaptic
events that peak at approximately 5–7 weeks of age (Ce-
eda et al., 2003). These large events could reflect in-
reased cortical excitability and a possible reduction in
resynaptic receptor function, including DA D2, metabo-
ropic glutamate (mGluR2/3), and endocannabinoid CB1
eceptors (Cha et al., 1998; Luthi-Carter et al., 2000;
riano et al., 2002). As striatal neuronal action potential
eneration is highly dependent on cortical inputs, the pres-
nce of large-amplitude synaptic events in the striatum of
6/2 mice at 5–7 weeks, during the early symptomatic
hase, in conjunction with higher membrane input resis-
ance, predicts transiently increased activity along the cor-
icostriatal pathway in a subset of MSNs. Hyperexcitability
n cortical networks was confirmed in the R6/2 and other

ouse models. Examination of somatosensory cortical py-
amidal neurons in slices from R6/2 mice revealed that
pontaneous excitatory postsynaptic currents (EPSCs) oc-
urred at a higher frequency in behaviorally phenotypic
ice, whereas inhibitory postsynaptic currents (IPSCs)
ere initially increased in frequency and subsequently de-
reased at 80–90 days (Cummings et al., 2009). De-
reased inhibition in cortical pyramidal neurons and altered
ynaptic and passive properties of PV interneurons was
lso observed in BACHD mice at 6 months, when motor
ysfunction occurs (Spampanato et al., 2008).

Interestingly, in contrast with reduced IPSC frequency
n the cortex of symptomatic animals, the frequency of
nhibitory GABA receptor-mediated synaptic events is in-
reased in the striatum of R6/2 and other models of HD
Cepeda et al., 2007; Cummings, 2007). This inhibition
ithin the striatum leads to temporally distinct alterations in
oth direct and indirect pathways possibly causing dys-
egulation of inhibitory nigrothalamic and pallidothalamic
athways.

Consequently, thalamocortical and thalamostriatal
euronal activities are no more under GABAergic control of
asal ganglia output nuclei and may generate the charac-
eristic fluctuations in HD symptoms. Similar to R6/2 mice,
AC128 mice showed biphasic age-dependent changes in
orticostriatal function. At 1 month, before the behavioral
henotype develops, striatal glutamate release and AMPA
eceptor-mediated synaptic currents evoked by cortical
timulation were increased. At 7 and 12 months, after the
evelopment of the behavioral phenotype, glutamate re-

ease and AMPA synaptic currents were significantly re-
uced (Joshi et al., 2009). These effects were due to
ombined pre- and postsynaptic alterations, as demon-

trated by another study showing that NMDAR-mediated
synaptic currents and postsynaptic currents are increased
in slices and in acutely isolated MSNs from presymptom-
atic YAC128 mice followed by reduced currents in symp-
tomatic stage (Graham et al., 2009).

However, studies in symptomatic animals show de-
creases of striatal NMDA mRNA in 8–12-week R6/2 mice
and decreases of AMPA receptors in 12-week R6/2 mice
(Cha et al., 1998, 1999). In these studies, there was a loss
of cortical glutamate receptors that occurred later than in
the striatum. Basal striatal glutamate levels were also re-
duced in R6/1 mice at 16 weeks (Nicniocaill et al., 2001)
and axons containing mutant htt aggregates had fewer
synaptic vesicles suggesting that mhtt binds tightly to syn-
aptic vesicle membranes, inhibiting uptake and release of
glutamate (Li et al., 2003).

In contrast to the striatum, cortical NMDA and AMPA
receptor-induced currents were decreased in presymptom-
atic but unchanged in symptomatic R6/2 mice compared to
controls (Cha et al., 1998; Andre et al., 2006). Decreased
postsynaptic glutamate currents in pyramidal neurons
could account for decreased vulnerability in cortical struc-
tures compared to the striatum. However, in symptomatic
R6/2, YAC128, and CAG140 knock-in mice, glutamate
synaptic neurotransmission was increased in the cortex
and pyramidal neurons showed signs of hyperexcitability
(Cummings et al., 2009). These observations suggest that
cortical glutamate inputs are increased in models of HD,
while striatal glutamate inputs appear to be decreased
(Cepeda et al., 2003) probably because thalamic activity is
no more under inhibitory control of GABAergic neurons of
internal globus pallidus and substantia nigra pars reticu-
lata, the two main output nuclei of human basal ganglia.
The differential changes in glutamate currents observed in
the striatum and cortex suggest that alterations induced by
mhtt are not solely cell-dependent, but also depend on
more complex interactions within the basal ganglia cir-
cuitry.

Prior to motor deficits in YAC 128 HD mice, striatal
glutamate release is increased during trains of cortical and
callosal stimulation (Joshi et al., 2009). Increased gluta-
mate release could contribute to striatal neuronal stress, a
notion supported by the reduction of phenotype severity by
decortication as shown in R6/2 mice (Stack et al., 2007).
However, other studies in young presymptomatic R6/2
mice show that evoked and spontaneous glutamate re-
lease is not elevated, based on AMPAR current frequen-
cies and amplitudes and that spine density is not altered
(Milnerwood et al., 2010; Cepeda et al., 2003; Milnerwood
and Raymond, 2007), suggesting that augmented cortico-
striatal glutamate currents in HD mice may be due to more
complex intra-cortical region-specific alterations rather
than to an increased synapse number.

A possible explanation of the functional dichotomy of
NMDAR signaling during the progression of the disease
and the differences between striatum and cortex, has
been suggested to depend on the subcellular site of
NMDAR activation (Vanhoutte and Bading, 2003) since
the stimulation of synaptic NMDARs is able to trigger

pro-survival signaling pathways, whereas activation of
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NMDARs at peri- and extra-synaptic sites has been
reported to be neurotoxic. Accordingly, altered traffick-
ing of NMDAR subunits and elevated extra-synaptic
NMDAR activity has been recently demonstrated in
YAC72 and 128 mice, providing a possible mechanism
for early synaptic disfunctions in HD (Milnerwood et al.,
2010; Fan et al., 2007).

In summary, initial changes are likely to begin in the
ortex (Miller et al., 2008; Spampanato et al., 2008; Walker et
l., 2008; Schippling et al., 2009) and produce initial in-
reases in glutamate release from corticostriatal terminals,
eflected by enhanced synaptic responses and large-ampli-
ude spontaneous synaptic events. Excess glutamate re-
ease causes the collapse of spines on postsynaptic MSNs,
hich increases membrane input resistance, reduces potas-
ium conductances, and further amplifies synaptic signals
Klapstein et al., 2001). Dysregulation of glutamate release is
ompounded by loss of DA D2, cannabinoid CB1, metabo-
ropic glutamate mGluR2/3 receptors, and other presynaptic
eceptors regulating glutamate release at corticostriatal ter-
inals. A compensatory mechanism is represented by the

ncrease of GABAergic synaptic activity that occurs within the
triatum. Increasing GABAergic synaptic transmission could
id in preventing further neuronal damage by reducing glu-
amate release, by activation of presynaptic GABAB recep-
ors, and/or inducing postsynaptic alterations by shunting
xcitatory inputs to MSNs, via GABAA receptors (Andre et al.,

2010).

Dopamine

Many seminal works have explored the correlation be-
tween DA signaling alteration and HD motor symptoms,
but studies aimed at understanding how impairments in the
release of nigrostriatal DA contribute to behavior in HD
have recently gained new interest suggesting that changes
in DA signaling have a profound impact on locomotor
activity also in early stages. In line with this idea, decrease
in DA- and cAMP-regulated phosphoprotein DARPP-32
expression can be observed in early symptomatic trans-
genic mice that do not present any obvious cell loss (Bibb
et al., 2000; Luthi-Carter et al., 2000; Menalled et al., 2000;
van Dellen et al., 2000). At 6 weeks, during early symp-
tomatic stage, R6/2 mice display decreases in D1R and
D2R binding (Mangiarini et al., 1996; Cha et al., 1998), and
D1-dependent modulation of AMPA currents was also de-
creased (Bibb et al., 2000). By this age, DA-dependent
corticostriatal LTP recorded intracellularly from MSNs is
not altered (Picconi et al., 2006) but synaptic depotentia-
tion is abolished and concomitantly interneuronal plasticity
is defective. As the disease progresses, in symptomatic
R6/2 mice, D1R-dependent striatal LTP of field potential
amplitude also becomes reduced compared to wild type
littermates (Kung et al., 2007). Microdialysis studies
showed that DA release was progressively reduced in
R6/2 mice between 6 and 14 weeks (Hickey et al., 2002).
In the 3-NP model, striatal DA content was unchanged but
evoked DA release was decreased (Kraft et al., 2009) with
concomitant hyperkinesia occurring late in the disease

development similar to the quinolinic acid model (Sanberg
et al., 1989; Brouillet et al., 1995). Other studies showed
that in young YAC128 mice (1 month), D2Rs are func-
tional, but become much less effective at 12 months (Joshi
et al., 2009). Although DA receptor density was unchanged
in 12-month-old YAC128 mice (Benn et al., 2007), this may
represent a compensatory mechanism for decreased DA
availability because the number of striatal neurons is re-
duced by 15% in this age group (Slow et al., 2003). Inter-
estingly, YAC128 mice exhibit initial hyperactivity, followed
by the onset of motor deficit and then hypokinesia corre-
lated with striatal neuronal loss (Slow et al., 2003).

It has been shown that R6/2 mice were less responsive to
the stimulatory effects of cocaine and amphetamine com-
pared to wild-type control mice (Hickey et al., 2002). Addi-
tionally, a voltammetry study has revealed that striatal DA
release in R6/2 mice is impaired, and also that a blunted
locomotor response to cocaine correlates with this impair-
ment (Johnson et al., 2006). Although the number of TH-
positive neurons was not reduced and nigrostriatal connec-
tivity remained intact, DA release, measured in the striatum
by microdialysis sampling (Petersen et al., 2002a,b), and
locomotor function (Bolivar et al., 2004) have been found to
be decreased also in R6/1 mice relative to wild-type controls.
It has been reported that in 3-NP intoxicated rats, removal of
the nigrostriatal dopaminergic input protects the striatum from
neurodegeneration (Reynolds et al., 1998).

Moreover, in a recent study using 3-NP treated rats,
although striatal DA content was unchanged, its release
and uptake were decreased compared to sham control rats
and accompanied by impairment of locomotor activity
(Kraft et al., 2009). Accordingly D1R-dependent LTP in
MSNs is also lost in presymptomatic 3-NP rats (Picconi et
al., 2006). In an in vitro study, in which mhtt-expressing
lentiviral vectors were injected in rat striatum, it has been
demonstrated that DA accelerates aggregate formation
and striatal neuronal death, two neuropathological hall-
marks gradually induced by mhtt (Charvin et al., 2005).
Accordingly, treatment with the D2 antagonist haloperidol
beginning at an early stage, significantly reduces both
mhtt-induced neuronal dysfunction and striatal aggregate
formation providing evidence that D2R blockade can slow
down initial striatal dysfunction in HD (Charvin et al., 2008).

BDNF and PV-positive interneurons

Lack of BDNF, a common phenotype of mouse models of
HD, has been linked to the loss of wild-type htt function
(Zuccato and Cattaneo, 2007) and it negatively impacts
MSNs, in which an initial period of increased glutamate
release is followed by a progressive reduction of synaptic
input. Such reduction is associated to decreased potas-
sium conductances, and depolarized resting membrane
potential, leading to an increased propensity for MSNs to
produce action potentials and to fire in disorganized man-
ner (Cepeda et al., 2010). Interestingly, BDNF is specifi-
cally required for maturation of inhibitory GABAergic syn-
apses (Marty et al., 1996; Bartrup et al., 1997; Yamada et
al., 2002). Consistent with these observations, 6-month-
old BACHD mice are reported to have significantly reduced

levels of BDNF (Gray et al., 2008), while in HD knock-in
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mice, in addition to presymptomatic reductions of BDNF,
cAMP levels are low, as is phosphorylation and activation
of the transcription factor CREB (cAMP response element
binding protein) (Gines et al., 2003). Neuronal CREB-
mediated transcription, driven by synaptic NMDARs, reg-
ulates synaptic plasticity, mitochondrial function, and cell
survival. Interestingly, both BDNF and synaptic NMDAR
signaling activate the MAPK (mitogen activated protein
kinase) and ERK (extracellular signal-regulated kinase)
pathways, converging upon Ras GTPases (Harjes and
Wanker, 2003), thus suggesting that BDNF signaling influ-
ences intracellular machinery involved in long-term modi-
fications of synaptic plasticity.

