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Huntington’s disease (HD) is a neurodegenerative disorder caused by a tandem repeat expansion encoding a polyglutamine tract
in the huntingtin protein. HD involves progressive psychiatric, cognitive, and motor symptoms, the selective pathogenesis of
which remains to be mechanistically elucidated. There are a range of different brain regions, including the cerebral cortex and
striatum, known to be affected in HD, with evidence for hippocampal dysfunction accumulating in recent years. In this review
we will focus on hippocampal abnormalities, in particular, deficits of adult neurogenesis. We will discuss potential molecular
mechanisms mediating disrupted hippocampal neurogenesis, and how this deficit of cellular plasticity may in turn contribute
to specific cognitive and affective symptoms that are prominent in HD. The generation of transgenic animal models of HD has
greatly facilitated our understanding of disease mechanisms at molecular, cellular, and systems levels. Transgenic HD mice have
been found to show progressive behavioral changes, including affective, cognitive, and motor abnormalities. The discovery, in
multiple transgenic lines of HD mice, that adult hippocampal neurogenesis and synaptic plasticity is disrupted, may help explain
specific aspects of cognitive and affective dysfunction. Furthermore, these mouse models have provided insight into potential
molecular mediators of adult neurogenesis deficits, such as disrupted serotonergic and neurotrophin signaling. Finally, a number
of environmental and pharmacological interventions which are known to enhance adult hippocampal neurogenesis have been
found to have beneficial affective and cognitive effects in mouse models, suggesting common molecular targets which may have
therapeutic utility for HD and related diseases.

1. Introduction

Toward the close of the nineteenth century, the Neuron Doc-
trine emerged as a fundamental theory of the nervous system
[1]. A basic tenet of the Neuron Doctrine was that special-
ized cells—neurons—formed the elementary structural and
functional units of the nervous system. Embedded within
the formulation and refinement of the Neuron Doctrine
was born the concept of neuronal plasticity or structural
modifiability of the brain [2]. Arguably, and perhaps unwit-
tingly, the developing theory of neural plasticity was linked
with functional roles in learning and memory. However, the
ability of the brain to modify its connections was tempered
by the overriding edict that the adult neuronal population

was stable. In other words, production of new neurons—
neurogenesis—was complete prior to brain maturation.
Thus another basic tenet of the Neuron Doctrine was that the
adult mammalian brain was devoid of ongoing neurogenesis.
This view of adult neurogenesis pervaded neuroscience for
a substantial portion of the twentieth century, holding
sway in spite of early contradictory evidence [3, 4]. With
technical advancements and overwhelming evidence, adult
neurogenesis in the mammalian brain became a widely
accepted concept by the close of the twentieth century [5].
Addition of new neurons to established circuitry of the adult
brain affords a novel form of neuronal plasticity beyond
the structural and synaptic plasticity of existing neurons.
Adult neurogenesis is considered to play an etiological role
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in, and provide a therapeutic target for, many neurodegen-
erative conditions [6]. The potential of manipulating adult
neurogenesis to treat the cognitive deficits associated with
Huntington’s disease has been recently covered in detail
[7]. This review will focus on an emerging association
between adult neurogenesis and hippocampal dysfunction
and its relationship to affective and cognitive symptoms in
Huntington’s disease.

2. Hippocampal Neurogenesis and
Huntington’s Disease

The hippocampus is a key structural element of the limbic
system and has been intensively investigated as a mediator
of learning and memory [8]. Beyond cognition, however,
impaired hippocampal neuronal plasticity is thought to be
a significant neural substrate underlying the development
of depressive behavior [9, 10]. Major depressive disorder
encompasses cognitive impairment and both impaired cog-
nition and depression feature in the spectrum of symptoms
experienced by HD patients [11]. A significant step toward
the general acceptance of adult neurogenesis was the genera-
tion of evidence for neuron production in the adult human
hippocampus [12]. Since this study, there has been, and
continues to be, considerable debate regarding the functional
significance of hippocampal neurogenesis in human health
and disease [13]. Hypotheses have been put forward that
posit (1) impaired neurogenesis elicits the development of
depression and (2) that efficacy of antidepressants relies on
intact hippocampal neurogenesis [14–16]. Refinement (or
refutation) of the “neurogenesis hypothesis” of depression
will have an impact not only on our understanding of
pathogenic mechanisms but also on the development of new
treatments. Recent studies using transgenic HD mice may
further inform the neurogenesis hypothesis of depression
and provide preclinical direction for more effective HD
treatments.

