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Introduction: Huntington’s disease (HD), an autosomal dominant neurodegenerative disorder
caused by an expansion of CAG repeats in the huntingtin gene, has long been characterized by the
presence of motor symptoms due to the loss of striatal projection neurons. Cognitive dysfunction and
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neuropsychiatric symptoms are also present and they occur in the absence of cell death in most
mouse models, pointing to neuronal dysfunction and abnormal synaptic plasticity as causative
mechanisms.

Areas covered: Here, we focus on those common mechanisms altered by the presence of mutant
huntingtin affecting corticostriatal and hippocampal function as therapeutic targets that could prove
beneficial to ameliorate both cognitive and motor function in HD. Specifically, we discuss the
importance of reestablishing the balance in (1) synaptic/extrasynaptic N-methyl-D-aspartate receptor
1

signaling, (2) mitochondrial dynamics/trafficking; (3) TrkB/p75NTR signaling and (4) transcriptional
activity.
Expert opinion: Mutant huntingtin has a broad impact on multiple cellular processes, which makes
it very challenging to design a curative therapeutic strategy. As we point out here, novel therapeutic
interventions should look for multi-purpose drugs targeting common and early affected processes
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leading to corticostriatal and hippocampal dysfunction that additionally operate in a feedforward

us

cr

vicious cycle downstream the activation of extrasynaptic N-methyl-D-aspartate receptor.
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Abbreviations: BDNF, brain-derived neurotrophic factor; CBP, CREB binding protein; CREB,
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cAMP response element-binding protein; Drp-1, dynamin related protein-1; ERK1/2, extracellular
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signal-regulated kinase 1/2; HAT, histone acetyltransferase; HDAC, histone deacetylase; Htt,
huntingtin; HD, Huntington’s disease; LTD, long-term depression; LTP, long-term potentiation;
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mHtt, mutant huntingtin; MSNs, medium-sized spiny neurons; NMDAR, N-methyl-D-aspartate
receptor; PDE, phosphodiesterase; PGC-1α, peroxisome proliferator-activated receptor γ coactivator
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1α; STEP, STriatal-Enriched protein tyrosine Phosphatase.
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1. Introduction
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Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder caused by an

cr

expansion of CAG repeats in the huntingtin gene [1]. The mutant huntingtin protein (mHtt) has a
polyglutamine expansion in the N-terminal region that causes its misfolding and aggregation. The
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clinical course of the disease includes motor symptoms that progress inexorably towards serious
disability and death. Currently, there is no effective therapy for HD, and treatment of HD patients is
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addressed at its symptoms [2]. The classical pathological hallmark of HD is the preferential
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degeneration and death of GABAergic medium sized spiny neurons (MSNs) in the putamen and
caudate nucleus (globally termed striatum). The enkephalin expressing neurons that project from the
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striatum to the external globus pallidum and are part of the indirect pathway are the ones that
degenerate first. This neuropathology correlates directly with the conspicuous motor symptoms in
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HD patients, and many studies have been focused on discovering the pathophysiology of striatal
neurodegenerative mechanisms in an attempt to spare the dramatic striatal cell death in HD. Lately, it
has been recognized that neuronal dysfunction, cognitive impairment and neuropsychiatric
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symptoms precede neuronal death in HD patients, and they occur long before, or in the absence, of
cell death in HD mouse models. This indicates that the early disease processes, rather than cell loss,
involve cellular dysfunction and abnormal synaptic plasticity that are responsible for cognitive
decline and motor deficits [3], and offers an opportunity for therapeutic interventions. Strategies
aimed at preventing or ameliorating cellular dysfunction are expected to delay the onset or block the
progression of HD better than those targeting cell death alone, which is a late event and occurs once
neuronal function is already severely compromised.
3

mHtt alters numerous cellular and molecular mechanisms including protein trafficking and
aggregation, protein-protein interaction, calcium signaling, mitochondrial function, gene
transcription, neurotransmitter release and receptor activity, and neurotrophic support [4, 5].
Potentially, all these alterations can impact on neuronal functioning, synaptic plasticity, cognitive
and motor function and, ultimately, on cell survival. Therefore, a variety of potential targets
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associated with the aforementioned cellular processes can be considered for therapeutic intervention.
On the other hand, despite occurring early in the disease and being functionally disabling for HD

cr

patients [6], cognitive impairment remains to be successfully addressed as there are no effective
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drugs to improve cognitive function in HD patients (reviewed in [2]). However, studies in mice are
increasingly paying attention to cognitive dysfunction in HD, and searching for the molecular

