
COGNITIVE FUNCTION AND AGING (DAVE MORGAN, SECTION EDITOR)

Cognitive Deficits in Huntington’s Disease:
Insights from Animal Models

Elizabeth A. Wang & Carlos Cepeda & Michael S. Levine

Published online: 17 January 2012
# Springer Science+Business Media, LLC 2012

Abstract Although Huntington’s disease (HD) is commonly
recognized as a movement disorder, cognitive dysfunction is
an intrinsic feature of the disease that often manifests before
the onset of chorea. Neuronal loss has been demonstrated in
anatomical regions known to be substrates of learning and
memory, but cell loss is presaged by functional alterations.
Changes in long-term synaptic plasticity, a substrate of mem-
ory processes, emerge in cognitive domains such as the hip-
pocampus, the cortex, and the striatum. Insights from animal
models provide mechanistic explanations of how long-term
synaptic plasticity is altered in these regions. Glutamate and
dopamine receptors play a crucial role in such changes and
progress in this area of investigation has made significant
strides in recent years. Based on these discoveries, novel
therapies are being developed to improve clinical outcomes
and ameliorate cognitive symptoms of HD.
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Introduction

Huntington’s disease (HD) is a fatal, dominantly inherited
neurodegenerative disorder caused by an unstable expansion

of a polymorphic trinucleotide repeat sequence (CAGn) in the
HTT gene, which encodes the huntingtin (Htt) protein [1].
These repeat sequences translate into an elongated stretch of
glutamine near the Htt amino terminus, conferring toxic func-
tions to mutant Htt (mHtt), ultimately leading to neurodegen-
eration [1]. Htt is a large, highly conserved protein that is
ubiquitously expressed throughout the body [2]. Although its
exact function remains unclear, Htt is a membrane-associated
protein involved in axonal trafficking [3].

Clinically, the consequences of mHtt expression are far-
reaching and physically and mentally devastating. Typical
HD onset occurs between ages 30–50 years. Progressive
physical and mental deterioration occur over the next 15–
25 years before these effects become lethal. Clinical presen-
tations of HD include progressive motor dysfunction man-
ifested as chorea, mood disorders, and cognitive deficits [4].
A juvenile form of HD also occurs, generally when the
length of CAG repeats is greater than 60. Patients develop
spasticity, epileptic seizures, and intellectual decline associ-
ated with a more rapidly progressing course [5].

Deficits in cognition are an integral feature of HD and
manifest early in the course of the disease [6]. Although the
neuropathological hallmark of HD is the selective degener-
ation of GABAergic striatal medium-sized spiny neurons
(MSNs), neuronal loss has been observed in other regions
of the brain such as the cerebral cortex, thalamus, hypothal-
amus, globus pallidus, hippocampus, and cerebellum [7, 8•,
9–11], suggesting that integration and transfer of informa-
tion throughout the brain is altered in HD.

It is important to both correlate cognitive deterioration with
the specific neuropathology of HD and identify the ways these
processes are disrupted. This review describes the main cogni-
tive deficits associated with HD, not only in humans but also in
genetic rodent models, which have provided important insights
into progression and mechanisms of brain dysfunction [12],
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and discusses possible mechanisms of cognitive deficits and
promising treatments.

Cognitive Processes Subserved by the Hippocampus,
Striatum, Thalamus and Cerebral Cortex

In the study of cognition, cortical and subcortical structures
have become areas of extensive investigation. The basal
ganglia, cerebral cortex, hippocampus, and thalamus are
recognized as key anatomical substrates of cognitive pro-
cesses such as attention, executive function, learning, and
memory [13], processes that are not unitary in nature but
rather supported by relatively independent neural systems
that differ in the cognitive aspect they facilitate [14]. For
example, learning tasks require the concurrent activation of
multiple and parallel memory systems. Although these sys-
tems operate semi-independently, their interactions do ulti-
mately give rise to the apparently seamless control of
cognition and behavior [15].

While the hippocampus is known as the site of place
learning, the striatum is engaged by repetitive stimulus–
response associations [16]. These systems do not act inde-
pendently but cooperatively and competitively, thus manag-
ing responses needed in complex behavioral tasks [16].
Damage inflicted onto either of the two systems not only
leads to changes in behavior, but also affects the influence
exerted by the other in cognitive processes [14]. Interactions
between the hippocampus and prefrontal cortex also support
both working and long-term memory [17]. The neocortex in
particular is believed to be the permanent repository of
memory [15] and the hippocampus the site of encoding
and retrieving short-term memory [18]. Connectivity among
these sites gives rise to the hippocampo-fronto-striatal cir-
cuit, important for higher cognitive tasks such as goal-
directed behavior and executive function, cognitive process-
es considered to be at the pinnacle of human cognition [19].