Adult hippocampal neurogenesis (AHN) is a highly reg-
ulated multistep process involving proliferation of neuronal
stem/precursor cells, neuronal differentiation and migration,
and finally neuronal maturation and integration into the
existing hippocampal circuitry [17]. A diversity of factors
targets these regulatory steps to affect the net rate of AHN.
A significant foundation for the neurogenesis hypothesis
of depression arises from data that shows neurotransmit-
ter systems involved in the development and treatment
of depression also regulate levels of AHN [14]. Various
transgenic rodent models of HD have been found to exhibit
affective and cognitive abnormalities reflecting clinical data
in HD patients. For example, R6/1 and R6/2 transgenic
lines of HD mice have behavioral deficits that include
impaired hippocampal-dependent spatial cognition [18–20].
However, depressive-like behavior also manifests in R6/1 HD
mice prior to cognitive and motor symptoms [21, 22].

Serotonin is a key neurotransmitter system involved
in the etiology and treatment of depressive disorders [23,
24]. Selective serotonin uptake inhibitors (SSRIs), such as
fluoxetine (Prozac) and sertraline continue to be a core

pharmacological intervention for major depressive disor-
der [23, 24]. A significant mechanism of action of the
antidepressant effects of SSRIs involves potentiation of sero-
tonergic neurotransmission through inhibition of synaptic
clearance. Reflecting the incidence of HD patient depression,
depressive-like behavior manifests in premotor symptomatic
R6/1 HD mice [21, 25]. Early analysis of R6/1 HD mice
showed a reduction in hippocampal stem/precursor cell
proliferation leading to a net reduction in AHN [26]. Further
studies in R6/1 [25, 27, 28] and R6/2 [29–31] lines of
mice have extended our understanding of the AHN deficit.
Could the impaired AHN in R6/1 HD mice cause the
development of the depressive-like phenotype? Administra-
tion of fluoxetine to R6/1 HD mice rescued net AHN and
ameliorated the depressive-like behavior and a hippocampal-
dependent cognitive deficit [25]. This data was supported
by subsequent studies in which both acute and chronic
sertraline ameliorated a more extensive battery of depressive-
like behaviors in female R6/1 HD mice [22, 32]. These
data accord with the basic propositions of the neurogenesis
hypothesis of depression, where impaired basal AHN levels
coincide with depressive-like behavior and the efficacy of
pharmacological antidepressants coincides with restoring
AHN. Despite neuron production being central to the
neurogenesis hypothesis of depression, whether this involves
specific deficits at key regulatory points or simply a net
AHN reduction remains unclear. Our findings using the R6/1
model have recently questioned whether the neurogenesis
hypothesis of depression applies in the context of HD [32].
Activity of specific serotonin receptor subtypes differentially
affects net AHN by targeting proliferation, differentiation
and survival [33]. Thus tonic serotonin receptor activity may
play a role in the maintenance of basal AHN rates. This
notion holds particular importance in light of our recent
studies showing an imbalance of the serotonergic system in
R6/1 HD mice [21, 22, 34]. Impaired serotonergic function
in the hippocampus of R6/1 HD mice could play a causative
role in reduced AHN in R6/1 HD mice. However, provision
of serotonin appears capable of ameliorating depressive-like
behavior in R6/1 HD mice without rescuing net AHN levels.
Such an observation does not support the neurogenesis
hypothesis of depression.