an

mechanisms underlying synaptic plasticity deficits and potential therapeutic options to prevent or
delay them (reviewed in [7–9]).
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The discovery of the HD causative mutation in 1993 produced a vast body of knowledge into
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HD pathophysiology and raised hopes for an eventual cure. It is indeed straightforward to first
pursue therapies targeting mHtt transcription and translation [10], and in fact two clinical trials are
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currently in phase I/II using antisense oligonucleotides (clinicaltrials.gov: NCT02519036;
NCT03225846; NCT03225833). Nevertheless, the continuous research of new potential targets to
address neurodegeneration, especially in early stages, independently of correcting mHtt levels, is
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warranted for several reasons. First, despite recent advances, the practical considerations of the
timeline, cost, feasibility and safety still may pose obstacles for human genetic therapy. Second, it is
unknown if the simultaneous lowering of Htt levels has deleterious effects, or if the complete
elimination of mHtt can stop the pathological processes already ongoing in the body of HD patients.
Hence, targets that have promise in ameliorating neurodegeneration might have clinical value even
after the causative mutation has been corrected. Lastly, as evidenced in several studies, many
pathological mechanisms such as increased extrasynaptic N-methyl-D-aspartate receptor (NMDAR)
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signaling, mitochondrial dysfunction or reduced brain-derived neurotrophic factor (BDNF) levels are
common to many diseases [11, 12], extending the clinical interest of HD-centered studies into
diseases with higher incidence such as Alzheimer’s (AD) and Parkinson’s (PD) diseases. Supporting
the latter, cognitive deficits in HD are becoming prominent because of their early onset and the
burden they represent for HD patients. This links HD pathology more closely to AD and PD, and
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opens the possibility of finding common therapies for these neurodegenerative diseases. Thus, we
have centered this review in therapeutic targets more readily available for modulation through

cr

pharmacological interventions, and aimed at broadening the classically striatal-centered
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conceptualization of HD. Here, we will focus on those therapeutic strategies that could prove
beneficial to ameliorate both cognitive and motor function in HD, including targeting the imbalances

an

of synaptic/extrasynaptic NMDAR signaling, mitochondrial fusion/fission dynamics, TrkB/p75NTR
signaling and transcriptional dysregulation (Figure 1). Many of these operate in a feedforward
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deleterious loop (Figure 1; see section 2 for details) and can be implicated in cognitive, motor and
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even psychiatric HD symptoms [13–17]. Thus, their simultaneous therapeutic targeting using
pleiotropic drugs, or drug combinations, should help to stop or at least slow down neuronal
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dysfunction to provide symptoms’ relieve.
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2. Targeting NMDARs

NMDARs play central roles in CNS function as mediators of brain plasticity by converting different
patterns of neuronal activity into long-term changes in the structure and function of synapses, which

are believed to underlie higher cognitive functions. They are also important players in cell
survival/death signaling [12, 18–20].
With some exceptions, the localization hypothesis of NMDAR function has been supported by
several studies (reviewed in [12]; see also [21]). It proposes that synaptic NMDAR stimulation
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promotes extracellular signal-regulated kinase 1/2 (ERK1/2) activation, cAMP response elementbinding protein (CREB) phosphorylation and BDNF expression, enhances antioxidant defense, and
provides neuroprotection. Conversely, extrasynaptic NMDAR stimulation does the opposite thereby
promoting cell death signaling [20, 22]. Moreover, nuclear calcium, an important regulator of gene
expression that plays a key role in the prosurvival effects of synaptic stimulation, is disrupted by
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extrasynaptic NMDAR activity (reviewed in [23]).

In human HD brains there is evidence of impaired glutamate uptake [24, 25], and initial data

cr

from different HD mouse models (e.g. [26–28]) also supported this notion. This was challenged by
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recent evidence showing, by quantification of real-time glutamate dynamics, that glutamate
clearance in HD striatum is normal or even accelerated [29]. However, NMDAR hyper-function can
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be detected in HD MSNs at early stages [13, 30], well before synapse and spine loss, behavioral
deficits and neuronal death, pointing to signaling through these receptors as a key player in the
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pathogenesis of the disease [3, 31]. Several mechanisms and pathways are related to enhanced
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NMDAR signaling in HD and they have been recently reviewed [12]. Importantly, redistribution of
NMDAR from synaptic to extrasynaptic locations is well documented in HD, with extrasynaptic
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NMDAR signaling playing an important role in HD pathogenesis [13, 32]. Namely, it has been
demonstrated that stimulation of extrasynaptic NMDARs increases the vulnerability of mHttcontaining neurons to cell death by impairing the neuroprotective CREB-peroxisome proliferator-
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activated receptor γ coactivator 1α (PGC-1α) cascade, and increasing the level of the small guanine
nucleotide-binding protein Rhes [32], a striatal enriched protein that participates in HD pathogenesis
by inducing sumoylation and disaggregation of mHtt [33]. Moreover, increased extrasynaptic
NMDAR expression and current were reported in the striatum of YAC128 mice, accompanied by
reductions in CREB activation [13]. The mechanisms underlying NMDAR mislocalization in HD
likely

involve

alterations

in

posttranslational

modifications

including

phosphorylation,

palmitoylation, and proteolytic cleavage [34].
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NMDAR trafficking at the plasma membrane is regulated by dephosphorylation of the NMDAR
subunit GluN2B at tyrosine 1472 (Tyr1472) by STriatal-Enriched protein tyrosine Phosphatase
(STEP) [35]. Interestingly, activation of synaptic NMDARs promotes STEP degradation through the
ubiquitin-proteasome system and parallel ERK1/2 activation, whereas extrasynaptic NMDARs
promote STEP cleavage and increased p38 cell death signaling [36]. Remarkably, synaptic STEP
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activity is significantly higher in the YAC128 striatum, correlating with decreased GluN2BTyr1472
phosphorylation, which reduces synaptic NMDAR retention and facilitates movement to

cr

extrasynaptic sites. A substrate trapping STEP protein (TAT-STEP C-S) significantly increased
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VGLUT1-GluN2B colocalization, synaptic GluN2B expression and phosphorylation at Tyr1472
[37]. Therefore, targeting STEP at early disease stages may prove to be beneficial to promote

an

synaptic NMDAR signaling in HD striatum and prevent loss of corticostriatal connectivity. In this
line, it has been demonstrated that STEP negatively regulates BDNF expression [38].