Similarly, the frontostriatal circuits form a distributed
neuronal system involved in learning tasks and executive
function. While the caudate nucleus initiates and maintains
adaptive responses, the prefrontal cortex is centrally in-
volved in monitoring performance and selecting strategies
[20]. The dorsolateral striatum, in particular, is implicated in
procedural learning [21]. The thalamus is also functionally
important in the integration and transference of information
between striatum and cortex [22]. It is a critical region
subserving attentional processes and behavioral switching
[23]. In particular, the thalamostriatal pathway is becoming
the focus of intense research in humans and animal models
[24]. Human studies have demonstrated adverse cognitive
consequences of thalamic damage in executive tests [25,
26]. The functional connectivity between these cortical and
subcortical areas manifests in what is recognized as the
basal ganglia-thalamo-cortical circuit [22].

Cognitive Deficits in Human Huntington’s Disease

Impaired attention, visuospatial skills, andmnemonic function
can be observed during prodromal HD [27]. Later, patients
with HD show impaired performance in executive tests re-
quiring planning, problem solving, stimulus–response selec-
tivity, and concept formation [28, 29]. Although much
remains to be understood about the neural correlates underly-
ing cognitive dysfunction in HD, striatal, thalamic, and corti-
cal atrophy, which are the most common pathological findings
in patients with HD, could play a central role [30]. Structural
and functional imaging studies have indeed correlated neuro-
nal loss in these areas with impaired attention, sensory inte-
gration, executive functions, learning, and working memory
[25, 31]. However, it is now widely accepted that early cog-
nitive deficits can occur in the absence of neural atrophy or
overt motor symptoms, suggesting that cellular and synaptic
activity in the thalamus and cortex could be altered before
neuropathological changes become apparent [7, 9, 32••].
Studies have shown cognitive deficits in patients who are
decades before motor diagnosis [32••]. These deficits affect
functional skills and work performance [8•]. Prodromal defi-
cits can be very specific; in HD carriers, before presentation of
movement disorders, attentional set shifting and semantic
verbal fluency are affected [27]. Further, in sensory tests that
do not involve motor components, sensory-evoked brain ac-
tivation is reduced in cortical and subcortical areas [31].
Electroencephalographic studies have shown that the most
consistent abnormality in patients with HD is suppression of
α-activity. Suppression of the α-rhythm points to thalamic
abnormalities [33] and is consistent with anatomical changes
in preclinical HD [30].

Imaging studies have demonstrated abnormalities in brain
metabolism and network organization, characterized by met-
abolic decreases in the caudate and lentiform nuclei and the
mesial temporal cortex, and an early increase followed by a
decrease in the thalamus [34]. Such instances of increased
metabolic activity may reflect alterations in cellular function
that presage metabolic failure and cell death [35]. Altered
synaptic function via reduced plasticity also has been demon-
strated in premanifest HD patients. Motor cortex plasticity in
HD gene carriers is abnormal and not closely related to the
development of the motor phenotype [36]. However, after
clinical onset, reduced long-term plasticity in the motor cortex
seems to accompany the motor phenotype [37]. The HD
motor cortex also shows depressed excitability [38].

While clinical studies in HD patients have revealed that
cognitive changes precede motor symptoms, mechanistic
studies are difficult to perform. Animal models of HD have
become an important tool to understand the progression of
HD symptoms. In particular, genetic models carrying the
mutated human transgene replicate most HD symptoms and
permit mechanistic examination [12].
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Animal Models of Huntington’s Disease

Understanding how molecular, cellular, and synaptic signal-
ing processes are disrupted in the pathogenesis of HD is
integral to the study of behavioral and neuropathological
changes. To this end, a large number of animal models have
been created to evaluate at the mechanistic level how cell
loss in the striatum induces the pathophysiology of HD.
Because these models have been reviewed extensively
[39•, 40, 41], this article provides a summary description
of the models that have facilitated the study of mechanisms
underlying cognitive alterations in HD.