Relevant to both cortical and striatal microcircuits, in
which interneurons shape neuronal activity of projection
neurons, is the evidence that PV-positive GABAergic in-
terneurons require BDNF for proper electrophysiological
and anatomical maturation, such as extensive dendritic
arborization and synapse maintenance (Gorski et al.,
2003; Berghuis et al., 2006; Itami et al., 2007). Cell type-
specific interactions are a common feature for neurotro-
phins. In fact, effectiveness of BDNF is critically influenced
by neuronal activity, and synaptic potentiation induced by
BDNF can be selective for highly active synapses. Conse-
quently, BDNF exerts opposite effects on cortical pyrami-
dal neurons and GABAergic interneurons, depending on
the level of neuronal activity. In particular, lower cortical
activity associated with reduced BDNF release promotes
adjusting of synaptic strengths in order to increase excita-
tion onto pyramidal neurons. On the other hand, when
cortical activity is high and BDNF release increases, syn-
aptic strengths are adjusted to promote excitation onto
PV-positive GABAergic interneurons, which, in turn, recruit
more inhibition onto pyramidal neurons. This suggests that
BDNF plays a key role in the activity-dependent stabiliza-
tion of cortical activity (Rutherford et al., 1998).

Several studies pointed out to the specific role of BDNF
in the differentiation of GABAergic terminals (Bolton et al.,
2000). Specifically, BDNF is implicated in the development
and maturation of GABAergic PV-positive interneurons
(Berghuis et al., 2004). Interestingly, it has been reported
that PV-containing interneurons appear to be preserved
early in the course of HD but degenerate with progression
of this neurodegenerative disease (Fusco et al., 1999; Wu
and Parent, 2000; Vonsattel and DiFiglia, 1998; Giampa et
al., 2006, 2009).

On this line, an aspect not often taken into consider-
ation in experimental settings is the occurrence of epileptic
seizures in juvenile HD patients, which is replicated in R6/2
mice where increased epileptiform activity in cortical slices
and seizure susceptibility were found (Cummings et al.,
2009).

In normal condition low levels of BDNF specifically bind
to TrkB receptors expressed by MSNs, activating different
calcium-dependent intracellular pathways that result in ac-
curate tuning of MSNs activity. Recent evidence, however,
indicated that during epilepsy, interneuronal activity is
markedly altered (Slaght et al., 2004; Mallet et al., 2005;

Pakhotin and Bracci, 2007) and BDNF colocalizes more
with GABAergic interneurons resulting in an alternative
pattern of BDNF distribution that favors an enhancement of
inhibitory control within the striatum as adaptive mecha-
nism (Ghiglieri et al., 2010). Thus, striatal changes in
BDNF signaling through its high-affinity receptor TrkB con-
tribute to the reorganization of inhibitory system as adap-
tive response to seizures. Such adaptive response initially
protects MSNs from excessive activity and preserve stria-
tal functions and it is likely to represent an early alteration
of GABAergic function within the striatum.

Consistent with these data and considering the com-
plex regulation of GABAergic PV-positive interneurons ac-
tivity by BDNF during development (Marty et al., 1996;
Rutherford et al., 1998; Bolton et al., 2000; Berghuis et al.,
2004; Grosse et al., 2005), it is possible that also in other
areas particularly enriched in PV-positive interneurons, like
hippocampus and cortex, cell type-specific alterations of
BDNF signaling may occur. The subsequent creation of
abnormal circuitry may then predispose those areas to
recurrent seizure activity and this pathological pattern may
be a common trait of neurodegenerative disorders charac-
terized by seizure susceptibility.

The role of cholinergic interneurons

It has long been established that the cholinergic system
plays a key role in acquisition and retention of new infor-
mation (Wilson and Cook, 1994; McGaugh and Cahill,
1997; Newhouse and Kelton, 2000). Accordingly, selective
ablation of cholinergic neurons in the striatum impairs pro-
cedural learning (Kitabatake et al., 2003). In R6/2 mouse
model at early symptomatic stage (6 weeks), both MSNs
and LAIs showed specific alterations of plasticity (Picconi
et al., 2006) supporting the hypothesis that endogenous
Ach, in concert with glutamate and DA, critically modulates
synaptic scaling of MSNs. Therefore, focusing on LAIs
may represent an initial step toward the exploration of the
emerging dysregulation of cellular properties in the striatal
microcircuit in HD. Moreover, since LAIs are highly en-
riched in both htt and BDNF in the normal brain and after
excitotoxic lesions (Fusco et al., 2003), these neurons
might play a critical role in the pathophysiology of HD in a
way that involves BDNF.

In response to high-frequency stimulation of corticos-
triatal fibers, MSNs recorded in presymptomatic transgenic
R6/2 mice and 3-NP-intoxicated rats at an early stage of
disease, displayed an LTP whose amplitude and time
course were similar to those measured in control animals
(Picconi et al., 2006). In control condition, after the induc-
tion of LTP, it is possible to reverse the previously poten-
tiated synapse to pre-LTP levels. This last form of synaptic
plasticity, called depotentiation (Picconi et al., 2003), is
necessary to organize memory processes and to allow
new salient information to be selected and stored. This
form of plasticity is lost early in MSNs of both R6/2 mice
and 3-NP–treated rats and its disappearance is accompa-
nied by loss of LTP in the LAIs and poor cognitive perfor-
mances (Picconi et al., 2006), in line with the reports
demonstrating that the cholinergic system is functionally

impaired in this pathological condition (Ferrante et al.,
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1987a,b; Suzuki et al., 2001; Vetter et al., 2003; Smith et
al., 2006; Calabresi et al., 2007; Di Filippo et al., 2007).
nterestingly, in HD patients, cognitive disturbances often
ppear before the typical motor symptoms, years prior to a
ignificant striatal and cortical degeneration, suggesting
hat even modest alterations of the striatal cholinergic sys-
em may cause initial abnormalities in the physiology of
triatal MSNs and contribute to early deficits in behavioral
exibility (Calabresi et al., 2007). On this view, the lack of
idirectional plasticity may have its origin in a dysfunctional

nterplay between glutamate, DA, and Ach, and represent
general cellular and synaptic substrate for most of the

arly behavioral abnormalities observed in HD subjects,
uch as the absence of cognitive flexibility and the emer-
ence of perseverative behaviors. Such alteration of plas-
icity might lead to an overload of information that disrupt
ritical filtering functions of the striatum leading to the
nability to acquire new relevant cortical information and
reventing rapid adaptation to environmental changes. In

ine with this hypothesis is the evidence that HD mutation
ompromises the capacity of MSNs to process learning
nd task-related information, thus resulting in decreased
rocedural learning in R6/1 mice (Cayzac et al., 2011).

Pharmacological manipulation of cholinergic system
rovided a causal link between endogenous Ach and the

nduction of depotentiation confirming that, at least in the
triatum, converging glutamatergic inputs from cortex and
halamus are integrated by cholinergic and dopaminergic
ignaling to induce bidirectional synaptic plasticity in the
SNs (Picconi et al., 2006).

Recently, it has been shown that cholinergic interneu-
ons are also crucial site of interaction between DA and
denosine signaling as they, similar to MSNs, coexpress
2 and A2a receptors (Tozzi et al., 2011). Concomitant
ctivation of D2Rs and blockade of A2a receptors reduces
he firing rate of these interneurons. One of the final effects
f this inhibition would be a reduction of the release of
ndogenous Ach and the consequent reduced activation
f muscarinic receptors on MSNs. The established effect
f M1 receptor inhibition would be the opening of L-type
alcium channels (Wang et al., 2006). This latter event
ight, in turn, trigger postsynaptic effects on MSNs, lead-

ng to endocannabinoid release and reduction of glutama-
ergic transmission by the activation of presynaptic CB1
eceptors (Fig. 1). Therefore, even subtle alterations of
AIs functions in HD would affect endocannabinoid system
hat in turn may generate defects in MSNs and interneu-
onal plasticity. Accordingly, similar to human condition, it
as been observed that in different transgenic mouse mod-
ls of HD (e.g. R6/1, R6/2), analyzed at presymptomatic
ge, downregulation of cannabinoid receptors also occurs
Blazquez et al., 2011; Denovan-Wright and Robertson,
000; Lastres-Becker et al., 2002; Naver et al., 2003;
cCaw et al., 2004; Centonze et al., 2005). Such dysregu-

ation is also present in rats lesioned with 3-NP at stages
efore the development of neuronal degeneration (Deno-
an-Wright and Robertson, 2000). In particular, it has been
hown that whereas in control animals activation of can-

abinoid CB1 receptors results in a significant inhibition of l
both evoked and spontaneous GABA-mediated synaptic
events by a presynaptic mechanism (Szabo et al., 1998;
Centonze et al., 2004), in R6/2 HD mice at early symptom-
atic stage, this treatment fails to reduce GABAergic cur-
rents but causes, in contrast, an increase of spontaneous
IPSCs (Centonze et al., 2005). This observation indicates
that the loss of cannabinoid-mediated control of GABA
synapses might contribute to the dysregulation of GABA
transmission in the striatum. This HD-associated hyperac-
tivity of GABA transmission, however, has been indicated
to reflect more complex changes involving multiple trans-
mitter systems, as suggested by the observation that the
regulation of GABA synapses by BDNF is also abnormal in
R6/2 striatal neurons (Cepeda et al., 2004).

LIMITATIONS OF MURINE MODELS

Although toxic models greatly contributed to the under-
standing of some of the mechanisms involved in cell death
(DiFiglia, 1990), they are limited by the difficulty to study
the progression of the disease or to replicate the wide-
spread neuropathology observed in the human condition.
In addition, specific problems may also emerge from dis-
tinct neurotoxic model influencing the investigation of sev-
eral aspects of the disease.

For instance, systemic administration of 3-NP is not
specific to the central nervous system as it also induces
peripheral neurotoxicity and severe cardiotoxic effects.
Moreover, enkephalin and substance P striatal neurons
are equally affected by 3-NP, a finding that is inconsistent
with those present in adult-onset HD (Ferrante, 2009).

Also genetic models present caveats that might criti-
cally hamper a more global interpretation of the patholog-
ical HD scenario. In fact, while full-length htt mutation
models are genetically more accurate, in these models HD
symptoms develop gradually over many months and may
not have a sufficient expression of disease to use progres-
sive morbidity and survival as endpoints. Moreover, there
are also specific limits like peculiar patterns of neurochem-
ical alterations as in YAC128 mice, in which reduced ex-
pression appear limited to glutamate receptors, while in
other models also DA, GABA, and adenosine receptor
binding are profoundly altered (Benn et al., 2007).

Similarly, knock-in models are considered faithful in
erms of genetic context and in recapitulating the late
nset, slow natural progression, and neuropathology of HD
Heng et al., 2008), but the symptoms are generally mild
nd normal aging may be a confounding factor. Also the
ost used fragment models, which have been standardly
sed in many screening experiments (Gil and Rego, 2009),
ave shortcomings as they present well-defined neurobe-
avioral and neuropathological findings, but a too rapidly
oursing phenotype that brings to death between 3 and 4
onths of age. For these reasons, fragment models have
een suggested to replicate the more fulminant juvenile
orm of HD and not necessarily the adult-onset form of the
isease.

Another limit of murine models is represented by the

ack of correlation between neuronal intranuclear inclu-
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sions, cell death, and the pattern of selective degeneration
(Saudou et al., 1998; Fusco et al., 1999) with the result that
the exact role of these aggregates in HD pathogenesis is
still unclear. In addition, the lack of correlation between
aggregate localization and neuronal vulnerability in HD
suggests that selective neurodegeneration might result not
only from the specific distribution of toxic htt products but
also from intrinsic neuronal properties.

In fact, several lines of evidence indicate that in many
mouse models nuclear inclusions generally occur after
overt behavioral anomalies, which are thought to depend
more on neurophysiological changes and to other mecha-
nisms, such as excitotoxicity, mitochondrial dysfunction,
and reduced trophic factors levels (Perez-Navarro et al.,
2006). As mentioned before, htt expression in the striatum,
the most affected area in HD, is less abundant than in
other brain regions (Landwehrmeyer et al., 1995). Further-
more, double labeling of individual striatal neurons showed
low to moderate htt immunoreactivity in GABAergic MSNs
(Ferrante et al., 1997; Fusco et al., 1999), whereas striatal
interneurons, which are spared in HD, showed high htt
immunoreactivity (Fusco et al., 1999; Sapp et al., 1999)
especially in LAIs (Kuemmerle et al., 1999). Consistent
with the ability of interneurons to cope with mhtt-associ-
ated degeneration, several studies have also suggested
that cellular aggregates might have a protective role as
their formation promotes the clearance of mhtt by activat-
ing autophagy (Fusco et al., 1999; Ravikumar et al., 2004).