M

A specific role for NMDAR subtypes containing the GluN3A subunit in NMDAR hyper-
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function in HD was recently identified. It was found that mHtt binds to and sequesters PACSIN1,
responsible for the endocytic removal of GluN3A-containing NMDARs [39], causing an
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accumulation of GluN3A-containing NMDARs in striatal membrane fractions from different HD
mouse models [40]. Given that GluN3A expression has a negative effect on synapse
formation/stabilization [41], it can be speculated that the increased levels found in HD striatum
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might impact deleteriously on synaptic prosurvival signaling through NMDARs (see above). Indeed,
GluN3A overexpression promoted reduced synaptic connectivity, whereas lack of GluN3A corrected
the early enhancement of NMDAR currents and prevented both early and progressive dendritic spine
pathology in MSNs from YAC128 mice. In addition, genetic deletion of GluN3A in the YAC128
HD mouse model prevented striatum-dependent motor and cognitive decline and cell death [40].
Therefore, GluN3A might be a good target for therapeutic interventions in HD.
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It has been proposed that activation of extrasynaptic NMDARs causes neurodegeneration and
cell death through the induction of a pathological triangle including 1) mitochondrial dysfunction, 2)
loss of integrity of neuronal structures and connectivity, and 3) dysregulation of transcription caused
by disruption of excitation-transcription coupling due to CREB shut-off and nuclear accumulation of
class IIa histone deacetylases (HDACs). Reciprocal feedback within this pathological triad promotes
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synaptic dysfunction that culminates in failure of mitochondrial energy production and cell death
[42].

cr

mHtt expression affects a wide variety of cellular and synaptic processes in addition to

us

promoting an increase in extrasynaptic NMDAR expression/signaling. However, it is noteworthy
that many signaling pathways implicated in HD pathogenesis, namely mitochondrial impairment,

an

spine loss and synaptic dysfunction, as well as transcriptional dysregulation, can be associated with
extrasynaptic NMDARs signaling. Memantine is a noncompetitive, moderate affinity NMDAR
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antagonist that has been shown to block preferentially extrasynaptic NMDARs [43]. Remarkably, the
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beneficial effects of memantine in different HD models include amelioration of neuropathological
signs, improvement of motor performance and reduction of cell death [13, 32, 44–46] (Figure 2).
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This is accompanied by restoration of pro-death p38 activity back to wild-type levels in YAC128
striatum [47]. Moreover, signaling through extrasynaptic NMDAR lead to CREB shut-off to a
greater extent in cultured neurons from HD mice [48], but treatment with memantine restored CREB
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phosphorylation (pCREB) levels in HD mouse striatum [13, 47, 48]. Interestingly, blockade of
NMDAR with memantine increased BDNF expression and reduced glial fibrillary acidic protein
(GFAP) immunoreactivity in the 3-nitropropionic acid (3-NP) model of HD [45] (Figure 2). A recent
study showed that memantine also increased the threshold for NMDA spikes and proposed that it has
other functional targets in addition to extrasynaptic NMDARs that could participate in its therapeutic
effects [21]. Interestingly, a small study suggested a potential neuroprotective effect in HD patients
following long-term treatment with memantine [49], and memantine treatment prevented progression
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of cognitive impairment in a HD patient [50]. Therefore, the results of the ongoing clinical trial using
memantine [51] will be informative in determining whether indeed it can be useful to treat HD
patients.
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3. Targeting mitochondrial dysfunction

The participation of mitochondrial dysfunction in the pathophysiology of HD is supported by