Neurotoxin-based models were generally used before the
discovery of the HD gene. Although they allowed for an
examination of the mechanisms involved in cell death, and
were instrumental for the development of the excitotoxicity
hypothesis of HD [42], they did not enable a study of disease
progression or the differential vulnerability of neurons that are
known to degenerate in HD. This is important because al-
though the hallmark of HD is the loss of MSNs, studies in
animal models and humans have demonstrated that neuronal
dysfunction occurs in the absence of neurodegeneration and
may be the cause of cognitive symptoms seen in early HD [12,
43]. Toxin models are based on the idea that striatal lesions
can be induced chemically in a way that reproduces neuropa-
thology (i.e., selective degeneration of projection MSNs but
relative sparing of interneurons and fiber tracts). Early studies
suggested that injections of the excitotoxin kainic acid pro-
duce a phenotype resembling the neuropathology of HD (for a
review see [44]). Later, this model was refined through use of
quinolinic acid, an N-methyl-D-aspartate (NMDA)-type exci-
totoxin. Another model, the 3-nitropropionic acid (3-NP)
model of HD, is created by exposure to a mitochondrial toxin.
Infusion of 3-NP leads to selective striatal lesions that repro-
duce most of the pathophysiological hallmarks of HD, includ-
ing striatal atrophy and cognitive disorders [45].

The discovery of the gene responsible for HD enabled the
study of mechanisms and disease progression through genetic
animal models carrying the defective gene. The most currently
used models include fragment, full-length, and knock-in mod-
els. These models differ in CAG repeat length, copy numbers,
and transgene expression levels. R6/2 mice expressing exon 1
with about 150 CAG repeats manifest a very rapidly progress-
ing phenotype, similar to the juvenile form of HD in humans.
Symptomatic animals display overt behavioral alterations as
early as 5–6 weeks of age, including hind limb clasping, weight
loss, and death at about 15 weeks [46]. Pathological alterations
include the formation of nuclear inclusions [47], which can be
observed in the presymptomatic stage, particularly in the stria-
tum and the CA1 region of the hippocampus [48]. There also
are changes in glutamate and dopamine (DA) receptors [49,
50]. Many of these alterations are correlated with learning
impairments on a number of cognitive tasks [51]. Another line,

the R6/1 (with about 110 CAG repeats), presents with similar
phenotypic alterations as the R6/2 but in amore protracted form
[46]. Weight loss and clasping can be observed at 19–23 weeks
and become more pronounced with age. The first transgenic rat
model, the tgHD, carries 51 CAG repeats [52]. An advantage of
this model is that it concomitantly expresses cognitive, emo-
tional, and motor disturbances, spatially localized inclusions, as
well as striatal cell death [52, 53].

The most widely studied full-length mouse model uses the
yeast artificial chromosome (YAC) expressing normal
(YAC18) and mutant (YAC46, YAC72, and YAC128) human
Htt [54, 55]. YAC72 mice display abnormal behavior around
age 7 months, as well as selective degeneration of MSNs in
the lateral striatum by 12 months. YAC128 mice display
alterations similar to YAC72 mice, but these alterations are
more severe and occur earlier [55]. These mice exhibit in-
creased open field activity at about 3 months and rotarod
performance deficits starting at 6 months [55]. Similar to
human HD, cognitive dysfunction and mood disturbance pre-
cede motor abnormalities [56]. In addition, significant and
selective atrophy and neuronal loss occur in the striatum and
cortex of YAC128 mice [55, 56].

The major advantage of knock-in models is that they
express full-length mHtt in its native genomic context. Sev-
eral models that differ mainly in the number of CAG repeats
(from 48–200) have been generated [57–61]. In knock-in
models overt behavioral changes are often subtle, but care-
ful testing demonstrates abnormalities as early as ages 1–
2 months [62]. A more severe phenotype develops as the
mice age beyond 1 year [63]. A consistent feature of knock-
in mice is the presence of nuclear staining and microaggre-
gates very early in the course of the disease [63]. By con-
trast, nuclear inclusions are observed only in older mice
[62], and loss of MSNs occurs at about 2 years [63].

Cognitive Alterations in Mouse Models of Huntington’s
Disease

Long-lasting changes in the efficacy of excitatory transmis-
sion have been proposed to represent the cellular basis of
cognitive processes such as learning and memory. Insights
from animal models of HD have helped our understanding
of how synaptic plasticity is altered in the hippocampus,
cerebral cortex, and striatum. The following sections exam-
ine cognitive alterations in HD animal models in the context
of two forms of synaptic plasticity: long-term potentiation
(LTP) and long-term depression (LTD).