Further distinction between human and animal condi-
tions is that in most HD mouse models, despite striatal
volume might be reduced, neuronal death is modest, if not
absent, and behavioral, cognitive, and neurological symp-
toms occur well before cell death is present (Tobin and
Signer, 2000). For instance in R6/2 mice, neuronal loss
occurs modestly and at very late stages of the disease
(Turmaine et al., 2000), while the YAC72 and YAC128
models display the most selective degeneration of MSNs
(Hodgson et al., 1999; Slow et al., 2003) and knockin mice
do not show any evidence of cell death (Menalled et al.,
2002). The gold standard would be a model showing a
robust phenotype, moderate to rapid disease onset and
progression, well-defined behavioral abnormalities that
can be quantified, and neuropathological features, all of
which accurately replicate human HD. Nevertheless, avail-
able models have still much to offer, as they would poten-
tially provide more valid and useful experimental outcomes
that can be used to achieve a greater understanding of the
disease process in humans and especially in identifying
potential therapeutic strategies (Ferrante, 2009).

PRIMATE MODELS

Compared to rodents, HD nonhuman primates show anal-
ogous neuropathology and typical clinical traits, such as
rigidity, seizure, dystonia, bradykinesia, and chorea (Yang
t al., 2008; Wang et al., 2008), which are hard to replicate

n other animal models. Selective degeneration of specific
euronal populations as well as accumulation of neuropil

ggregates observed in HD monkey brain strongly support
the hypothesis that the distinctive neuropathogenic events
seen in these models recapitulate HD in man much better
than in any rodent model (Chang and Yang, 2009; Yang
and Chan, 2011). Notwithstanding, nonhuman primate
models may either fill the gap left by rodent data or provide
an alternative point of view aimed at completing the path-
ological scenario of HD. For example, a group of striatal
interneurons that are much more expressed in primates,
including humans, than in rodents is the population of
calretinin-positive interneurons. This neuronal population,
which has been reported to be increased in HD patients’
brain (Cicchetti and Parent, 1996), has been reported to be
the most abundant interneurons in the human striatum that
outnumber PV-positive interneurons by 3 or 4 to 1 (Wu and
Parent, 2000). Therefore, studies on mice may not be
informative on this neuronal subtype and research on their
role in HD should be oriented on the use of primate
models.

Another group of interneurons involved in HD is repre-
sented by distinct classes of TH-positive interneurons,
whose fate in HD has been clarified by Huot and coworkers
(Huot et al., 2007). Many controversies about their char-
acteristic and classification have started to be resolved
using genetically modified mice that express enhanced
green fluorescent protein under the control of the endog-
enous TH regulatory sequences (Ibanez-Sandoval et al.,
2010). Therefore, with the advent of new technologies it is
now possible to focus on their functions also in rodent
models and information on higher functions from primate
models may integrate results of electrophysiological anal-
ysis done in mice.

Similarl to rodent models, administration of excitotoxic
agents (e.g. quinolinic acid, kainic acid, ibotenic acid, and
malonic acid) or mitochondrial disrupters (e.g. 3-NP) re-
produces the progressive neurodegenerative symptoms of
the disease in nonhuman primates. Researchers have
used these methods to induce the disease in baboons
(Hantraye et al., 1990), capuchin monkeys (Roitberg et al.,
2002), cynomolgus monkeys (Beal et al., 1986), and rhe-
sus monkeys (Ferrante et al., 1993; Burns et al., 1995).
Roitberg and colleagues (2002) compared 3-NP-treated
capuchin monkeys to animals treated with quinolinic acid
and found that both types of lesioned animals had behav-
ioral characteristics of HD, although the two toxins create
the lesions in different ways. Generation of genetic non-
human primate models has started more recently. Palfi
and colleagues (Palfi et al., 2007) induced HD symptoms
in cynomolgus monkeys by injecting lentiviral vectors car-
rying a short N-terminal fragment of the htt gene into the
putamen. Another research group (Yang et al., 2008) in-
jected lentiviruses carrying exon 1 of the human htt gene
with 84 repeats and the green fluorescent protein gene
directly into rhesus oocytes before in vitro fertilization
(Gagliardi and Bunnell, 2009).

The latest development of transgenic HD primates, al-
though difficult to assess, has opened a new era of animal
modeling that better represents human genetic disorders
such as HD, which will accelerate the development of diag-

nostic tools and identifying novel biomarkers through longitu-



A

A

V. Ghiglieri et al. / Neuroscience 211 (2012) 165–184 177
dinal studies including gene expression, nanotechnology ap-
plications, and noninvasive imaging. Furthermore, novel
treatments with predictable efficacy in human patients can be
developed using HD monkeys because of their brain compa-
rable dimensions and citoarchitecture complexity, besides
neuropathology and clinical features in disease condition
(Yang et al., 2008).

CONCLUSIONS

All the reviewed works own the great value of having
contributed to the understanding of many important mech-
anisms underlying the variety of alterations associated to
HD. Future challenge of the field would be, however, to
overcome shortcomings that are intrinsic to the models but
also to the current approach to pathology. The limitations
that every model carries unavoidably set the restrictions in
which research investigators can operate. However, also
the consideration of distinct aspects of disease as sepa-
rated entities, may hamper the possible uses of exsistent
models. This approach needs to be revised before putting
efforts in the generation of new models increasingly faithful
to human conditions. Without establishing a precise sce-
nario of the interactions between the neuronal populations
affected by htt mutation, the risk would be to have reliable
evidence of electrophysiological deficits that fails to corre-
late with morphological alterations of specific neuronal
subtypes. The effect of such approach would bring to a
larger amount of data but also to increasingly difficult in-
terpretation of the mechanisms involved. For example,
although it has been established that in R6 transgenic mice
lines two classes of striatal interneurons, the PV-positive
FSIs and the LAIs, are differentially affected by the expres-
sion of mhtt, neuroanatomical investigations have not been
exhaustively followed by electrophysiological analysis of
possible functional correlates. Another unexplored issue is
the fact that cholinergic interneurons, being highly en-
riched in both htt and BDNF in the normal brain and after
excitotoxic lesions (Fusco et al., 2003), may play a critical
role in the pathophysiology of HD in a way that involves
BDNF.

Multidisciplinary approaches allowing the concomitant
study of single units and field potential neuronal activity
during behavior give important information on the network
changes. It has been recently suggested by Cayzac and
coworkers that the change in the number of recruited
MSNs, rather than the proportion of the recorded MSNs
that are task-sensitive, can account for the delayed learn-
ing in R6/1 mice (Cayzac et al., 2011). More interestingly,
these authors also demonstrated that striatal neuronal ac-
tivity is altered in the gamma frequency range, which has
been suggested to be regulated by the intrinsic inhibitory
system through the synchronous activity of GABAergic
interneurons (Tepper et al., 2010). In line with this, it has
been recently demonstrated that MSNs from R6/2,
knock-in mouse, and transgenic rat models, have drasti-
cally altered MSNs spontaneous firing patterns compared

to WTs (Miller et al., 2008, 2010).
In order to be successful and functional to develop-
ment of new therapies, ideal models should be based on a
comprehensive characterization of the striatal and cortical
circuits. In doing this, it is important to take into account all
the molecular and cellular players involved in the complex
machinery that guarantees a proper expression of the
synaptic functions, independently from their role (modula-
tory vs. inhibitory and excitatory) and from their relative
abundance in the affected brain areas (interneurons vs.
projection neurons) (Fig. 1).

REFERENCES

Albin RL, Reiner A, Anderson KD, Dure LS IV, Handelin B, Balfour R,
Whetsell WO Jr, Penney JB, Young AB (1992) Preferential loss of
striato-external pallidal projection neurons in presymptomatic Hun-
tington’s disease. Ann Neurol 31:425–430.

Albin RL, Young AB (1988) Somatosensory phenomena in Hunting-
ton’s disease. Mov Disord 3:343–346.

Albin RL, Young AB, Penney JB (1989) The functional anatomy of
basal ganglia disorders. Trends Neurosci 12:366–375.

Albin RL, Young AB, Penney JB, Handelin B, Balfour R, Anderson KD,
Markel DS, Tourtellotte WW, Reiner A (1990) Abnormalities of
striatal projection neurons and N-methyl-D-aspartate receptors
in presymptomatic Huntington’s disease. N Engl J Med 322:
1293–1298.

Allen KL, Waldvogel HJ, Glass M, Faull RL (2009) Cannabinoid
(CB(1)), GABA(A) and GABA(B) receptor subunit changes in the
globus pallidus in Huntington’s disease. J Chem Neuroanat
37:266–281.

Alston TA, Mela L, Bright HJ (1977) 3-Nitropropionate, the toxic sub-
stance of Indigofera, is a suicide inactivator of succinate dehydro-
genase. Proc Natl Acad Sci U S A 74:3767–3771.

Andre VM, Cepeda C, Levine MS (2010) Dopamine and glutamate in
Huntington’s disease: a balancing act. CNS Neurosci Ther
16:163–178.

Andre VM, Cepeda C, Venegas A, Gomez Y, Levine MS (2006)
Altered cortical glutamate receptor function in the R6/2 model of
Huntington’s disease. J Neurophysiol 95:2108–2119.

Andrews TC, Weeks RA, Turjanski N, Gunn RN, Watkins LH, Saha-
kian B, Hodges JR, Rosser AE, Wood NW, Brooks DJ (1999)
Huntington’s disease progression. PET and clinical observations.
Brain 122(Pt 12):2353–2363.

Antonini A, Leenders KL, Spiegel R, Meier D, Vontobel P, Weigell-
Weber M, Sanchez-Pernaute R, de Yebenez JG, Boesiger P,
Weindl A, Maguire RP (1996) Striatal glucose metabolism and
dopamine D2 receptor binding in asymptomatic gene carriers and
patients with Huntington’s disease. Brain 119(Pt 6):2085–2095.

Aquilonius SM, Eckernas SA, Sundwall A (1975) Regional distribution
of choline acetyltransferase in the human brain: changes in Hun-
tington’s chorea. J Neurol Neurosurg Psychiatry 38:669–677.

Ariano MA, Aronin N, Difiglia M, Tagle DA, Sibley DR, Leavitt BR,
Hayden MR, Levine MS (2002) Striatal neurochemical changes in
transgenic models of Huntington’s disease. J Neurosci Res
68:716–729.

Arzberger T, Krampfl K, Leimgruber S, Weindl A (1997) Changes of
NMDA receptor subunit (NR1, NR2B) and glutamate transporter
(GLT1) mRNA expression in Huntington’s disease—an in situ hy-
bridization study. J Neuropathol Exp Neurol 56:440–454.

ylward EH, Brandt J, Codori AM, Mangus RS, Barta PE, Harris GJ
(1994) Reduced basal ganglia volume associated with the gene for
Huntington’s disease in asymptomatic at-risk persons. Neurology
44:823–828.

ylward EH, Codori AM, Barta PE, Pearlson GD, Harris GJ, Brandt J
(1996) Basal ganglia volume and proximity to onset in presymp-

tomatic Huntington disease. Arch Neurol 53:1293–1296.



V. Ghiglieri et al. / Neuroscience 211 (2012) 165–184178
Aylward EH, Codori AM, Rosenblatt A, Sherr M, Brandt J, Stine OC,
Barta PE, Pearlson GD, Ross CA (2000) Rate of caudate atrophy
in presymptomatic and symptomatic stages of Huntington’s dis-
ease. Mov Disord 15:552–560.

Aylward EH, Sparks BF, Field KM, Yallapragada V, Shpritz BD,
Rosenblatt A, Brandt J, Gourley LM, Liang K, Zhou H, Margolis RL,
Ross CA (2004) Onset and rate of striatal atrophy in preclinical
Huntington disease. Neurology 63:66–72.

Backman L, Robins-Wahlin TB, Lundin A, Ginovart N, Farde L (1997)
Cognitive deficits in Huntington’s disease are predicted by dopa-
minergic PET markers and brain volumes. Brain 120(Pt 12):
2207–2217.

Bartrup JT, Moorman JM, Newberry NR (1997) BDNF enhances neu-
ronal growth and synaptic activity in hippocampal cell cultures.
Neuroreport 8:3791–3794.

Battista N, Bari M, Tarditi A, Mariotti C, Bachoud-Levi AC, Zuccato C,
Finazzi-Agro A, Genitrini S, Peschanski M, Di Donato S, Cattaneo
E, Maccarrone M (2007) Severe deficiency of the fatty acid amide
hydrolase (FAAH) activity segregates with the Huntington’s dis-
ease mutation in peripheral lymphocytes. Neurobiol Dis 27:
108–116.

Beal MF, Brouillet E, Jenkins B, Henshaw R, Rosen B, Hyman BT
(1993a) Age-dependent striatal excitotoxic lesions produced by the
endogenous mitochondrial inhibitor malonate. J Neurochem 61:
1147–1150.