cr

compelling evidence from both genetic and toxic animal and cellular models, as well as postmortem
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human tissue. It includes mitochondrial localization of mHtt, defective calcium homeostasis,
impairment of mitochondrial respiration, altered mitochondrial morphology and fusion/fission
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dynamics, impairment in mitochondrial transport, and reduced activity of PGC-1α, a transcriptional
regulator of genes involved in mitochondrial biogenesis and oxidative phosphorylation [11, 52].
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Mitochondrial dysfunction may be a contributing factor to the preferential vulnerability of MSNs in
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HD because their unique energy requirements to maintain a hyperpolarized state may turn them more
susceptible [53]. Moreover, there is evidence that mitochondria may differ across tissues, cell types
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and subcellular compartments (reviewed in [54]), which could provide another explanation for this
preferential vulnerability. In this line, R6/1 mice show reduced mitochondrial respiratory capacity in
the striatum, but not in the cortex [55, 56].
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It is noteworthy that PGC-1α controls extrasynaptic NMDAR activity and its suppression
contributed to mHtt-induced increases in extrasynaptic NMDAR activity and vulnerability to
excitotoxic insults. Conversely, exogenous expression of PGC-1α reversed mHtt-dependent increases
in extrasynaptic NMDAR activity and protected neurons against excitotoxicity [57]. In this line,
there is evidence that memantine treatment can improve mitochondrial function in 3-NP-injected
mice ([45] and references therein), but it would be important to extend these results to genetic
models of the disease. Interestingly, N-acetylcysteine (NAC) prevented mitochondrial dysfunction
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and behavioral abnormalities in the 3-NP chemical model of HD [58], and a combination of NAC
and dietary cysteine supplementation delayed the onset of motor abnormalities and neurodegeneration
and enhanced survival in R6/2 mice [59]. Treatment with NAC also had beneficial effects on
oxidative stress and mitochondrial function and delayed the onset and severity of motor symptoms in
R6/1 mice [55]. Remarkably, further studies have indicated that increased levels of GluN2B subunit
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in the striatum of R6/1 mice could be normalized after chronic treatment with NAC indicating that
aberrant striatal NMDAR signaling was ameliorated [60]. Thus, in addition to mitochondrial

cr

dysfunction, the amelioration of some aspects of glutamatergic function by NAC likely contributes to

us

the behavioral improvement reported in earlier studies. Moreover, administration of NAC also
promoted antidepressant effects, but it was not able to rescue hippocampal-dependent cognitive
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deficits in R6/1 mice possibly because the reductions in GluN2A or AMPAR in the hippocampus or
frontal cortex of HD mice were not prevented by NAC treatment [60].
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Although mitochondrial energy impairment may be particularly critical for MSNs degeneration
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in HD, cell death does not occur until late stages. Nevertheless, it is likely that alterations in
mitochondrial dynamics and trafficking contribute to neuronal and synaptic dysfunction earlier in the
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disease process. Expression of mHtt alters mitochondrial function in peripheral tissues from HD
patients ([61–64] and references therein), and mouse models [65, 66]. Thus, it can be anticipated that
alterations in mitochondrial function in other brain areas, in addition to those well documented in the
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striatum, can also participate in neuronal dysfunction, synaptic plasticity deficits and loss of
connectivity leading to HD symptoms. Indeed, mitochondria need to be dynamically transported
along neuronal processes to provide energy to nerve terminals and maintain normal neuronal
function. Actually, manipulations that reduce dendritic mitochondria content lead to loss of synapses
and dendritic spines [67], and thus it is conceivable that defects in this process will lead to
impairment of neural interactions/network function. In addition to impaired hippocampal, cortical
and striatal synaptic plasticity, namely altered long-term potentiation (LTP) and long-term
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depression (LTD), evidence for synaptic dysfunction in HD also includes spine loss (reviewed in [7,
8]). Remarkably, mHtt impairs the transport of mitochondria in neuronal processes both in cortical
[68, 69], and striatal [68, 70] neurons. Altered motility was also reported in hippocampal
mitochondria from BACHD mice [71]. In agreement with these trafficking defects, mHtt decreases
ATP levels in striatal [72] and cortical [68] synaptosomes from Hdh(CAG)150Q knock-in mice,
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without changes in total ATP levels, suggesting that mHtt is more likely to affect ATP levels in
synapses than in the cell body. This has pathophysiological implications because several synaptically

cr

located processes are susceptible to impairment in conditions of low ATP levels/deficient
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mitochondrial transport [73]. Therefore, in contrast to the model proposed by Bading [42], we
believe that there is evidence supporting the potential involvement of mitochondrial dysfunction in

an

synaptic and cognitive impairment, but this warrants direct investigation in HD mouse models.
It was recently reported that dopamine D1 receptor signaling enhanced the sensitivity of

M

mitochondria from striatal cells to mHtt toxicity by promoting mitochondrial fission and disrupting
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mitochondrial branching network. These phenomena were associated with increased dynamin related
protein-1 (Drp-1) activity, and mediated by the cyclin-dependent kinase 5 (Cdk5; [74]). Cdk5
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activity is increased in the striatum of HdhQ111 mice [75], and it is an upstream regulator of
mitochondrial fission during neuronal apoptosis [76]. Accordingly, pharmacological or genetic
inhibition of Cdk5 ameliorated basal and dopamine-induced mitochondrial fission in STHdhQ111
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striatal cells through normalization of Drp-1 activity [74]. Remarkably, genetic reduction of Cdk5 in
mHtt knock-in mice attenuated both corticostriatal learning deficits and hippocampal-dependent
memory decline [77], but the possible contribution of balanced fission/fusion to the behavioral
improvement reported in double-mutant mice was not investigated in this study. The abnormal
interaction of mHtt with the mitochondrial protein Drp-1 enhances its activity and promotes
excessive mitochondrial fragmentation that leads to defective axonal transport and abnormal
mitochondrial distribution, particularly in neurites and synapses [78]. Conversely, inhibiting Drp-1
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GTPase activity ameliorated mitochondrial fission and transport, and improved cell survival, motor
deficits, neuropathology and mortality in HD mice [14, 79]. However, the potential beneficial effect
of reducing mitochondrial fission on cognitive function in HD remains to be addressed (Table I).
Therefore, it would be interesting to determine whether the genetic reduction of Cdk5 impacts on
Drp-1 activity and correlates with mitochondrial morphology to favor the behavioral improvements
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reported in mHtt knock-in:Cdk5+/- double mutant mice [77].