Synaptic Plasticity in Hippocampus

Early investigations of synaptic plasticity in HD animal mod-
els concentrated on the hippocampus, using electrophysiology
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in brain slices. One of the first studies examined spatial
cognition and the ability of CA1 and dentate granule cell
synapses to support plasticity in the R6/2 transgenic mouse,
using high-frequency stimulation (HFS) and low-frequency
stimulation (LFS) to induce LTP and LTD, respectively [64].
LTP is reduced at transgenic synapses, and LFS results in
activity-dependent synaptic depression not seen in control
slices. Thus, transgenic slices show an impaired ability to
sustain long-term excitatory neurotransmission. Spatial cog-
nition, a hippocampal-dependent process, similarly is im-
paired before the onset of an overt phenotype, suggesting
that altered plasticity contributes to the prodromal cognitive
symptoms reported in HD gene carriers. Similarly, LTP is not
induced in CA1 neurons in 10-month-old YAC46 and YAC72
mice [54]. In fact, HFS induced depression instead of poten-
tiation. Thus, hippocampal synapses in HD seem to be com-
promised in their ability to respond to intense synaptic
demand, leading to impairments of LTP.

LTP in the CA3 region of the hippocampus, the source of
mossy fiber (MF) input thought to be important in initiating
learning, is also selectively impaired in presymptomatic R6/
2 mice [65]. Deficits in MF LTP may be attributed to early
changes in complexin II expression, a presynaptic protein
that is among the first to dysregulate in R6/2 neurons. As in
controls, LTD in mutant mice shows developmentally con-
trolled downregulation, declining by early adulthood [66].
However, at 3–4 months, this process is markedly altered
with a re-emergence of LFS-induced depression weeks be-
fore the appearance of an overt phenotype.

These findings suggest that a tendency towards LTP
reduction and LTD augmentation in hippocampus underlies
cognitive impairments in early HD. Altered hippocampal
plasticity invariably occurs before an overt behavioral phe-
notype, supporting the idea that cellular and synaptic alter-
ations in cognitively important regions may precipitate the
cognitive deficits that appear in early HD and worsen as the
disease progresses.

Synaptic Plasticity in Cerebral Cortex

In mouse models of HD, alterations in synaptic plasticity have
been identified in three major cortical areas: the barrel cortex,
the perirhinal cortex, and the medial prefrontal cortex. The
barrel cortex displays deficits in learning-dependent plasticity
in presymptomatic R6/1 mice [67]. Such deficits correlate
with an impairment of somatosensory-discrimination learning
ability [68]. In this study, whisker-deprived wild-type mice
show an experience-dependent expansion of the functional
representation of the spared row of whiskers, a process that
involves potentiation of responses to spared vibrissae and,
possibly, LTP/LTD-like mechanisms [69]. In presymptomatic
R6/1 mice, this expansion failed to occur, supporting the view
that aberrations in cortical plasticity emerge before a motor

phenotype and may contribute to impairments in learning and
memory processes seen in human HD.

Electrophysiological studies in the perirhinal cortex also
lend support to this view. Perirhinal synapses in the R6/1
mouse model show age-dependent impairments in LTD [70,
71]. Namely, there is an age-dependent derailment of LTD
expression in transgenic slices, in which LTD is augmented at
age 2 months, reversed at 5 months, and then reduced until
becoming crucially absent from ages 7–9 months. The most
recent evidence that plastic events in the neocortex are altered
in the presence of the HD transgene comes from a study
showing that LTP induction is impaired in the medial prefron-
tal cortex of presymptomatic R6/1-89Q and symptomatic R6/
1-116Q mice [72••]. The magnitude of this impairment corre-
lates with the size of the CAG repeat, showing that a progres-
sive derailment in the LTP inductive mechanism is one
defining feature of the HD disease trajectory.

The cortex in transgenic mice thus shows a general trend
towards compromised LTP and LTD, correlating with
impairments in learning-dependent behavioral tasks. The
cortex of transgenic mice, at least at the initial stages of
the disease, shares with the mutant hippocampus similar
features of impaired LTP and augmented LTD.