Beal MF, Brouillet E, Jenkins BG, Ferrante RJ, Kowall NW, Miller JM,
Storey E, Srivastava R, Rosen BR, Hyman BT (1993b) Neuro-
chemical and histologic characterization of striatal excitotoxic le-
sions produced by the mitochondrial toxin 3-nitropropionic acid.
J Neurosci 13:4181–4192.

Beal MF, Tran VT, Mazurek MF, Chattha G, Martin JB (1986) Soma-
tostatin binding sites in human and monkey brain: localization and
characterization. J Neurochem 46:359–365.

Benn CL, Slow EJ, Farrell LA, Graham R, Deng Y, Hayden MR, Cha
JH (2007) Glutamate receptor abnormalities in the YAC128 trans-
genic mouse model of Huntington’s disease. Neuroscience 147:
354–372.

Berghuis P, Agerman K, Dobszay MB, Minichiello L, Harkany T, Ern-
fors P (2006) Brain-derived neurotrophic factor selectively regu-
lates dendritogenesis of parvalbumin-containing interneurons in
the main olfactory bulb through the PLCgamma pathway. J Neu-
robiol 66:1437–1451.

Berghuis P, Dobszay MB, Sousa KM, Schulte G, Mager PP, Hartig W,
Gorcs TJ, Zilberter Y, Ernfors P, Harkany T (2004) Brain-derived
neurotrophic factor controls functional differentiation and microcir-
cuit formation of selectively isolated fast-spiking GABAergic in-
terneurons. Eur J Neurosci 20:1290–1306.

Betarbet R, Turner R, Chockkan V, DeLong MR, Allers KA, Walters J,
Levey AI, Greenamyre JT (1997) Dopaminergic neurons intrinsic to
the primate striatum. J Neurosci 17:6761–6768.

Bezard E, Gross CE (1998) Compensatory mechanisms in experimen-
tal and human parkinsonism: towards a dynamic approach. Prog
Neurobiol 55:93–116.

Bhide PG, Day M, Sapp E, Schwarz C, Sheth A, Kim J, Young AB,
Penney J, Golden J, Aronin N, DiFiglia M (1996) Expression of
normal and mutant huntingtin in the developing brain. J Neurosci
16:5523–5535.

Bibb JA, Yan Z, Svenningsson P, Snyder GL, Pieribone VA, Horiuchi
A, Nairn AC, Messer A, Greengard P (2000) Severe deficiencies in
dopamine signaling in presymptomatic Huntington’s disease mice.
Proc Natl Acad Sci U S A 97:6809–6814.

Bird ED, Iversen LL (1974) Huntington’s chorea. Post-mortem mea-
surement of glutamic acid decarboxylase, choline acetyltrans-
ferase and dopamine in basal ganglia. Brain 97:457–472.

Bird ED, Spokes EG, Iversen LL (1980) Dopamine and noradrenaline
in post-mortem brain in Huntington’s disease and schizophrenic

illness. Acta Psychiatr Scand Suppl 280:63–73.
Bird ED (1980) Chemical pathology of Huntington’s disease. Annu Rev
Pharmacol Toxicol 20:533–551.

Blazquez C, Chiarlone A, Sagredo O, Aguado T, Pazos MR, Resel E,
Palazuelos J, Julien B, Salazar M, Borner C, Benito C, Carrasco C,
Diez-Zaera M, Paoletti P, Diaz-Hernandez M, Ruiz C, Sendtner M,
Lucas JJ, de Yebenes JG, Marsicano G, Monory K, Lutz B, Ro-
mero J, Alberch J, Gines S, Kraus J, Fernandez-Ruiz J, Galve-
Roperh I, Guzman M (2011) Loss of striatal type 1 cannabinoid
receptors is a key pathogenic factor in Huntington’s disease. Brain
134:119–136.

Bolivar VJ, Manley K, Messer A (2004) Early exploratory behavior
abnormalities in R6/1 Huntington’s disease transgenic mice. Brain
Res 1005:29–35.

Bolton MM, Pittman AJ, Lo DC (2000) Brain-derived neurotrophic
factor differentially regulates excitatory and inhibitory synaptic
transmission in hippocampal cultures. J Neurosci 20:3221–3232.

Bonelli RM, Hofmann P (2007) A systematic review of the treatment
studies in Huntington’s disease since 1990. Expert Opin Pharma-
cother 8:141–153.

Bonsi P, De Persis C, Calabresi P, Bernardi G, Pisani A (2004)
Coordinate high-frequency pattern of stimulation and calcium lev-
els control the induction of LTP in striatal cholinergic interneurons.
Learn Mem 11:755–760.

Borrell-Pages M, Zala D, Humbert S, Saudou F (2006) Huntington’s
disease: from huntingtin function and dysfunction to therapeutic
strategies. Cell Mol Life Sci 63:2642–2660.

Brandt J, Strauss ME, Larus J, Jensen B, Folstein SE, Folstein MF
(1984) Clinical correlates of dementia and disability in Huntington’s
disease. J Clin Neuropsychol 6:401–412.

Brouillet E, Conde F, Beal MF, Hantraye P (1999) Replicating Hun-
tington’s disease phenotype in experimental animals. Prog Neuro-
biol 59:427–468.

Brouillet E, Hantraye P, Ferrante RJ, Dolan R, Leroy-Willig A, Kowall
NW, Beal MF (1995) Chronic mitochondrial energy impairment
produces selective striatal degeneration and abnormal choreiform
movements in primates. Proc Natl Acad Sci U S A 92:7105–7109.

Brouillet E, Jenkins BG, Hyman BT, Ferrante RJ, Kowall NW, Srivas-
tava R, Roy DS, Rosen BR, Beal MF (1993) Age-dependent vul-
nerability of the striatum to the mitochondrial toxin 3-nitropropionic
acid. J Neurochem 60:356–359.

Brown JR, Arbuthnott GW (1983) The electrophysiology of dopamine
(D2) receptors: a study of the actions of dopamine on corticostriatal
transmission. Neuroscience 10:349–355.

Brown LL (1992) Somatotopic organization in rat striatum: evidence for
a combinational map. Proc Natl Acad Sci U S A 89:7403–7407.

Burns LH, Pakzaban P, Deacon TW, Brownell AL, Tatter SB, Jenkins
BG, Isacson O (1995) Selective putaminal excitotoxic lesions in
non-human primates model the movement disorder of Huntington
disease. Neuroscience 64:1007–1017.

Caine ED, Hunt RD, Weingartner H, Ebert MH (1978) Huntington’s
dementia. Clinical and neuropsychological features. Arch Gen
Psychiatry 35:377–384.

Calabresi P, Centonze D, Gubellini P, Pisani A, Bernardi G (2000)
Acetylcholine-mediated modulation of striatal function. Trends
Neurosci 23:120–126.

Calabresi P, Maj R, Pisani A, Mercuri NB, Bernardi G (1992) Long-
term synaptic depression in the striatum: physiological and phar-
macological characterization. J Neurosci 12:4224–4233.

Calabresi P, Picconi B, Tozzi A, Di Filippo M (2007) Dopamine-
mediated regulation of corticostriatal synaptic plasticity. Trends
Neurosci 30:211–219.

Calabresi P, Pisani A, Mercuri NB, Bernardi G (1996) The corticos-
triatal projection: from synaptic plasticity to dysfunctions of the
basal ganglia. Trends Neurosci 19:19–24.

Caviston JP, Holzbaur EL (2009) Huntingtin as an essential integrator
of intracellular vesicular trafficking. Trends Cell Biol 19:147–155.

Cayzac S, Delcasso S, Paz V, Jeantet Y, Cho YH (2011) Changes in

striatal procedural memory coding correlate with learning deficits in



V. Ghiglieri et al. / Neuroscience 211 (2012) 165–184 179
a mouse model of Huntington disease. Proc Natl Acad Sci U S A
108:9280–9285.

Centonze D, Battista N, Rossi S, Mercuri NB, Finazzi-Agro A, Bernardi
G, Calabresi P, Maccarrone M (2004) A critical interaction between
dopamine D2 receptors and endocannabinoids mediates the ef-
fects of cocaine on striatal gabaergic transmission. Neuropsycho-
pharmacology 29:1488–1497.

Centonze D, Pisani A, Bonsi P, Giacomini P, Bernardi G, Calabresi P
(2001) Stimulation of nitric oxide-cGMP pathway excites striatal
cholinergic interneurons via protein kinase G activation. J Neurosci
21:1393–1400.

Centonze D, Rossi S, Prosperetti C, Tscherter A, Bernardi G, Macca-
rrone M, Calabresi P (2005) Abnormal sensitivity to cannabinoid
receptor stimulation might contribute to altered gamma-aminobu-
tyric acid transmission in the striatum of R6/2 Huntington’s disease
mice. Biol Psychiatry 57:1583–1589.

Cepeda C, Ariano MA, Calvert CR, Flores-Hernandez J, Chandler SH,
Leavitt BR, Hayden MR, Levine MS (2001) NMDA receptor func-
tion in mouse models of Huntington disease. J Neurosci Res
66:525–539.

Cepeda C, Buchwald NA, Levine MS (1993) Neuromodulatory actions
of dopamine in the neostriatum are dependent upon the excitatory
amino acid receptor subtypes activated. Proc Natl Acad Sci U S A
90:9576–9580.

Cepeda C, Cummings DM, Andre VM, Holley SM, Levine MS (2010)
Genetic mouse models of Huntington’s disease: focus on electro-
physiological mechanisms. ASN Neuro 2:e00033.

Cepeda C, Hurst RS, Calvert CR, Hernandez-Echeagaray E, Nguyen
OK, Jocoy E, Christian LJ, Ariano MA, Levine MS (2003) Transient
and progressive electrophysiological alterations in the corticostria-
tal pathway in a mouse model of Huntington’s disease. J Neurosci
23:961–969.

Cepeda C, Starling AJ, Wu N, Nguyen OK, Uzgil B, Soda T, Andre VM,
Ariano MA, Levine MS (2004) Increased GABAergic function in
mouse models of Huntington’s disease: reversal by BDNF. J Neu-
rosci Res 78:855–867.

Cepeda C, Wu N, Andre VM, Cummings DM, Levine MS (2007) The
corticostriatal pathway in Huntington’s disease. Prog Neurobiol
81:253–271.

Cha JH (2000) Transcriptional dysregulation in Huntington’s disease.
Trends Neurosci 23:387–392.

Cha JH (2007) Transcriptional signatures in Huntington’s disease.
Prog Neurobiol 83:228–248.

Cha JH, Frey AS, Alsdorf SA, Kerner JA, Kosinski CM, Mangiarini L,
Penney JB Jr, Davies SW, Bates GP, Young AB (1999) Altered
neurotransmitter receptor expression in transgenic mouse models
of Huntington’s disease. Philos Trans R Soc Lond B Biol Sci
354:981–989.

Cha JH, Kosinski CM, Kerner JA, Alsdorf SA, Mangiarini L, Davies
SW, Penney JB, Bates GP, Young AB (1998) Altered brain neu-
rotransmitter receptors in transgenic mice expressing a portion of
an abnormal human Huntington disease gene. Proc Natl Acad Sci
U S A 95:6480–6485.

Chang AW, Yang SH (2009) Generation of transgenic monkeys with
human inherited genetic disease. Methods 49 78–84.

Charvin D, Roze E, Perrin V, Deyts C, Betuing S, Pages C, Regulier E,
Luthi-Carter R, Brouillet E, Deglon N, Caboche J (2008) Haloper-
idol protects striatal neurons from dysfunction induced by mutated
huntingtin in vivo. Neurobiol Dis 29:22–29.

Charvin D, Vanhoutte P, Pages C, Borrelli E, Caboche J (2005)
Unraveling a role for dopamine in Huntington’s disease: the dual
role of reactive oxygen species and D2 receptor stimulation. Proc
Natl Acad Sci U S A 102:12218–12223.

Cicchetti F, Gould PV, Parent A (1996) Sparing of striatal neurons
coexpressing calretinin and substance P (NK1) receptor in Hun-

tington’s disease. Brain Res 730:232–237.
Cicchetti F, Parent A (1996) Striatal interneurons in Huntington’s dis-
ease: selective increase in the density of calretinin-immunoreac-
tive medium-sized neurons. Mov Disord 11:619–626.

Coles CJ, Edmondson DE, Singer TP (1979) Inactivation of succinate
dehydrogenase by 3-nitropropionate. J Biol Chem 254:5161–5167.

Coyle JT, Schwarcz R (1976) Lesion of striatal neurones with kainic
acid provides a model for Huntington’s chorea. Nature 263:
244–246.

Cross AJ, Slater P, Reynolds GP (1986) Reduced high-affinity gluta-
mate uptake sites in the brains of patients with Huntington’s dis-
ease. Neurosci Lett 67:198–202.

Cubo E, Shannon KM, Tracy D, Jaglin JA, Bernard BA, Wuu J,
Leurgans SE (2006) Effect of donepezil on motor and cognitive
function in Huntington disease. Neurology 67:1268–1271.