It is noteworthy that manipulations that reduce dendritic mitochondria content lead to loss of

cr

synapses and dendritic spines, whereas increasing dendritic mitochondrial content or mitochondrial
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activity enhances the number and plasticity of synapses in hippocampal neurons [67]. In the context
of HD what has been shown in a mHtt expressing cell line is that in conditions where mitochondrial

an

function was enhanced there was up-regulation of synaptic genes [80, 81], suggesting that impaired
mitochondrial function participates in synaptic alterations in the presence of mHtt. It would be
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interesting to extend these findings to HD mouse models. As the reciprocal relation also occurs, i.e.,

ed

synaptic activity modulates the motility and fusion/fission balance and controls mitochondrial
distribution in dendrites [67], loss of synaptic connectivity can also favor the loss of synaptic
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mitochondrial content, and it is likely that both process fuel each other in HD pathophysiology.
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Therapeutic interventions to stop this deleterious loop should provide some symptomatic relieve.

4. Targeting impaired neurotrophic signaling: reduced BDNF levels and
TrkB/p75NTR imbalance
BDNF is a potent neurotrophic factor for the development, neurite outgrowth, synaptic plasticity and
survival of MSNs [82–84]. Globally, a reduction in BDNF levels was reported in several brain
regions of HD patients and mouse models ([82], but see also [85]), with the lack of BDNF in HD
being caused by a loss of function of wild-type Htt and by mHtt interfering with BDNF synthesis and
12

transport [86–88]. An additional contributor to reduced BDNF levels reported in HD can be the
enhanced extrasynaptic NMDAR activity (see above) because BDNF is a downstream target of
CREB. Accordingly, memantine treatment restores pCREB levels in the striatum of YAC128 mice
[13] and increases striatal BDNF expression in the 3-NP model of HD [45].
The deficit in neurotrophic support is considered a key player in HD neuropathology. Indeed,
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genetic manipulation of BDNF levels has been shown to modulate the onset and severity of motor
[89–91] and cognitive [89, 92] impairment in HD mouse models. BDNF also plays an important role

cr

in synaptic plasticity deficits because treatments that upregulate BDNF [93, 94], or direct exogenous

us

BDNF application [95], restored LTP and cognitive performance in HD mice. Moreover, lack of
BDNF participates in the disruption of the corticostriatal glutamatergic transmission since
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electrophysiological abnormalities of GABAergic function in striatal slices from HD mice were
ameliorated by BDNF supply [96]. BDNF exerts its effects by binding to its receptors TrkB and
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p75NTR. However, reduced TrkB levels have been found in HD patients, and in cellular and animal
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models, and imbalanced TrkB and p75NTR expression/signaling has also been documented in HD
(reviewed in [97]). The considerable overlap between the loss of signaling pathways regulated by
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BDNF-TrkB, the aberrant activation of p75NTR signaling and those signaling networks affected by
mHtt and leading to HD neuropathology has led to the proposal of neurotrophin receptor signaling
modulation as a therapeutic strategy for HD (reviewed in [97]) (Figure 3).
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A deficiency in BDNF-mediated intracellular signaling causes dendritic abnormalities in the
striatum and cerebral cortex [98, 99], and BDNF is required for the activity-dependent maintenance
of the mature spine phenotype of hippocampal neurons [100]. On the other hand, BDNF expression
is regulated by neuronal activity [22, 101]. Therefore, a reduction in BDNF levels caused by HD
related factors [102], together with loss of activity-induced BDNF transcription promoted by
imbalanced synaptic/extrasynaptic NMDAR signaling (see above) likely create a vicious loop of
gradual loss of synaptic activity and network connectivity, leading to pathology. Interestingly, it was
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recently demonstrated that BDNF is a regulator of the balance between survival-promoting synaptic
and death-inducing extrasynaptic [12, 20, 22] NMDARs, and that it promotes neuroprotection by
reducing toxic NMDAR signaling [103]. In this study Lau and colleagues reported that BDNF
afforded neuroprotection to hippocampal neurons through its ability to promote synaptic NMDAR
activation, causing a nuclear calcium-regulated genomic response, including the induction of the
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expression of inhibin b-A. Once secreted, inhibin b-A activates its receptor leading to
dephosphorylation of the NMDAR subunit GluN2BTyr1472, together with a reduction in neurotoxic

cr

extrasynaptic NMDAR-mediated calcium influx, which protects mitochondria from excitotoxicity

us

[103]. In HD this neuroprotective process is likely impaired and thus, in addition to defective trophic
support, reduced levels of BDNF can compromise the balance between synaptic and extrasynaptic
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NMDAR signaling. This renders neurons more vulnerable through the activation of neurotoxic
extrasynaptic NMDAR signaling, and by loss of synaptic activity-dependent and calcium signal-