Synaptic Plasticity in Striatum

Alterations in striatal plasticity in HD are much less known,
although implications have been drawn from mouse model
studies noting perturbed excitatory synaptic transmission
and DA function [73–75]. Nonetheless, R6/2 mice, tgHD
rats, and the 3-NP model of HD have been studied in the
context of LTP and LTD.

Consistent with the idea that LTP processes derail in HD,
MSNs from presymptomatic R6/2 mice at age 6 weeks show
no deficits in LTP [45], while those at age 8 weeks and older
do [76]. Meanwhile, LTD in the adult R6/2 corticostriatal
pathway appears to be maintained [76]. Alternatively, 3-NP
rats show normal LTP but abnormal synaptic depotentiation
[45] and suppressed LTD compared to controls [77]. A loss
in synaptic depotentiation, a form of synaptic plasticity
involved in mechanisms of “forgetting” and increasing in-
formation storage capacity, has been shown in 3-NP rats
[78]. Together, this suggests a relationship between sus-
tained excitatory synaptic transmission and MSN cell death.

When evoked by stimulation of the prelimbic cortex, field
potentials in the dorsomedial striatum of the tgHD rat at a
presymptomatic stage show enhanced LTP [79•]. That these
aberrations in plasticity occur in conjunction with poorer tem-
poral sensitivity suggests that normal plasticity at prefrontal-
striatal circuits is required for proper timing behavior.

Taken together, R6/2, tgHD, and 3-NP models fail to agree
on the direction in which LTP and LTD are altered in striatum,
and this dissimilarity may be a matter of different animal
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models, stimulation parameters, or induction techniques. Ad-
ditionally, these studies failed to separate MSNs of the direct
and indirect pathways through fluorescent protein labeling,
and this may also account for inconsistencies. Nonetheless,
the outcomes indicate that alterations in striatal plastic events
are part of the HD pathology. Thus, these studies are working
toward a more cohesive understanding of how striatal neurons
are compromised in their capacity to process learning and task-
related information and contribute to cognitive deficits in HD.

Mechanisms of Cognitive Dysfunction in Huntington’s
Disease

Interactions between glutamate and DA receptors are vital to
numerous cognitive functions, such as learning and memo-
ry, motor coordination, and reward mechanisms [80–83].
Alterations in NMDA (NMDAR) and DA receptors also
play a crucial role in mediating aberrant synaptic plasticity
in HD models. Indeed, the R6/2 striatum shows deficits in
DA release and DA receptor expression [49, 75, 84]. Be-
cause LTP is dependent on NMDA and D1 receptor activa-
tion, disruptions in one or both systems may be responsible
for impairments in plasticity [76].

Role of NMDA Receptors

Physiologically, the NMDAR triggers learning-related plas-
ticity by inducing LTP and LTD [85]. While these forms of
plasticity provide insights into network function, they are
mechanistically limited. Unlike long-lasting forms of plas-
ticity, short-term plasticity is involved in the dynamic,
moment-to-moment adjustment of synaptic strength during
the processing of neural information, occurring on the order
of seconds to minutes [86]. Activity-dependent short-term
plasticity includes paired-pulse facilitation, paired-pulse de-
pression, and post-tetanic potentiation (PTP). Electrophysi-
ological protocols testing short-term plasticity offer a better
glimpse into mechanisms of synaptic dysfunction in HD.

At CA1 hippocampal and cortical synapses, PTP is reduced
in transgenic slices [64, 72••]. PTP is believed to indicate
presynaptic function, reflecting a period of enhanced neuro-
transmitter release caused by loading the presynaptic terminal
with calcium ions. Although an earlier hippocampal study in a
knock-in mouse also observed reduced PTP, citing a deficit in
neurotransmitter mobilization as the cause [87], blocking LTP
induction with an NMDAR antagonist produced similar PTP
in control and transgenic mice, suggesting that altered mech-
anisms associated with the NMDAR itself are responsible for
deficits in synaptic plasticity [64].

That hippocampal slices from 6-month-old mutant mice
show NMDAR-dependent hyperexcitability suggests that al-
tered NMDAR function in transgenic mice gives rise to early

electrophysiological abnormalities presaging altered plasticity in
older animals [54]. These slices show increased baseline
NMDAR function, which would cause elevated influx of calci-
um during normal synaptic transmission. Indeed, neurons from
10-month-old mutant mice show higher resting levels of intra-
cellular calcium [54]. The lack of LTP at CA1 pyramidal syn-
apses may thus be caused by NMDAR inactivation in response
to elevated calcium influx during HFS. In addition, NMDAR-
dependent LTD is maintained in the R6/2 striatum even though
NMDAR-dependent LTP is compromised, suggesting that
NMDAR impairment in the presence of mHtt may only be
partial in nature, leading to selective deficits in plasticity [76].