The yeast artificial chromosome (YAC) mouse model of
HD carries a full-length mutant human huntingtin gene with
varying CAG repeats lengths [35]. Reflecting the R6 trans-
genic lines, YAC128 mice (128 CAG repeats) also develop
depressive-like behavioral symptoms and hippocampal-
dependent cognition deficits [36, 37]. In contrast to the
R6/1 study, fluoxetine provided no significant efficacy in
redressing depressive-like symptoms in YAC128 mice [38].
Hitherto studies on YAC128 mice have shown that the
early onset of depressive-like behavior does not progress in
severity with advancing age [37]. Further studies have shown
that adult hippocampal neurogenesis deficits in YAC128
mice are progressive and appear to be relatively intact at
an age coincident with the manifestation of depressive-like
behavior [39]. The progressive deficits in adult hippocampal
neurogenesis appear to more closely correlate with the onset
of spatial memory and learning impairments in YAC128 mice
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[36, 37]. Moreover, evidence derived from YAC128 mice does
not support the notion that deficits in adult hippocampal
neurogenesis precipitate depressive-like behavior, however,
these neurogenesis deficits do retain an association with
impaired hippocampal-dependent cognition. Finally, a new
study has revealed sexually dimorphic affective dysfunction
and adult neurogenesis (neuronal maturation but not cell
proliferation) deficits in the HdhQ111 knock-in mouse model
of HD [40]. Thus, for all of the HD mouse models
investigated AHN is abnormal, suggesting that this is a
robust effect of the HD gene mutation expressed in different
contexts.

Physical activity is advocated to maintain mental health
including the prevention and amelioration of depression
and anxiety [38]. Physical activity was one of the first
physiological factors found to both increase AHN and
improve hippocampal function in rodents [41]. The perti-
nent question arises: does AHN mediate the anti-depressant
effects of exercise? It appears that increases in the proliferative
steps of AHN are associated with the antidepressant effects of
exercise [42]. However, while exercise alleviates depressive-
like behavior in R6/1 HD mice, it does not concomitantly
elevate neural stem/precursor cell proliferation in the hip-
pocampus [32]. Furthermore, environmental enrichment,
which delays onset of affective, cognitive and motor deficits
in R6/1 HD mice [19, 21, 43], has only subtle effects on
AHN in these mice [27]. Thus, redressing AHN impairment
is not necessary for antidepressant effects in R6/1 HD mice.
However, part of the neurogenesis hypothesis of depression
posits that reduced basal rates of AHN precipitates the
development of depression. The early observed lower rates of
proliferation of neural stem/precursor cells in R6/1 HD mice
[26] are not reflected in a recent postmortem analysis in HD
patients [44]. One caveat of this human postmortem finding,
using immunohistochemical analysis of endogenous cell-
cycle markers, is that the patients who had eventually died
from HD (after one or more decades of disease progression)
are at a much later stage of progression than was examined
in HD mice, and may also have received treatments, such as
SSRIs, that are known to affect AHN. Furthermore, AHN
is known to decline with age and in this postmortem study
[44], where the average age of controls and HD subjects at
death was close to 60 years, the baseline cell proliferation
detected in the dentate gyrus appeared to be low. Thus,
a “floor effect” could mean that any early HD-induced
AHN deficit would decrease over time due to age-dependent
declining control levels of AHN.

Further consideration relevant to the apparent discrep-
ancies between mouse models and the human postmortem
study resides in the observation that the transgenic and
knock-in lines have CAG repeat expansions that are in
excess of the pathological repeats observed in most patients
(although juvenile-onset HD patients do generally have
>70 CAG repeats). Nevertheless, the R6/1 and YAC mouse
lines show strong construct and face validity, with adult-
onset symptoms and molecular abnormalities that do model
clinical HD. Furthermore, there is evidence of neuronal cell
loss in the hippocampus of HD patients at postmortem
[45] as well as hippocampal volumetric evidence from MRI

studies [46]. The issue of whether AHN deficits occur in
clinical HD will only be definitely answered with new brain
imaging approaches which are sensitive to in vivo changes in
neurogenesis and can be performed longitudinally on gene-
positive subjects.