M

regulated gene expression crucial for mitochondrial function and antioxidant defenses. Overall,
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neurons enter a state of increased vulnerability, with reduced length and complexity of dendrites, and
synapse loss [20, 23, 42]. Since functional and structural loss of synaptic connectivity accelerates
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disease progression, it is important to attenuate/stop this pathological interrelated chain of events that
promotes neuronal dysfunction and compromises cell survival. Hence, therapeutic strategies aimed at
improving BDNF signaling may help to break this vicious circle.
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Since BDNF protein-based therapies have several limitations, an alternative would be to use
small agonists of its high affinity receptor. Actually, the TrkB agonist LM22A-4 reduced motor
impairment, inflammation and mHtt aggregates and prevented spine loss in R6/2 and BACHD mouse
models of HD [104]. Treatment with 7,8-dihydroxyflavone (7,8-DHF), originally described as a
potent and selective TrkB agonist [105], also promoted motor and pathological improvements and
extended survival in N171-82Q mice [106]. Another recent study demonstrates that chronic
administration of 7,8-DHF delayed motor deficits and prevented deficits in object recognition
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memory in R6/1 mice. This behavioral amelioration correlated with improved striatal levels of
enkephalin, prevention of striatal volume loss and reduced mHtt aggregates, together with
normalized striatal levels of induced and neuronal nitric oxide synthase (NOS) [107].
As mentioned above, imbalanced TrkB and p75NTR expression/signaling have been
demonstrated in HD. mHtt negatively affects signaling downstream the activation of TrkB while
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potentiating p75NTR-related signaling (reviewed in [97]). Independently of whether, in a brain
region- and/or disease stage-dependent manner, the imbalance simultaneously occurs in the same cell

cr

or in distinct cell types, it has pathophysiological implications. Signaling downstream TrkB and
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p75NTR has opposing effects on synaptic plasticity, and BDNF binding to TrkB receptor is associated
with neuronal survival, whereas signaling through p75NTR can activate cell death cascades (reviewed

an

in [97]). Importantly, genetic normalization of p75NTR in HdhQ7/Q111 mice rescued hippocampal
synaptic plasticity and memory function, and prevented hippocampal dendritic spine alterations,
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likely by normalization of RhoA GTPase activity [108]. Moreover, overexpression of p75NTR in the
hippocampus of wild-type animals reproduced those memory deficits observed in HD mice, while

ed

specific hippocampal p75NTR knockdown prevented the manifestation of cognitive impairment [108].
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It is noteworthy that chronic administration of fingolimod (FTY720), used in the treatment of
multiple sclerosis [109], ameliorated long-term memory deficits and dendritic spine loss in CA1
hippocampal neurons from R6/1 mice, and these effects were accompanied by normalization of
p75NTR levels and reduced astrogliosis in the hippocampus [110]. Nevertheless, motor learning
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deficits or corticostriatal LTP abnormalities were unaffected by p75NTR deletion in HdhQ7/Q111 mice
[108]. In BACHD mice, despite unaltered levels of p75NTR, impairment of LTP at corticostriatal
synapses of the indirect pathway could be rescued by specifically knocking down striatal p75NTR or
inhibiting its downstream targets, indicating that enhanced signaling through p75NTR antagonizes
TrkB function and corticostriatal LTP [85]. It will be important to determine if this improvement in
corticostriatal connectivity can be reproduced in other HD models, and reflected into an amelioration
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of corticostriatal-dependent learning and/or motor symptoms. Moreover, reduction of p75NTR levels
in corticostriatal slices of HdhQ111/Q111 mice increased cell survival and prevented BDNF-induced cell
death [111]. In contrast, another report showed unaltered TrkB and p75NTR levels in the striatum of
presymptomatic Q175 mice, together with increased survival signaling that was lost upon p75NTR
deletion [112]. Interestingly, treatment with fingolimod, which promoted the normalization of
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p75NTR levels in the hippocampus of R6/1 mice [110], improved motor function, increased survival
and reduced brain atrophy in R6/2 mice, in parallel with increased BDNF levels, strengthening of

cr

neuronal activity and connectivity, reduction of mHtt aggregates and increased phosphorylation of
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mHtt in residues predicted to attenuate its toxicity [113]. However, the possible contribution of
striatal p75NTR to this beneficial outcome remains to be determined. Also treatment with the TrkB
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agonist 7,8-DHF reduced striatal p75NTR levels in mutant mice, thus favoring the balance in
p75NTR/TrkB levels, which might also have contributed to the behavioral improvement reported in
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7,8-DHF-treated R6/1 mice [107]. Interestingly, LM11A-31, a small molecule p75NTR ligand, has
been shown to restore striatal prosurvival signaling, while inhibiting degenerative signaling in R6/2
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mice. Normalization of p75NTR signaling upon treatment with LM11A-31 was accompanied by
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reduced Htt aggregates and extended survival in R6/2 mice. Importantly, there was also decreased
inflammation, increased striatal and hippocampal dendritic spine density, and improved motor and
cognitive function in R6/2 and BACHD mice receiving LM11A-31 [15].
Overall, this evidence suggests that p75NTR/TrkB imbalance plays a role in the synaptic and
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learning and memory deficits observed in HD mice, and that the use of TrkB agonists or p75NTR