Cummings DM, Andre VM, Uzgil BO, Gee SM, Fisher YE, Cepeda C,
Levine MS (2009) Alterations in cortical excitation and inhibition in
genetic mouse models of Huntington’s disease. J Neurosci 29:
10371–10386.

Cummings JL (2007) Treatment of Alzheimer’s disease: the role of
symptomatic agents in an era of disease-modifying therapies. Rev
Neurol Dis 4:57–62.

Damiano M, Galvan L, Deglon N, Brouillet E (2010) Mitochondria in
Huntington’s disease. Biochim Biophys Acta 1802:52–61.

Dawbarn D, De Quidt ME, Emson PC (1985) Survival of basal ganglia
neuropeptide Y-somatostatin neurones in Huntington’s disease.
Brain Res 340:251–260.

de Tommaso M, Difruscolo O, Sciruicchio V, Specchio N, Livrea P
(2007) Two years’ follow-up of rivastigmine treatment in Huntington
disease. Clin Neuropharmacol 30:43–46.

de Tommaso M, Specchio N, Sciruicchio V, Difruscolo O, Specchio LM
(2004) Effects of rivastigmine on motor and cognitive impairment in
Huntington’s disease. Mov Disord 19:1516–1518.

Denovan-Wright EM, Robertson HA (2000) Cannabinoid receptor
messenger RNA levels decrease in a subset of neurons of the
lateral striatum, cortex and hippocampus of transgenic Hunting-
ton’s disease mice. Neuroscience 98:705–713.

Di Filippo M, Tozzi A, Picconi B, Ghiglieri V, Calabresi P (2007) Plastic
abnormalities in experimental Huntington’s disease. Curr Opin
Pharmacol 7:106–111.

DiFiglia M (1990) Excitotoxic injury of the neostriatum: a model for
Huntington’s disease. Trends Neurosci 13:286–289.

DiFiglia M, Sapp E, Chase K, Schwarz C, Meloni A, Young C, Martin
E, Vonsattel JP, Carraway R, Reeves SA, et al. (1995) Huntingtin
is a cytoplasmic protein associated with vesicles in human and rat
brain neurons. Neuron 14:1075–1081.

Dunah AW, Wang Y, Yasuda RP, Kameyama K, Huganir RL, Wolfe
BB, Standaert DG (2000) Alterations in subunit expression, com-
position, and phosphorylation of striatal N-methyl-D-aspartate glu-
tamate receptors in a rat 6-hydroxydopamine model of Parkinson’s
disease. Mol Pharmacol 57:342–352.

Dure LSt, Young AB, Penney JB (1991) Excitatory amino acid binding
sites in the caudate nucleus and frontal cortex of Huntington’s
disease. Ann Neurol 30:785–793.

Fan MM, Fernandes HB, Zhang LY, Hayden MR, Raymond LA (2007)
Altered NMDA receptor trafficking in a yeast artificial chromosome
transgenic mouse model of Huntington’s disease. J Neurosci
27:3768–3779.

Ferrante RJ (2009) Mouse models of Huntington’s disease and meth-
odological considerations for therapeutic trials. Biochim Biophys
Acta 1792:506–520.

Ferrante RJ, Beal MF, Kowall NW, Richardson EP Jr, Martin JB
(1987a) Sparing of acetylcholinesterase-containing striatal neu-
rons in Huntington’s disease. Brain Res 411:162–166.

Ferrante RJ, Gutekunst CA, Persichetti F, McNeil SM, Kowall NW,
Gusella JF, MacDonald ME, Beal MF, Hersch SM (1997) Hetero-
geneous topographic and cellular distribution of huntingtin expres-

sion in the normal human neostriatum. J Neurosci 17:3052–3063.



V. Ghiglieri et al. / Neuroscience 211 (2012) 165–184180
Ferrante RJ, Kowall NW, Beal MF, Martin JB, Bird ED, Richardson EP
Jr. (1987b) Morphologic and histochemical characteristics of a
spared subset of striatal neurons in Huntington’s disease. J Neu-
ropathol Exp Neurol 46:12–27.

Ferrante RJ, Kowall NW, Beal MF, Richardson EP Jr, Bird ED, Martin
JB (1985) Selective sparing of a class of striatal neurons in Hun-
tington’s disease. Science 230:561–563.

Ferrante RJ, Kowall NW, Cipolloni PB, Storey E, Beal MF (1993)
Excitotoxin lesions in primates as a model for Huntington’s dis-
ease: histopathologic and neurochemical characterization. Exp
Neurol 119:46–71.

Fino E, Deniau JM, Venance L (2008) Cell-specific spike-timing-de-
pendent plasticity in GABAergic and cholinergic interneurons in
corticostriatal rat brain slices. J Physiol 586:265–282.

Fino E, Venance L (2011) Spike-timing dependent plasticity in striatal
interneurons. Neuropharmacology 60:780–788.

Flaherty AW, Graybiel AM (1994) Input-output organization of the
sensorimotor striatum in the squirrel monkey. J Neurosci 14:
599–610.

Fusco FR, Chen Q, Lamoreaux WJ, Figueredo-Cardenas G, Jiao Y,
Coffman JA, Surmeier DJ, Honig MG, Carlock LR, Reiner A (1999)
Cellular localization of huntingtin in striatal and cortical neurons in
rats: lack of correlation with neuronal vulnerability in Huntington’s
disease. J Neurosci 19:1189–1202.

Fusco FR, Zuccato C, Tartari M, Martorana A, De March Z, Giampa C,
Cattaneo E, Bernardi G (2003) Co-localization of brain-derived
neurotrophic factor (BDNF) and wild-type huntingtin in normal and
quinolinic acid-lesioned rat brain. Eur J Neurosci 18:1093–1102.

Gagliardi C, Bunnell BA (2009) Large animal models of neurological
disorders for gene therapy. Ilar J 50:128–143.

Garcia-Munoz M, Young SJ, Groves PM (1991) Terminal excitability of
the corticostriatal pathway. II. Regulation by glutamate receptor
stimulation. Brain Res 551:207–215.

Gardoni F, Picconi B, Ghiglieri V, Polli F, Bagetta V, Bernardi G,
Cattabeni F, Di Luca M, Calabresi P (2006) A critical interaction
between NR2B and MAGUK in L-DOPA induced dyskinesia.
J Neurosci 26:2914–2922.

Gerfen CR, Baimbridge KG, Thibault J (1987) The neostriatal mosaic:
III. Biochemical and developmental dissociation of patch-matrix
mesostriatal systems. J Neurosci 7:3935–3944.

Ghiglieri V, Sgobio C, Patassini S, Bagetta V, Fejtova A, Giampa C,
Marinucci S, Heyden A, Gundelfinger ED, Fusco FR, Calabresi P,
Picconi B (2010) TrkB/BDNF-dependent striatal plasticity and be-
havior in a genetic model of epilepsy: modulation by valproic acid.
Neuropsychopharmacology 35:1531–1540.

Giampa C, DeMarch Z, D’Angelo V, Morello M, Martorana A, Sanc-
esario G, Bernardi G, Fusco FR (2006) Striatal modulation of
cAMP-response-element-binding protein (CREB) after excitotoxic
lesions: implications with neuronal vulnerability in Huntington’s
disease. Eur J Neurosci 23:11–20.

Giampa C, Middei S, Patassini S, Borreca A, Marullo F, Laurenti D,
Bernardi G, Ammassari-Teule M, Fusco FR (2009) Phosphodies-
terase type IV inhibition prevents sequestration of CREB binding
protein, protects striatal parvalbumin interneurons and rescues
motor deficits in the R6/2 mouse model of Huntington’s disease.
Eur J Neurosci 29:902–910.

Gil JM, Rego AC (2009) The R6 lines of transgenic mice: a model for
screening new therapies for Huntington’s disease. Brain Res Rev
59:410–431.

Gines S, Seong IS, Fossale E, Ivanova E, Trettel F, Gusella JF,
Wheeler VC, Persichetti F, MacDonald ME (2003) Specific pro-
gressive cAMP reduction implicates energy deficit in presymptom-
atic Huntington’s disease knock-in mice. Hum Mol Genet 12:
497–508.

Ginovart N, Lundin A, Farde L, Halldin C, Backman L, Swahn CG,
Pauli S, Sedvall G (1997) PET study of the pre- and post-synaptic
dopaminergic markers for the neurodegenerative process in Hun-

tington’s disease. Brain 120(Pt 3):503–514.
Glass M, Dragunow M, Faull RL (2000) The pattern of neurodegen-
eration in Huntington’s disease: a comparative study of cannabi-
noid, dopamine, adenosine and GABA(A) receptor alterations in
the human basal ganglia in Huntington’s disease. Neuroscience
97:505–519.

Glass M, Faull RL, Dragunow M (1993) Loss of cannabinoid receptors
in the substantia nigra in Huntington’s disease. Neuroscience
56:523–527.

Gorski JA, Zeiler SR, Tamowski S, Jones KR (2003) Brain-derived
neurotrophic factor is required for the maintenance of cortical
dendrites. J Neurosci 23:6856–6865.

Grafton ST, Mazziotta JC, Pahl JJ, St. George-Hyslop P, Haines JL,
Gusella J, Hoffman JM, Baxter LR, Phelps ME (1990) A compar-
ison of neurological, metabolic, structural, and genetic evaluations
in persons at risk for Huntington’s disease. Ann Neurol 28:
614–621.

Graham RK, Deng Y, Carroll J, Vaid K, Cowan C, Pouladi MA, Metzler
M, Bissada N, Wang L, Faull RL, Gray M, Yang XW, Raymond LA,
Hayden MR (2009) Cleavage at the 586 amino acid caspase-6 site
in mutant huntingtin influences caspase-6 activation in vivo. J Neu-
rosci 30:15019–15029.

Gray M, Shirasaki DI, Cepeda C, Andre VM, Wilburn B, Lu XH, Tao J,
Yamazaki I, Li SH, Sun YE, Li XJ, Levine MS, Yang XW (2008)
Full-length human mutant huntingtin with a stable polyglutamine
repeat can elicit progressive and selective neuropathogenesis in
BACHD mice. J Neurosci 28:6182–6195.

Graybiel AM, Aosaki T, Flaherty AW, Kimura M (1994) The basal
ganglia and adaptive motor control. Science 265:1826–1831.

Greenamyre JT, Higgins DS, Eller RV (1992) Quantitative autoradiog-
raphy of dihydrorotenone binding to complex I of the electron
transport chain. J Neurochem 59:746–749.

Grosse G, Djalali S, Deng DR, Holtje M, Hinz B, Schwartzkopff K,
Cygon M, Rothe T, Stroh T, Hellweg R, Ahnert-Hilger G, Hortnag
H (2005) Area-specific effects of brain-derived neurotrophic factor
(BDNF) genetic ablation on various neuronal subtypes of the
mouse brain. Brain Res Dev Brain Res 156:111–126.

Gu X, Li C, Wei W, Lo V, Gong S, Li SH, Iwasato T, Itohara S, Li XJ,
Mody I, Heintz N, Yang XW (2005) Pathological cell-cell interac-
tions elicited by a neuropathogenic form of mutant Huntingtin con-
tribute to cortical pathogenesis in HD mice. Neuron 46:433–444.

Hallett PJ, Dunah AW, Ravenscroft P, Zhou S, Bezard E, Crossman
AR, Brotchie JM, Standaert DG (2005) Alterations of striatal NMDA
receptor subunits associated with the development of dyskinesia in
the MPTP-lesioned primate model of Parkinson’s disease. Neuro-
pharmacology 48:503–516.

Hallett PJ, Spoelgen R, Hyman BT, Standaert DG, Dunah AW (2006)
Dopamine D1 activation potentiates striatal NMDA receptors by
tyrosine phosphorylation-dependent subunit trafficking. J Neurosci
26:4690–4700.

Hantraye P, Riche D, Maziere M, Isacson O (1990) A primate model of
Huntington’s disease: behavioral and anatomical studies of unilat-
eral excitotoxic lesions of the caudate-putamen in the baboon. Exp
Neurol 108:91–104.

Harjes P, Wanker EE (2003) The hunt for huntingtin function: interac-
tion partners tell many different stories. Trends Biochem Sci
28:425–433.

Hassel B, Tessler S, Faull RL, Emson PC (2008) Glutamate uptake is
reduced in prefrontal cortex in Huntington’s disease. Neurochem
Res 33:232–237.

Heng MY, Detloff PJ, Albin RL (2008) Rodent genetic models of
Huntington disease. Neurobiol Dis 32:1–9.

Heng MY, Tallaksen-Greene SJ, Detloff PJ, Albin RL (2007) Longitu-
dinal evaluation of the Hdh(CAG)150 knock-in murine model of
Huntington’s disease. J Neurosci 27:8989–8998.