That the YAC mutant hippocampus shows hyperexcit-
ability and increased NMDAR-mediated basal synaptic
transmission before demonstrating deficits in LTP [54] led
to a speculation that differential expression of the NR2B
NMDAR subunit may be a cause, because injection of mHtt
into cells with functional NMDARs induces a selective
augmentation of currents in NR2B-containing NMDARs
[88]. This brings up an interesting but controversial debate
on the contribution of individual NMDAR subunits to
NMDAR-mediated currents that strengthen excitatory syn-
apses. Although activation of NR2B-containing NMDARs
is generally viewed as excitotoxic, NR2 subunit expression
varies based on receptor location, with NR2A-containing
NMDARs predominating at synaptic sites and NR2B-
containing NMDARs at both synaptic and extrasynaptic
receptor locations [89]. Synaptic sites are the locus of plastic
events, and thus NR2B-containing NMDARs may play an
equal role in mediating plasticity. For instance, blockade of
NR2B-containing NMDARs blocks D1 potentiation of
NMDA currents [89].

Alterations in NMDAR function in HD are complex and
have only begun to be elucidated. Overall, NMDAR contri-
butions to synaptic plasticity seem to require a balancing act
between not only NR2A- and NR2B-containing NMDARs,
but also between NMDAR over- and under-activation. Strat-
egies aimed at moderating NMDA receptor activity may
ultimately lead to a re-normalization in synaptic plasticity
and cognitive function.

Role of Dopamine

The strength of synaptic transmission can be remodeled by
neuromodulators such as DA [90]. DA receptors are also
involved in the induction and maintenance of LTP [91, 92],
working in tandem with the glutamatergic system. Early
cognitive decline also has been correlated with striatal and
cortical loss of DA receptors in presymptomatic and early-
stage HD patients [93].

In genetic HD models, DA receptor activation is crucially
reduced, giving rise to deficits in synaptic plasticity. For
example, symptomatic R6/1 mice are deficient in the ability
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to support LTD and there is evidence that this may be due a
pathological reduction in D2 receptor activation [71]. Cor-
tical transgenic slices show aberrations in paired-pulse pro-
files, indicative of short-term plasticity. Instead of exhibiting
paired-pulse depression like controls, mutants exhibit a
more facilitatory profile, indicating a change in neuromodu-
lation. Antagonism of D2 receptors in control slices produ-
ces this facilitatory profile, while exposure to quinpirole, a
D2 receptor agonist, not only produces a less facilitatory
profile that resembles age-matched controls, but also
restores the ability of transgenic slices to support LTD.

Additionally, striatal LTD in R6/2 mice shows a variable
dependence on D1 receptors, implying that these receptors are
not required for weakening striatal synapses [76]. Alternatively,
that LTP fails in the cortex might reflect a higher threshold for
LTP induction, a phenomenon that may be amenable to D1
receptor modulation [72••]. That impaired LTD in the perirhinal
cortex can be reversed in the presence of a D2 receptor agonist
is consistent with the finding that impaired LTP in the medial
prefrontal cortex can be reversed in the presence of a D1
receptor agonist [72••]. LTP in the prefrontal cortex is in fact
largely dependent on the activation of D1 receptors
[94]. Together, this suggests that dysfunction in DA signaling
is an underlying feature of early cognitive decline in HD.

Treatments and Promising Therapeutics

Although HD is thus far thought to be incurable, various
therapies have been used to reduce or delay symptoms. In
humans, cognitive-enhancing drugs such as memantine,
rivastigmine, and donepezil have shown modest benefit,
and DA depleters such as tetrabenazine can reduce chorea
[95]. Treatment for HD is limited and exclusively symptom-
atic. However, the following emerging therapeutic strategies
have shown promise experimentally and/or clinically.