Another molecular correlate of pathogenesis in the
hippocampus of R6/1 HD mice, which may contribute to
AHN deficits as well as affective and cognitive abnormalities,
is decreased brain-derived neurotrophic factor (BDNF) [20,
47, 48]. BDNF is a potent stimulator of adult neuroge-
nesis [49, 50]. In particular, BDNF has been associated
with hippocampal synaptic plasticity and neurogenesis and
implicated in enhanced hippocampal-dependent cognition.
Further evidence for a pathogenic role of BDNF dysregu-
lation in HD has been provided by other animal and cell
models of HD, as well as other neurodegenerative diseases
(reviewed by [51]). Thus, along with the serotonergic
dysregulation discussed above, BDNF and its associated
signaling pathways (including the TrkB receptor) are likely
candidates to help explain the AHN deficits in HD mice.
It is possible that BDNF dysregulation could contribute to
affective and cognitive deficits independently of effects on
AHN, although this has yet to be experimentally tested.
Enhanced voluntary exercise and environmental enrichment
were found to differentially affect BDNF expression in the
hippocampus of R6/1 HD mice and wild-type controls,
which may provide insight into molecular mechanisms
mediating the beneficial effects of such environmental
manipulations [20, 47, 48]. Other evidence linking BDNF
to the beneficial effects of environmental enrichment and
exercise on AHN and cognition, particularly with respect
to “pattern separation” during memory formation, has been
recently discussed [52]. These and other findings have led
to BDNF being considered a therapeutic target for various
psychiatric and neurological disorders [53].

Our present data in R6/1 HD mice suggest that despite
reduced net rates of AHN there is no change in proliferation
at an age coincident with the presence of depressive-like
behavior (Ransome and Hannan, submitted). Collectively,
these data are consistent with the possibility that specific
deficits in hippocampal proliferation contribute to a subset
of cognitive deficits and/or depressive-like behaviors, which
can be alleviated through restoring proliferation levels. In
the case of R6/1 HD mice, basal proliferation is normal
and, therefore, the development of concomitant depressive-
like endophenotypes is presumably elicited from other
pathologies. This notion is strengthened by the observation
that exercise in R6/1 HD mice restores 5-HT1A receptor
function thus explaining the amelioration of depressive-like
behavior in the absence of AHN effects [32] (Ransome and
Hannan, submitted).

3. Clinical Significance

What is the relevance for HD patients? The collective
data using environmental and pharmacological interventions
suggest basal serotonergic dysfunction in the hippocampus
plays a causative role in depressive-like behavior in R6/1
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HD mice. Efforts to ameliorate depression should focus on
this system, and perhaps others such as catecholamine and
neurotrophin signaling, rather than AHN per se. Another
feature to emerge from these recent studies is the evidence for
sexual-dimorphism in the development of major depressive
disorder. Clinical depression has a higher incidence in
females compared to males [54, 55], which intuitively
suggests sex-hormone involvement. Much interest continues
to surround differential regulation of AHN dependent on
sex [56]. Recent studies have highlighted sex-specific AHN
increases in response to fluoxetine treatment [57]. Could the
neurogenesis hypothesis of depression manifest differently
in males and females? Our endeavors to elucidate the
role of AHN in the etiology of psychiatric illness have
demonstrated that rates of proliferation, differentiation, and
survival of adult hippocampal neurons are similar between
male and female mice [58]. Furthermore, our current work
on R6/1 HD mice shows no change between male and female
hippocampal stem/precursors cell proliferation (Ransome
and Hannan, submitted). This is reflected in YAC128 mice, in
which impaired adult hippocampal neurogenesis manifests
similarly in both males and females [39]. The decrease in
hippocampal serotonin levels in R6/1 HD mice is more
severe in females compared to males, while males respond
less to sertraline treatment [22]. Moreover, these sexually
dimorphic observations in R6/1 HD mice are consistent with
the hypothesis that serotonergic dysfunction (and possibly
changes in other molecular systems such as catecholamine
and neurotrophin signaling) rather than AHN deficits are
central to the manifestation of depressive-like behavior.
Again, YAC128 HD mice show a contrasting result, whereby
the depressive phenotype manifests equally in males and
females [37].