Hersch SM, Ferrante RJ (2004) Translating therapies for Huntington’s
disease from genetic animal models to clinical trials. NeuroRx

1:298–306.



K

K

K

V. Ghiglieri et al. / Neuroscience 211 (2012) 165–184 181
Hickey MA, Reynolds GP, Morton AJ (2002) The role of dopamine in
motor symptoms in the R6/2 transgenic mouse model of Hunting-
ton’s disease. J Neurochem 81:46–59.

Hodgson JG, Agopyan N, Gutekunst CA, Leavitt BR, LePiane F,
Singaraja R, Smith DJ, Bissada N, McCutcheon K, Nasir J, Jamot
L, Li XJ, Stevens ME, Rosemond E, Roder JC, Phillips AG, Rubin
EM, Hersch SM, Hayden MR (1999) A YAC mouse model for
Huntington’s disease with full-length mutant huntingtin, cytoplas-
mic toxicity, and selective striatal neurodegeneration. Neuron
23:181–192.

Huot P, Levesque M, Parent A (2007) The fate of striatal dopaminergic
neurons in Parkinson’s disease and Huntington’s chorea. Brain
130:222–232.

Ibanez-Sandoval O, Tecuapetla F, Unal B, Shah F, Koos T, Tepper JM
(2010) Electrophysiological and morphological characteristics and
synaptic connectivity of tyrosine hydroxylase-expressing neurons
in adult mouse striatum. J Neurosci 30:6999–7016.

Itami C, Kimura F, Nakamura S (2007) Brain-derived neurotrophic
factor regulates the maturation of layer 4 fast-spiking cells after the
second postnatal week in the developing barrel cortex. J Neurosci
27:2241–2252.

Izzo PN, Bolam JP (1988) Cholinergic synaptic input to different parts
of spiny striatonigral neurons in the rat. J Comp Neurol
269:219–234.

Johnson MA, Rajan V, Miller CE, Wightman RM (2006) Dopamine
release is severely compromised in the R6/2 mouse model of
Huntington’s disease. J Neurochem 97:737–746.

Joshi PR, Wu NP, Andre VM, Cummings DM, Cepeda C, Joyce JA,
Carroll JB, Leavitt BR, Hayden MR, Levine MS, Bamford NS
(2009) Age-dependent alterations of corticostriatal activity in the
YAC128 mouse model of Huntington disease. J Neurosci 29:
2414–2427.

Kawaguchi Y, Wilson CJ, Augood SJ, Emson PC (1995) Striatal
interneurones: chemical, physiological and morphological charac-
terization. Trends Neurosci 18:527–535.

Kerkerian L, Dusticier N, Nieoullon A (1987) Modulatory effect of
dopamine on high-affinity glutamate uptake in the rat striatum.
J Neurochem 48:1301–1306.

Kitabatake Y, Hikida T, Watanabe D, Pastan I, Nakanishi S (2003)
Impairment of reward-related learning by cholinergic cell ablation in
the striatum. Proc Natl Acad Sci U S A 100:7965–7970.

Klapstein GJ, Fisher RS, Zanjani H, Cepeda C, Jokel ES, Chesselet
MF, Levine MS (2001) Electrophysiological and morphological
changes in striatal spiny neurons in R6/2 Huntington’s disease
transgenic mice. J Neurophysiol 86:2667–2677.

Kofalvi A, Rodrigues RJ, Ledent C, Mackie K, Vizi ES, Cunha RA,
Sperlagh B (2005) Involvement of cannabinoid receptors in the
regulation of neurotransmitter release in the rodent striatum: a
combined immunochemical and pharmacological analysis. J Neu-
rosci 25:2874–2884.

Koos T, Tepper JM (1999) Inhibitory control of neostriatal projection
neurons by GABAergic interneurons. Nat Neurosci 2:467–472.

Koroshetz WJ, Jenkins BG, Rosen BR, Beal MF (1997) Energy me-
tabolism defects in Huntington’s disease and effects of coenzyme
Q10. Ann Neurol 41:160–165.

Kraft JC, Osterhaus GL, Ortiz AN, Garris PA, Johnson MA (2009) In
vivo dopamine release and uptake impairments in rats treated with
3-nitropropionic acid. Neuroscience 161:940–949.

uemmerle S, Gutekunst CA, Klein AM, Li XJ, Li SH, Beal MF, Hersch
SM, Ferrante RJ (1999) Huntington aggregates may not predict
neuronal death in Huntington’s disease. Ann Neurol 46:842–849.

umar P, Kalonia H, Kumar A (2010) Huntington’s disease: pathogen-
esis to animal models. Pharmacol Rep 62:1–14.

ung VW, Hassam R, Morton AJ, Jones S (2007) Dopamine-depen-
dent long term potentiation in the dorsal striatum is reduced in the
R6/2 mouse model of Huntington’s disease. Neuroscience

146:1571–1580.
Laforet GA, Sapp E, Chase K, McIntyre C, Boyce FM, Campbell M,
Cadigan BA, Warzecki L, Tagle DA, Reddy PH, Cepeda C, Calvert
CR, Jokel ES, Klapstein GJ, Ariano MA, Levine MS, DiFiglia M,
Aronin N (2001) Changes in cortical and striatal neurons predict
behavioral and electrophysiological abnormalities in a transgenic
murine model of Huntington’s disease. J Neurosci 21:9112–9123.

Landwehrmeyer GB, McNeil SM, Dure LS IV, Ge P, Aizawa H, Huang
Q, Ambrose CM, Duyao MP, Bird ED, Bonilla E, et al. (1995)
Huntington’s disease gene: regional and cellular expression in
brain of normal and affected individuals. Ann Neurol 37:218–230.

Lapper SR, Bolam JP (1992) Input from the frontal cortex and the
parafascicular nucleus to cholinergic interneurons in the dorsal
striatum of the rat. Neuroscience 51:533–545.

Lastres-Becker I, Berrendero F, Lucas JJ, Martin-Aparicio E,
Yamamoto A, Ramos JA, Fernandez-Ruiz JJ (2002) Loss of
mRNA levels, binding and activation of GTP-binding proteins for
cannabinoid CB1 receptors in the basal ganglia of a transgenic
model of Huntington’s disease. Brain Res 929:236–242.

Lastres-Becker I, Fezza F, Cebeira M, Bisogno T, Ramos JA, Milone
A, Fernandez-Ruiz J, Di Marzo V (2001) Changes in endocannabi-
noid transmission in the basal ganglia in a rat model of Hunting-
ton’s disease. Neuroreport 12:2125–2129.

Lee FJ, Xue S, Pei L, Vukusic B, Chery N, Wang Y, Wang YT, Niznik
HB, Yu XM, Liu F (2002) Dual regulation of NMDA receptor func-
tions by direct protein–protein interactions with the dopamine D1
receptor. Cell 111:219–230.

Levine MS, Cepeda C, Hickey MA, Fleming SM, Chesselet MF (2004)
Genetic mouse models of Huntington’s and Parkinson’s diseases:
illuminating but imperfect. Trends Neurosci 27:691–697.

Li H, Wyman T, Yu ZX, Li SH, Li XJ (2003) Abnormal association of
mutant huntingtin with synaptic vesicles inhibits glutamate release.
Hum Mol Genet 12:2021–2030.

Lin CH, Tallaksen-Greene S, Chien WM, Cearley JA, Jackson WS,
Crouse AB, Ren S, Li XJ, Albin RL, Detloff PJ (2001) Neurological
abnormalities in a knock-in mouse model of Huntington’s disease.
Hum Mol Genet 10:137–144.

Luthi-Carter R, Apostol BL, Dunah AW, DeJohn MM, Farrell LA, Bates
GP, Young AB, Standaert DG, Thompson LM, Cha JH (2003)
Complex alteration of NMDA receptors in transgenic Huntington’s
disease mouse brain: analysis of mRNA and protein expression,
plasma membrane association, interacting proteins, and phos-
phorylation. Neurobiol Dis 14:624–636.

Luthi-Carter R, Strand A, Peters NL, Solano SM, Hollingsworth ZR,
Menon AS, Frey AS, Spektor BS, Penney EB, Schilling G, Ross
CA, Borchelt DR, Tapscott SJ, Young AB, Cha JH, Olson JM
(2000) Decreased expression of striatal signaling genes in a
mouse model of Huntington’s disease. Hum Mol Genet 9:
1259–1271.

Lynch G, Kramar EA, Rex CS, Jia Y, Chappas D, Gall CM, Simmons
DA (2007) Brain-derived neurotrophic factor restores synaptic
plasticity in a knock-in mouse model of Huntington’s disease.
J Neurosci 27:4424–4434.

Mallet N, Le Moine C, Charpier S, Gonon F (2005) Feedforward
inhibition of projection neurons by fast-spiking GABA interneurons
in the rat striatum in vivo. J Neurosci 25:3857–3869.

Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A, Hether-
ington C, Lawton M, Trottier Y, Lehrach H, Davies SW, Bates GP
(1996) Exon 1 of the HD gene with an expanded CAG repeat is
sufficient to cause a progressive neurological phenotype in trans-
genic mice. Cell 87:493–506.

Marty S, Berninger B, Carroll P, Thoenen H (1996) GABAergic stim-
ulation regulates the phenotype of hippocampal interneurons
through the regulation of brain-derived neurotrophic factor. Neuron
16:565–570.

Massouh M, Wallman MJ, Pourcher E, Parent A (2008) The fate of the
large striatal interneurons expressing calretinin in Huntington’s

disease. Neurosci Res 62:216–224.



V. Ghiglieri et al. / Neuroscience 211 (2012) 165–184182
Mazziotta JC, Phelps ME, Pahl JJ, Huang SC, Baxter LR, Riege WH,
Hoffman JM, Kuhl DE, Lanto AB, Wapenski JA, et al. (1987)
Reduced cerebral glucose metabolism in asymptomatic subjects at
risk for Huntington’s disease. N Engl J Med 316:357–362.

McCaw EA, Hu H, Gomez GT, Hebb AL, Kelly ME, Denovan-Wright
EM (2004) Structure, expression and regulation of the cannabinoid
receptor gene (CB1) in Huntington’s disease transgenic mice. Eur
J Biochem 271:4909–4920.

McGaugh JL, Cahill L (1997) Interaction of neuromodulatory systems
in modulating memory storage. Behav Brain Res 83:31–38.

McGeorge AJ, Faull RL (1987) The organization and collateralization
of corticostriate neurones in the motor and sensory cortex of the rat
brain. Brain Res 423:318–324.

McGeorge AJ, Faull RL (1989) The organization of the projection from
the cerebral cortex to the striatum in the rat. Neuroscience
29:503–537.

Menalled L, El-Khodor BF, Patry M, Suarez-Farinas M, Orenstein SJ,
Zahasky B, Leahy C, Wheeler V, Yang XW, MacDonald M, Morton
AJ, Bates G, Leeds J, Park L, Howland D, Signer E, Tobin A,
Brunner D (2009) Systematic behavioral evaluation of Huntington’s
disease transgenic and knock-in mouse models. Neurobiol Dis
35:319–336.

Menalled L, Zanjani H, MacKenzie L, Koppel A, Carpenter E, Zeitlin S,
Chesselet MF (2000) Decrease in striatal enkephalin mRNA in
mouse models of Huntington’s disease. Exp Neurol 162:328–342.

Menalled LB, Sison JD, Wu Y, Olivieri M, Li XJ, Li H, Zeitlin S,
Chesselet MF (2002) Early motor dysfunction and striosomal dis-
tribution of huntingtin microaggregates in Huntington’s disease
knock-in mice. J Neurosci 22:8266–8276.

Menegoz M, Lau LF, Herve D, Huganir RL, Girault JA (1995) Tyrosine
phosphorylation of NMDA receptor in rat striatum: effects of 6-OH-
dopamine lesions. Neuroreport 7:125–128.

Miller BR, Walker AG, Fowler SC, von Horsten S, Riess O, Johnson
MA, Rebec GV (2010) Dysregulation of coordinated neuronal firing
patterns in striatum of freely behaving transgenic rats that model
Huntington’s disease. Neurobiol Dis 37:106–113.

Miller BR, Walker AG, Shah AS, Barton SJ, Rebec GV (2008) Dys-
regulated information processing by medium spiny neurons in
striatum of freely behaving mouse models of Huntington’s disease.
J Neurophysiol 100:2205–2216.

Milnerwood AJ, Cummings DM, Dallerac GM, Brown JY, Vatsavayai
SC, Hirst MC, Rezaie P, Murphy KP (2006) Early development of
aberrant synaptic plasticity in a mouse model of Huntington’s dis-
ease. Hum Mol Genet 15:1690–1703.