Brain-Derived Neurotrophic Factor

Brain-derived neurotrophic factor (BDNF) may rescue pathol-
ogies in synaptic plasticity and has emerged as a promising
therapeutic candidate for its positive effects on excitatory
synaptic function. Although studies on LTP and LTD in
genetic mouse models have generally implicated a role for
altered NMDA and DA function, alterations also may be
mediated by pathological decreases in BDNF observable even
at the presymptomatic stage [96]. BDNF is particularly rele-
vant to the corticostriatal pathway in mutant mouse models.
MSNs do not produce BDNF but rely on anterograde transfer
from the cortex, a process perturbed by mHtt [97]. BDNF is
co-released with glutamate in the corticostriatal pathway [98]
and promotes LTP in striatal MSNs, likely through enhancing
NMDA currents [99]. An emerging theme is that BDNF also

plays a role in regulating synaptic plasticity in hippocampus
and cortex [100]. In HD knock-in mice, BDNF has been
shown to rescue impaired LTP in hippocampal slices [101]
and modulate higher-order cognitive processes in different
learning tasks even before the onset of motor symptoms
[102]. Thus, BDNF is one strategy that can target cognitive
difficulties before an overt motor phenotype emerges.

Ampakines

Upregulating endogenous BDNF levels through treatment
with ampakines, a class of drugs that positively modulate
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA)–type glutamate receptors, may rescue the HD
synaptic and cognitive phenotype [103•]. In 16-week-old
HD mice, ampakine treatments work selectively, offset-
ting impairments in long-term memory without measur-
able effects on impaired locomotor activity. Because
ampakine treatments are well tolerated in clinical trials
and require only brief exposures to be effective, ampa-
kines represent a novel strategy for the chronic treatment
of cognitive deficits seen in early HD [104].

Environmental Enrichment

Proof-of-concept studies have shown that spatial memory
deficits in HD mice can be ameliorated by environmental
enrichment through altering synaptic composition [105] and
increasing BDNF expression in cognitively important areas
such as the hippocampus [106]. Environmental enrichment
may enhance experience-dependent plasticity by inducing
subtle, region-specific effects on dendritic morphology and
spine density that can contribute to strengthening synaptic
connections [107]. This has proven effective in symptomatic
R6/1 mice housed in an enriched environment, which
showed neuronal morphological changes that could underlie
some of the beneficial effects of enrichment [108, 109].

Memantine

Antagonism of NMDARs is a therapeutic strategy used to
reduce progression of HD pathology and phenotype because
NMDARs, when overactivated, produce neuronal damage.
Although still speculative, increased basal NMDAR func-
tion, by elevating intracellular calcium levels, can impede
LTP [54]. Although memantine, an NMDAR antagonist, has
not been specifically shown to ameliorate the plastic pheno-
type of HD, therapeutic concentrations can effectively block
excessive extrasynaptic NMDAR-mediated currents, while
relatively sparing normal synaptic activity [110••, 111]. In
blocking excitotoxic cell death, memantine has been shown
to slow the progression of HD neuropathology and the
cognitive phenotype by reducing striatal cell death [112]
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and improving the performance of mutant mice on a motor
learning task [110].

Dopamine Agonists

There is much promise in therapeutics that take advantage of
DA modulation of plasticity because there is evidence that
D2 receptor agonists can rescue impaired LTD and D1
receptor agonists can rescue impaired LTP [71, 72••]. How-
ever, preliminary results testing a D2 receptor partial ago-
nist, aripiprazole, on HD patients suggest that the drug can
improve chorea and depression, but not cognitive function
[113]. Similarly, case studies have demonstrated that the
drug only modestly improves cognitive deficits [114]. Thus,
while experimental outcomes have been promising, the role
of DA agonists in ameliorating the HD cognitive phenotype
remains to be explored further at the clinical level.

Conclusions

Although HD is commonly seen as a movement disorder
characterized by neostriatal pathology, the clinical pheno-
type of HD has far-reaching and devastating consequences
on cognitive function involving multiple neuronal systems.
Cognitive deficits in HD have complex origins arising from
not only neuronal atrophy and aberrant metabolic activity in
cognitively important regions, but also alterations in synap-
tic plasticity, often occurring before the neuropathology or
motor symptomatology become apparent. Insights from an-
imal models have led to a better understanding of the mech-
anisms underlying altered synaptic plasticity in HD. NMDA
and DA receptors have emerged as mechanistically relevant
targets in the search for therapeutics, and progress in this
area of research has led to novel treatment strategies for
ameliorating cognitive dysfunction in HD.
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