With respect to the link between AHN and cognition in
rodents, there are clinical studies in which similar memory
deficits have been identified in HD patients, for example, a
recent study involving a human analog of the Morris water
maze [59]. The clinical incidence of cognitive dysfunction in
HD appears to largely manifest equally in male and female
patients, although most studies do not assess for potential sex
effects. In contrast, it would be expected, based on depression
studies in the broader population, that depression would
be more common in females than males in those with the
HD gene mutation. Surprisingly, this question has not been
systematically addressed and is worthy of investigation.

Late-onset hypogonadism is posited to be a readily
treatable predisposing factor to depression in elderly men
[60]. Clinical analysis shows that male HD patients have
lower testosterone levels [61]. This study determined that
testosterone levels inversely correlated with the severity of the
manifest cognitive impairment but not depressive-like symp-
toms in these male HD patients. We recently explored the
potential of testosterone therapy for cognitive impairment in
HD using R6/1 HD mice. Chronic testosterone at supraphys-
iological doses provided efficacy in restoring testosterone
levels, androgen receptor expression, and testicular function
in R6/1 HD male mice [62]. However, testosterone therapy
did not induce AHN nor rescue cognitive impairment.
Androgens can exert anxiolytic effects in mice. Given that our

study showed AHN deficits were refractory to the stimulating
effects of testosterone in R6/1 HD mice, this model may
provide a valuable tool in elucidating the mechanism of
testosterone’s antidepressant effects including an obligatory
role of AHN. This would provide additional evidence
toward refining (or refuting) the neurogenesis hypothesis of
depression, should testosterone therapy prove to reverse the
depressive-like symptoms.

4. Concluding Remarks

The discovery and characterisation of adult neurogenesis in
the mammalian hippocampus has elicited several hypotheses
regarding its physiological roles, including contributions
to neural systems mediating specific cognitive and affec-
tive functions. Accumulating evidence suggests that AHN
contributes to specific cognitive processes such as spatial
pattern separation [17, 63]. The discovery that phar-
macological antidepressants stimulate hippocampal neu-
rogenesis, which in turn appeared to be necessary for
therapeutic efficacy of such drugs, provided a significant
impetus for the generation of the neurogenesis hypothesis
of depression [64, 65]. Accumulating evidence has seen
refinements of the hypothesis, where depression manifests
at least partly from hippocampal dysfunction precipitated
by neurogenesis deficits [66]. Nevertheless, the hypothe-
sis remains controversial and requires further testing in
validated animal models. On balance, our data derived
from R6/1 HD mice suggest that depression symptoms
associated with HD are more consistent with the seroton-
ergic vulnerability hypothesis of depressive disorders [67],
although other molecular abnormalities, such as disrupted
neurotrophin and catecholamine signaling, may also be
involved.

The potential role of AHN deficits in the pathogenesis of
cognitive and affective symptoms in HD has also not yet been
fully tested in animal models. Transgenic animal models,
such as HD mice, provide a unique system in which the
progressive development of affective, cognitive, and motor
deficits can be delineated over time, and the preceding
molecular and cellular changes can be closely correlated with
onset of specific endophenotypes. Similarly, environmental
and pharmacological inventions which induce affective and
cognitive benefits in HD mouse models can be used to
explore molecular and cellular mechanisms of pathogenesis.
The psychiatric and cognitive symptoms of HD are amongst
the earliest and most devastating in this currently incurable
disease. While adult neurogenesis deficits may contribute,
other cellular processes, such as synaptic function and plas-
ticity, are known to be disrupted in HD mouse models (e.g.,
[18, 68–70]) and are likely to be involved in the generation
of specific psychiatric and cognitive endophenotypes. By
tackling this unique disease with validated animal models
that integrate pathogenic processes at molecular, cellular
and systems levels, we hope to attain more sophisticated
understanding of the complex etiologies involved and thus
develop effective therapeutic approaches for HD and related
disorders.
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