Milnerwood AJ, Gladding CM, Pouladi MA, Kaufman AM, Hines RM,
Boyd JD, Ko RW, Vasuta OC, Graham RK, Hayden MR, Murphy
TH, Raymond LA (2010) Early increase in extrasynaptic NMDA
receptor signaling and expression contributes to phenotype onset
in Huntington’s disease mice. Neuron 65:178–190.

Milnerwood AJ, Raymond LA (2007) Corticostriatal synaptic function in
mouse models of Huntington’s disease: early effects of huntingtin
repeat length and protein load. J Physiol 585:817–831.

Murphy KP, Carter RJ, Lione LA, Mangiarini L, Mahal A, Bates GP,
Dunnett SB, Morton AJ (2000) Abnormal synaptic plasticity and
impaired spatial cognition in mice transgenic for exon 1 of the
human Huntington’s disease mutation. J Neurosci 20:5115–5123.

Nasir J, Floresco SB, O’Kusky JR, Diewert VM, Richman JM, Zeisler
J, Borowski A, Marth JD, Phillips AG, Hayden MR (1995) Targeted
disruption of the Huntington’s disease gene results in embryonic
lethality and behavioral and morphological changes in heterozy-
gotes. Cell 81:811–823.

Naver B, Stub C, Moller M, Fenger K, Hansen AK, Hasholt L, So-
rensen SA (2003) Molecular and behavioral analysis of the R6/1
Huntington’s disease transgenic mouse. Neuroscience 122:
1049–1057.

Newhouse PA, Kelton M (2000) Nicotinic systems in central nervous
systems disease: degenerative disorders and beyond. Pharm Acta

Helv 74:91–101.
Nicniocaill B, Haraldsson B, Hansson O, O’Connor WT, Brundin P
(2001) Altered striatal amino acid neurotransmitter release moni-
tored using microdialysis in R6/1 Huntington transgenic mice. Eur
J Neurosci 13:206–210.

Nissen W, Szabo A, Somogyi J, Somogyi P, Lamsa KP (2010) Cell
type-specific long-term plasticity at glutamatergic synapses onto
hippocampal interneurons expressing either parvalbumin or CB1
cannabinoid receptor. J Neurosci 30:1337–1347.

Nithianantharajah J, Barkus C, Murphy M, Hannan AJ (2008) Gene-
environment interactions modulating cognitive function and molec-
ular correlates of synaptic plasticity in Huntington’s disease trans-
genic mice. Neurobiol Dis 29:490–504.

O’Dell TJ, Kandel ER (1994) Low-frequency stimulation erases LTP
through an NMDA receptor-mediated activation of protein phos-
phatases. Learn Mem 1:129–139.

Orth M, Schippling S, Schneider SA, Bhatia KP, Talelli P, Tabrizi SJ,
Rothwell JC (2010) Abnormal motor cortex plasticity in premanifest
and very early manifest Huntington disease. J Neurol Neurosurg
Psychiatry 81:267–270.

Paille V, Picconi B, Bagetta V, Ghiglieri V, Sgobio C, Di Filippo M,
Viscomi MT, Giampa C, Fusco FR, Gardoni F, Bernardi G, Green-
gard P, Di Luca M, Calabresi P (2010) Distinct levels of dopamine
denervation differentially alter striatal synaptic plasticity and NMDA
receptor subunit composition. J Neurosci 30:14182–14193.

Pakhotin P, Bracci E (2007) Cholinergic interneurons control the ex-
citatory input to the striatum. J Neurosci 27:391–400.

Palfi S, Brouillet E, Jarraya B, Bloch J, Jan C, Shin M, Conde F, Li XJ,
Aebischer P, Hantraye P, Deglon N (2007) Expression of mutated
huntingtin fragment in the putamen is sufficient to produce abnor-
mal movement in non-human primates. Mol Ther 15:1444–1451.

Paulsen JS, Langbehn DR, Stout JC, Aylward E, Ross CA, Nance M,
Guttman M, Johnson S, MacDonald M, Beglinger LJ, Duff K,
Kayson E, Biglan K, Shoulson I, Oakes D, Hayden M (2008)
Detection of Huntington’s disease decades before diagnosis: the
Predict-HD study. J Neurol Neurosurg Psychiatry 79:874–880.

Pennartz CM, Berke JD, Graybiel AM, Ito R, Lansink CS, van der Meer
M, Redish AD, Smith KS, Voorn P (2009) Corticostriatal interac-
tions during learning, memory processing, and decision making.
J Neurosci 29:12831–12838.

Perez-Navarro E, Canals JM, Gines S, Alberch J (2006) Cellular and
molecular mechanisms involved in the selective vulnerability of
striatal projection neurons in Huntington’s disease. Histol Histo-
pathol 21:1217–1232.

Petersen A, Chase K, Puschban Z, DiFiglia M, Brundin P, Aronin N
(2002a) Maintenance of susceptibility to neurodegeneration follow-
ing intrastriatal injections of quinolinic acid in a new transgenic
mouse model of Huntington’s disease. Exp Neurol 175:297–300.

Petersen A, Puschban Z, Lotharius J, NicNiocaill B, Wiekop P,
O’Connor WT, Brundin P (2002b) Evidence for dysfunction of the
nigrostriatal pathway in the R6/1 line of transgenic Huntington’s
disease mice. Neurobiol Dis 11:134–146.

Picconi B, Centonze D, Hakansson K, Bernardi G, Greengard P,
Fisone G, Cenci MA, Calabresi P (2003) Loss of bidirectional
striatal synaptic plasticity in L-DOPA-induced dyskinesia. Nat Neu-
rosci 6:501–506.

Picconi B, Passino E, Sgobio C, Bonsi P, Barone I, Ghiglieri V, Pisani
A, Bernardi G, Ammassari-Teule M, Calabresi P (2006) Plastic and
behavioral abnormalities in experimental Huntington’s disease: a
crucial role for cholinergic interneurons. Neurobiol Dis 22:143–152.

Pisani A, Bonsi P, Centonze D, Calabresi P, Bernardi G (2000) Acti-
vation of D2-like dopamine receptors reduces synaptic inputs to
striatal cholinergic interneurons. J Neurosci 20:RC69.

Pisani A, Bonsi P, Picconi B, Tolu M, Giacomini P, Scarnati E (2001)
Role of tonically-active neurons in the control of striatal function:
cellular mechanisms and behavioral correlates. Prog Neuropsy-

chopharmacol Biol Psychiatry 25:211–230.



V. Ghiglieri et al. / Neuroscience 211 (2012) 165–184 183
Porritt MJ, Batchelor PE, Hughes AJ, Kalnins R, Donnan GA, Howells
DW (2000) New dopaminergic neurons in Parkinson’s disease
striatum. Lancet 356:44–45.

Potenza RL, Tebano MT, Martire A, Domenici MR, Pepponi R, Armida
M, Pezzola A, Minghetti L, Popoli P (2007) Adenosine A(2A)
receptors modulate BDNF both in normal conditions and in exper-
imental models of Huntington’s disease. Purinergic Signal 3:
333–338.

Ramanathan S, Hanley JJ, Deniau JM, Bolam JP (2002) Synaptic
convergence of motor and somatosensory cortical afferents onto
GABAergic interneurons in the rat striatum. J Neurosci 22:
8158–8169.

Ravikumar B, Vacher C, Berger Z, Davies JE, Luo S, Oroz LG,
Scaravilli F, Easton DF, Duden R, O’Kane CJ, Rubinsztein DC
(2004) Inhibition of mTOR induces autophagy and reduces toxicity
of polyglutamine expansions in fly and mouse models of Hunting-
ton disease. Nat Genet 36:585–595.

Reddy PH, Williams M, Charles V Garrett L, Pike-Buchanan L, Whe-
tsell WO Jr, Miller G, Tagle DA (1998) Behavioural abnormalities
and selective neuronal loss in HD transgenic mice expressing
mutated full-length HD cDNA. Nat Genet 20:198–202.

Reiner A, Albin RL, Anderson KD, D’Amato CJ, Penney JB, Young AB
(1988) Differential loss of striatal projection neurons in Huntington
disease. Proc Natl Acad Sci U S A 85:5733–5737.

Reynolds DS, Carter RJ, Morton AJ (1998) Dopamine modulates the
susceptibility of striatal neurons to 3-nitropropionic acid in the rat
model of Huntington’s disease. J Neurosci 18:10116–10127.

Reynolds GP, Pearson SJ, Heathfield KW (1990) Dementia in Hun-
tington’s disease is associated with neurochemical deficits in the
caudate nucleus, not the cerebral cortex. Neurosci Lett 113:
95–100.

Richfield EK, Herkenham M (1994) Selective vulnerability in Hunting-
ton’s disease: preferential loss of cannabinoid receptors in lateral
globus pallidus. Ann Neurol 36:577–584.

Richfield EK, O’Brien CF, Eskin T, Shoulson I (1991) Heterogeneous
dopamine receptor changes in early and late Huntington’s disease.
Neurosci Lett 132:121–126.

Roberts RC, Ahn A, Swartz KJ, Beal MF, DiFiglia M (1993) Intrastriatal
injections of quinolinic acid or kainic acid: differential patterns of
cell survival and the effects of data analysis on outcome. Exp
Neurol 124:274–282.

Roitberg BZ, Emborg ME, Sramek JG, Palfi S, Kordower JH (2002)
Behavioral and morphological comparison of two nonhuman pri-
mate models of Huntington’s disease. Neurosurgery 50:137–145;
discussion 145–136.

Rot U, Kobal J, Sever A, Pirtosek Z, Mesec A (2002) Rivastigmine in
the treatment of Huntington’s disease. Eur J Neurol 9:689–690.

Rutherford LC, Nelson SB, Turrigiano GG (1998) BDNF has opposite
effects on the quantal amplitude of pyramidal neuron and interneu-
ron excitatory synapses. Neuron 21:521–530.

Sanberg PR, Calderon SF, Giordano M, Tew JM, Norman AB (1989)
The quinolinic acid model of Huntington’s disease: locomotor ab-
normalities. Exp Neurol 105:45–53.

Sapp E, Penney J, Young A, Aronin N, Vonsattel JP, DiFiglia M (1999)
Axonal transport of N-terminal huntingtin suggests early pathology
of corticostriatal projections in Huntington disease. J Neuropathol
Exp Neurol 58:165–173.

Saudou F, Finkbeiner S, Devys D, Greenberg ME (1998) Huntingtin
acts in the nucleus to induce apoptosis but death does not corre-
late with the formation of intranuclear inclusions. Cell 95:55–66.

Schippling S, Schneider SA, Bhatia KP, Munchau A, Rothwell JC,
Tabrizi SJ, Orth M (2009) Abnormal motor cortex excitability in
preclinical and very early Huntington’s disease. Biol Psychiatry
65:959–965.

Schulz JB, Henshaw DR, Jenkins BG, Ferrante RJ, Kowall NW, Rosen
BR, Beal MF (1994) 3-Acetylpyridine produces age-dependent
excitotoxic lesions in rat striatum. J Cereb Blood Flow Metab

14:1024–1029.
Schwarcz R, Coyle JT (1977) Striatal lesions with kainic acid: neuro-
chemical characteristics. Brain Res 127:235–249.

Senut MC, Suhr ST, Kaspar B, Gage FH (2000) Intraneuronal aggre-
gate formation and cell death after viral expression of expanded
polyglutamine tracts in the adult rat brain. J Neurosci 20:219–229.

Shelbourne PF, Killeen N, Hevner RF, Johnston HM, Tecott L, Lewan-
doski M, Ennis M, Ramirez L, Li Z, Iannicola C, Littman DR, Myers
RM (1999) A Huntington’s disease CAG expansion at the murine
Hdh locus is unstable and associated with behavioural abnormal-
ities in mice. Hum Mol Genet 8:763–774.

Shen W, Flajolet M, Greengard P, Surmeier DJ (2008) Dichotomous
dopaminergic control of striatal synaptic plasticity. Science 321:
848–851.

Slaght SJ, Paz T, Chavez M, Deniau JM, Mahon S, Charpier S (2004)
On the activity of the corticostriatal networks during spike-and-
wave discharges in a genetic model of absence epilepsy. J Neu-
rosci 24:6816–6825.

Slow EJ, van Raamsdonk J, Rogers D, Coleman SH, Graham RK,
Deng Y, Oh R, Bissada N, Hossain SM, Yang YZ, Li XJ, Simpson
EM, Gutekunst CA, Leavitt BR, Hayden MR (2003) Selective stri-
atal neuronal loss in a YAC128 mouse model of Huntington dis-
ease. Hum Mol Genet 12:1555–1567.

Smith R, Chung H, Rundquist S, Maat-Schieman ML, Colgan L, En-
glund E, Liu YJ, Roos RA, Faull RL, Brundin P, Li JY (2006)
Cholinergic neuronal defect without cell loss in Huntington’s dis-
ease. Hum Mol Genet 15:3119–3131.