ligands could represent an excellent approach to restore TrkB-mediated synaptic plasticity while
reducing aberrant p75NTR signaling in HD. This is expected to improve corticostriatal connectivity
thereby promoting motor improvement, ameliorate hippocampal synaptic dysfunction and memory
deficits and, ultimately, increase cell survival. Additionally, although the main focus of research in
HD has been neurodegeneration, glia can both induce and rescue aspects of the HD phenotype in
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vitro [114], and in vivo [115]. Thus, as reviewed above and evidenced by the reduction of
neuroinflammation, therapeutic strategies based on the modulation of neurotrophin receptor
signaling are likely benefiting from both a neuronal and a glial effect (Table II).
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5. Targeting transcriptional dysregulation

Transcriptional dysregulation has been shown to occur in HD human brain, and in mouse and

cr

cellular models of the disease. mHtt can cause transcriptional dysregulation through several

us

mechanisms including sequestration of positive transcriptional regulators, loss of interaction with
negative transcriptional regulators, increased ubiquitination and histone methylation, and reduced

an

histone acetylation [116]. Since transcriptional dysregulation is an early and progressive event in HD

M

[116], it emerges as a relevant therapeutic target.

ed

5.1 Targeting cAMP/cGMP signaling to improve CREB-dependent transcription
The transcription factor CREB mediates stimulus-dependent changes in the expression of genes
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critical for neuronal survival, plasticity and growth, and its activity is regulated by phosphorylation
and by association with CREB co-activators [117]. Increases in cyclic nucleotide levels are expected
to activate CREB-dependent signaling pathways, known to be dysregulated in HD models and
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proposed as a contributing factor to HD pathology ([118] and references therein). Thus,
phosphodiesterases (PDEs), the enzymes responsible for cAMP/cGMP degradation, represent a
target to restore cyclic nucleotide levels and their downstream signaling cascades in HD.
The most interesting PDE in HD is the cAMP/cGMP dual-substrate PDE10A due to its striatalenriched distribution [119]. Even though the levels of PDE10A in the striatum are reduced well
before the onset of motor symptoms in HD patients [120], PDE10A inhibitors have attracted interest
as potential novel pharmacotherapies for HD [121, 122]. The beneficial effects of PDE10A
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inhibition in HD mouse models include reduced striatal and cortical pathology, amelioration of
motor function, improved corticostriatal input, increased pCREB/BDNF levels and partial reversal of
striatal transcriptional dysregulation [123–126]. Moreover, chronic treatment with the PDE10A
inhibitor papaverine improved spatial and object recognition memory in R6/1 mice. This memoryenhancing effect likely involved a partial, but significant, recovery of GluA1 phosphorylation levels
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t

together with increased CREB phosphorylation in the hippocampus of R6/1 mice [127]. TAK-063, a
novel PDE10A inhibitor, improved deficits in procedural, but not in contextual, memory in R6/2

cr

mice [126]. Unfortunately, despite the promising results obtained with PDE10A inhibitors in

us

preclinical models, the clinical trials from Pfizer using the PDE10 inhibitor PF-02545920 have led to
disappointing results in HD patients [51].
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The nitric oxide/soluble guanylyl cyclase/cGMP/cGMP-dependent protein kinase signaling
pathway is implicated in synaptic plasticity, and in learning and memory (reviewed in [128]).

M

Hippocampal cGMP levels were found to be reduced in HD mice, and targeting the cGMP-specific
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PDE5 with sildenafil increased cGMP levels and improved object recognition memory and passive
avoidance learning in R6/1 mice, leading to the proposal that normalization of cGMP levels could
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counteract deficits in hippocampal cognitive function in HD [129]. Moreover, sildenafil treatment
improved memory performance in the Morris water maze in the rat 3-NP model [130]. Importantly,
cGMP levels were also reduced in the hippocampus of HD patients compared with control
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individuals [129]. Thus, PDE5 inhibition may show beneficial effects in hippocampal-dependent
cognitive function in HD. In addition, biochemical and behavioral abnormalities in the 3-NP toxic

model of HD were improved after treatment with PDE5 inhibitors [130, 131], accompanied by
increased levels of striatal pCREB and BDNF [131]. As recently reviewed, the neuronal NOS
(nNOS) pathway is highly affected also in HD striatum and cortex [8], but the effect of sildenafil or
other PDE5 inhibitors on corticostriatal connectivity, corticostriatal-dependent learning and/or motor
dysfunction in genetic models of the disease has not been investigated so far.
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5.2 Targeting histone deacetylation
CREB binding protein (CBP) is a key regulator of CREB-mediated transcription by acting as a
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CREB transcriptional co-activator and as a histone acetyltransferase (HAT) to disrupt repressive
chromatin structure and allow gene transcription [132]. Importantly, CBP was found in mHtt