Spampanato J, Gu X, Yang XW, Mody I (2008) Progressive synaptic
pathology of motor cortical neurons in a BAC transgenic mouse
model of Huntington’s disease. Neuroscience 157:606–620.

Spokes EG (1980) Neurochemical alterations in Huntington’s chorea:
a study of post-mortem brain tissue. Brain 103:179–210.

Spokes EG, Garrett NJ, Rossor MN, Iversen LL (1980) Distribution of
GABA in post-mortem brain tissue from control, psychotic and
Huntington’s chorea subjects. J Neurol Sci 48:303–313.

Stack EC, Dedeoglu A, Smith KM, Cormier K, Kubilus JK, Bogdanov
M, Matson WR, Yang L, Jenkins BG, Luthi-Carter R, Kowall NW,
Hersch SM, Beal MF, Ferrante RJ (2007) Neuroprotective effects
of synaptic modulation in Huntington’s disease R6/2 mice. J Neu-
rosci 27:12908–12915.

Storey E, Hyman BT, Jenkins B, Brouillet E, Miller JM, Rosen BR, Beal
MF (1992) 1-Methyl-4-phenylpyridinium produces excitotoxic le-
sions in rat striatum as a result of impairment of oxidative metab-
olism. J Neurochem 58:1975–1978.

Strong TV, Tagle DA, Valdes JM, Elmer LW, Boehm K, Swaroop M,
Kaatz KW, Collins FS, Albin RL (1993) Widespread expression of
the human and rat Huntington’s disease gene in brain and non-
neural tissues. Nat Genet 5:259–265.

Sun Z, Chen Q, Reiner A (2003) Enkephalinergic striatal projection
neurons become less affected by quinolinic acid than substance
P-containing striatal projection neurons as rats age. Exp Neurol
184:1034–1042.

Suzuki M, Desmond TJ, Albin RL, Frey KA (2001) Vesicular neu-
rotransmitter transporters in Huntington’s disease: initial observa-
tions and comparison with traditional synaptic markers. Synapse
41:329–336.

Szabo B, Dorner L, Pfreundtner C, Norenberg W, Starke K (1998)
Inhibition of GABAergic inhibitory postsynaptic currents by canna-
binoids in rat corpus striatum. Neuroscience 85:395–403.

Tang TS, Chen X, Liu J, Bezprozvanny I (2007) Dopaminergic signal-
ing and striatal neurodegeneration in Huntington’s disease. J Neu-
rosci 27:7899–7910.

Tang TS, Slow E, Lupu V, Stavrovskaya IG, Sugimori M, Llinas R,
Kristal BS, Hayden MR, Bezprozvanny I (2005) Disturbed Ca2�

signaling and apoptosis of medium spiny neurons in Huntington’s
disease. Proc Natl Acad Sci U S A 102:2602–2607.

Tebano MT, Martire A, Chiodi V, Ferrante A, Popoli P (2010) Role of
adenosine A(2A) receptors in modulating synaptic functions and

brain levels of BDNF: a possible key mechanism in the patho-



V. Ghiglieri et al. / Neuroscience 211 (2012) 165–184184
physiology of Huntington’s disease. ScientificWorldJournal 10:
1768–1782.

Tepper JM, Tecuapetla F, Koos T, Ibanez-Sandoval O (2010) Heter-
ogeneity and diversity of striatal GABAergic interneurons. Front
Neuroanat 4:150.

The Huntington’s Disease Collaborative Research Group (1993) A
novel gene containing a trinucleotide repeat that is expanded and
unstable on Huntington’s disease chromosomes. Cell 72:971–983.

Thomas TM, Smith Y, Levey AI, Hersch SM (2000) Cortical inputs to
m2-immunoreactive striatal interneurons in rat and monkey. Syn-
apse 37:252–261.

Tobin AJ, Signer ER (2000) Huntington’s disease: the challenge for
cell biologists. Trends Cell Biol 10:531–536.

Tozzi A, de Iure A, Di Filippo M, Tantucci M, Costa C, Borsini F,
Ghiglieri V, Giampa C, Fusco FR, Picconi B, Calabresi P (2011)
The distinct role of medium spiny neurons and cholinergic interneu-
rons in the D2/A2A receptor interaction in the striatum: implications
for Parkinson’s disease. J Neurosci 31:1850–1862.

Tozzi A, Tscherter A, Belcastro V, Tantucci M, Costa C, Picconi B,
Centonze D, Calabresi P, Borsini F (2007) Interaction of A2A
adenosine and D2 dopamine receptors modulates corticostriatal
glutamatergic transmission. Neuropharmacology 53:783–789.

Truant R, Atwal R, Burtnik A (2006) Hypothesis: huntingtin may func-
tion in membrane association and vesicular trafficking. Biochem
Cell Biol 84:912–917.

Turmaine M, Raza A, Mahal A, Mangiarini L, Bates GP, Davies SW
(2000) Nonapoptotic neurodegeneration in a transgenic mouse
model of Huntington’s disease. Proc Natl Acad Sci U S A
97:8093–8097.

Uchigashima M, Narushima M, Fukaya M, Katona I, Kano M, Wa-
tanabe M (2007) Subcellular arrangement of molecules for
2-arachidonoyl-glycerol-mediated retrograde signaling and its
physiological contribution to synaptic modulation in the striatum.
J Neurosci 27:3663–3676.

Ulas J, Cotman CW (1996) Dopaminergic denervation of striatum
results in elevated expression of NR2A subunit. Neuroreport
7:1789–1793.

Usdin MT, Shelbourne PF, Myers RM, Madison DV (1999) Impaired
synaptic plasticity in mice carrying the Huntington’s disease muta-
tion. Hum Mol Genet 8:839–846.

van Dellen A, Welch J, Dixon RM, Cordery P, York D, Styles P,
Blakemore C, Hannan AJ (2000) N-acetylaspartate and
DARPP-32 levels decrease in the corpus striatum of Hunting-
ton’s disease mice. Neuroreport 11:3751–3757.

van Oostrom JC, Dekker M, Willemsen AT, de Jong BM, Roos RA,
Leenders KL (2009) Changes in striatal dopamine D2 receptor
binding in pre-clinical Huntington’s disease. Eur J Neurol
16:226–231.

Vanhoutte P, Bading H (2003) Opposing roles of synaptic and extra-
synaptic NMDA receptors in neuronal calcium signalling and BDNF
gene regulation. Curr Opin Neurobiol 13:366–371.

Vetter JM, Jehle T, Heinemeyer J, Franz P, Behrens PF, Jackisch R,
Landwehrmeyer GB, Feuerstein TJ (2003) Mice transgenic for
exon 1 of Huntington’s disease: properties of cholinergic and do-
paminergic pre-synaptic function in the striatum. J Neurochem
85:1054–1063.

Vonsattel JP, DiFiglia M (1998) Huntington disease. J Neuropathol
Exp Neurol 57:369–384.

Wagster MV, Hedreen JC, Peyser CE, Folstein SE, Ross CA (1994)
Selective loss of [3H]kainic acid and [3H]AMPA binding in layer VI
of frontal cortex in Huntington’s disease. Exp Neurol 127:70–75.

Walker AG, Miller BR, Fritsch JN, Barton SJ, Rebec GV (2008) Altered
information processing in the prefrontal cortex of Huntington’s

disease mouse models. J Neurosci 28:8973–8982.

(Available online 1 J
Wang CE, Tydlacka S, Orr AL, Yang SH, Graham RK, Hayden MR, Li
S, Chan AW, Li XJ (2008) Accumulation of N-terminal mutant
huntingtin in mouse and monkey models implicated as a patho-
genic mechanism in Huntington’s disease. Hum Mol Genet
17:2738–2751.

Wang LH, Qin ZH (2006) Animal models of Huntington’s disease:
implications in uncovering pathogenic mechanisms and develop-
ing therapies. Acta Pharmacol Sin 27:1287–1302.

Wang Z, Kai L, Day M, Ronesi J, Yin HH, Ding J, Tkatch T, Lovinger
DM, Surmeier DJ (2006) Dopaminergic control of corticostriatal
long-term synaptic depression in medium spiny neurons is medi-
ated by cholinergic interneurons. Neuron 50:443–452.

Wheeler VC, Auerbach W, White JK, Srinidhi J, Auerbach A, Ryan A,
Duyao MP, Vrbanac V, Weaver M, Gusella JF, Joyner AL, Mac-
Donald ME (1999) Length-dependent gametic CAG repeat insta-
bility in the Huntington’s disease knock-in mouse. Hum Mol Genet
8:115–122.

Wheeler VC, White JK, Gutekunst CA, Vrbanac V, Weaver M, Li XJ, Li
SH, Yi H, Vonsattel JP, Gusella JF, Hersch S, Auerbach W, Joyner
AL, MacDonald ME (2000) Long glutamine tracts cause nuclear
localization of a novel form of huntingtin in medium spiny striatal
neurons in HdhQ92 and HdhQ111 knock-in mice. Hum Mol Genet
9:503–513.

White JK, Auerbach W, Duyao MP, Vonsattel JP, Gusella JF, Joyner
AL, MacDonald ME (1997) Huntingtin is required for neurogenesis
and is not impaired by the Huntington’s disease CAG expansion.
Nat Genet 17:404–410.

Wilson WJ, Cook JA (1994) Cholinergic manipulations and passive
avoidance in the rat: effects on acquisition and recall. Acta Neu-
robiol Exp (Wars) 54:377–391.

Wu Y, Parent A (2000) Striatal interneurons expressing calretinin,
parvalbumin or NADPH-diaphorase: a comparative study in the rat,
monkey and human. Brain Res 863:182–191.

Yamada MK, Nakanishi K, Ohba S, Nakamura T, Ikegaya Y,
Nishiyama N, Matsuki N (2002) Brain-derived neurotrophic factor
promotes the maturation of GABAergic mechanisms in cultured
hippocampal neurons. J Neurosci 22:7580–7585.

Yamamoto A, Lucas JJ, Hen R (2000) Reversal of neuropathology and
motor dysfunction in a conditional model of Huntington’s disease.
Cell 101:57–66.

Yang SH, Chan AW (2011) Transgenic animal models of Huntington’s
disease.Curr Top Behav Neurosci 7:61–85.

Yang SH, Cheng PH, Banta H, Piotrowska-Nitsche K, Yang JJ, Cheng
EC, Snyder B, Larkin K, Liu J, Orkin J, Fang ZH, Smith Y, Bache-
valier J, Zola SM, Li SH, Li XJ, Chan AW (2008) Towards a
transgenic model of Huntington’s disease in a non-human primate.
Nature 453:921–924.

Young AB, Greenamyre JT, Hollingsworth Z, Albin R, D’Amato C,
Shoulson I, Penney JB (1988) NMDA receptor losses in putamen
from patients with Huntington’s disease. Science 241:981–983.

Zhang H, Li Q, Graham RK, Slow E, Hayden MR, Bezprozvanny I
(2008) Full length mutant huntingtin is required for altered Ca2�

signaling and apoptosis of striatal neurons in the YAC mouse
model of Huntington’s disease. Neurobiol Dis 31:80–88.

Zuccato C, Cattaneo E (2007) Role of brain-derived neurotrophic
factor in Huntington’s disease. Prog Neurobiol 81:294–330.

Zuccato C, Ciammola A, Rigamonti D, Leavitt BR, Goffredo D, Conti L,
MacDonald ME, Friedlander RM, Silani V, Hayden MR, Timmusk
T, Sipione S, Cattaneo E (2001) Loss of huntingtin-mediated BDNF
gene transcription in Huntington’s disease. Science 293:493–498.

Zuccato C, Tartari M, Crotti A, Goffredo D, Valenza M, Conti L,
Cataudella T, Leavitt BR, Hayden MR, Timmusk T, Rigamonti D,
Cattaneo E (2003) Huntingtin interacts with REST/NRSF to mod-

ulate the transcription of NRSE-controlled neuronal genes. Nat
Genet 35:76–83.
(Accepted 28 June 2011)

uly 2011)


	Functional interactions within striatal microcircuit in animal models of huntington`s disease
	Role of huntingtin
	Selectivity of striatal lesion
	The striatal microcircuit
	Neurophysiological alterations in HD patients` brain
	Glutamate
	Dopamine
	GABA
	Acetylcholine
	Brain-derived neurotrophic factor (BDNF)
	Interactions between neurotransmitter systems

	Models of HD
	Excitotoxic models
	Mitochondrial toxicity models
	Genetic models

	Neurophysiology of HD in animal models
	Glutamate and GABA
	Dopamine
	BDNF and PV-positive interneurons
	The role of cholinergic interneurons

	Limitations of murine models
	Primate models
	Conclusions
	References