cr

aggregates in HD cell cultures, transgenic mice, and human postmortem brain, thereby suppressing
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CREB/CBP-mediated transcription [133, 134] and CBP HAT activity [135, 136]. Thus, abnormal
histone acetylation and chromatin remodeling might be crucial processes leading to transcriptional
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dysregulation, and histone acetylation became a potential therapeutic target in HD. In this line,
different HDAC inhibitors (HDACis) are being tested, and the details of various preclinical studies
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using HDACis in HD models have been recently reviewed [16]. The benefits of HDAC inhibition in
HD mice include increased survival, prevention of body weight loss, reduced brain atrophy, reduced
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aggregate formation, correction of gene expression abnormalities, increased BDNF levels and
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improved cognitive and motor function (reviewed in [16]).
Concerning the impact of transcriptional dysregulation on cognitive dysfunction in HD, a recent
study tested the effect of RGFP966, an inhibitor of HDAC3. Chronic treatment with RGFP966
starting at early stages of the disease prevented deficits in hippocampal-dependent spatial and
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recognition memories, and normalized the expression of some specific memory-related genes in the
hippocampus of HdhQ7/Q111 knock-in mice. Moreover, RGFP966 treatment also prevented
corticostriatal-dependent motor learning deficits in HD mice [137]. In addition, HdhQ7/Q111 knock-in
mice chronically treated with RGFP966 showed substantially reduced striatal CAG repeat
expansions and average change in repeat length, and partial prevention of striatal protein marker
expression loss, including that of DARPP-32, PDE10A and adenosine receptor A2A. The
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accumulation of mHtt oligomeric forms was also reduced in the striatum of RGFP966-treated mice
[137]. Complementary findings were reported in N171-82Q mice since treatment with RGFP966
improved motor deficits on the rotarod and open field, accompanied by neuroprotective effects on
striatal volume and decreased GFAP immunoreactivity in the striatum [138]. Interestingly, valproate
was shown to ameliorate the depressive behavior in N171-82Q and YAC128 mice, accompanied by
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increased striatal and cortical BDNF levels [139]. The beneficial effects, extending to improvement
of spontaneous locomotor activity, motor skill learning and survival in N171-82Q mice, were

cr

significantly enhanced by combined treatment with the glycogen synthase kinase 3β (GSK3β)
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inhibitor, lithium chloride [139]. Nevertheless, there are conflicting results regarding whether GSK3
activity is elevated or decreased in HD. For instance, lipid rafts extracted from knock-in HD mouse
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brains had significantly more GSK3β than lipid rafts from control mice, and treating HD primary
cortical neurons with GSK3β inhibitors reduced neuronal death [140]. Also, upregulation of the

M

active isoform pGSK3βTyr216 levels in the hippocampus was associated with the increased
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vulnerability of R6/2 mice hippocampal neurons in vitro [141]. On the other hand, the inhibitory
phosphorylation of GSK3β was increased in the cortex and striatum of R6/1 mice [142, 143], and the
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levels of cortical pGSK3 inversely correlated with cognitive function in R6/1 mice [142]. In this line,
the genetic correction of the GSK3 levels/activity deficit found in R6/1 mice resulted in amelioration
of their brain atrophy, motor function and hippocampal learning deficits [144].
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A general correlation between epigenetic and transcriptional dysregulation in HD has been
questioned [116, 145] and histone hypoacetylation may not be a general rule in HD [146, 147].
Instead, histone deacetylation events are limited to specific loci associated with genes relevant to
neuronal functions and the pathology. Moreover, histone H3 deacetylation is not necessarily linked
to altered gene expression but, in some cases, it may indicate susceptibility to transcriptional change
if other factors converge [147]. However, as discussed above, the beneficial effects of HDACis in
HD mice are multiple and they can include the indirect activation of compensatory mechanisms, as
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in the case of Sirt2 inhibition in cellular and invertebrate models of HD, which did not globally
correct transcriptional dysregulation, but conferred neuroprotection by modulating cholesterol
homeostasis [148]. Similarly, genetic inhibition of HDAC4 significantly ameliorated neurological
features in HD mouse models by reducing cytoplasmic aggregate formation, and rescued MSNs
electrophysiological properties and corticostriatal synaptic function, without having an effect on
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global transcriptional dysfunction or nuclear mHtt aggregation [149]. It is noteworthy that the nonhistone targets of HDACis can include several proteins, namely Htt itself [145]. Several

cr

posttranslational modifications play a crucial role in Htt protein-protein interactions and are
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significantly altered by the presence of the HD mutation, including acetylation [150]. It was shown
that increased acetylation at K444 facilitated trafficking of mHtt into autophagosomes, significantly
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improved its clearance by autophagy, leading to neuroprotection in primary neurons and a transgenic
C. elegans model of HD. Conversely, an acetylation-resistant form of mHtt dramatically

M

accumulated and lead to neurodegeneration in cultured neurons and in mouse brain [151].
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Altogether, these studies show that targeting HDAC with selective inhibitors holds the promise to be
a good approach for therapeutic interventions with multiple beneficial effects in HD due to their
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combined effects on histone and non-histone substrates.
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6. Conclusions

HD is a complex neurodegenerative disorder affecting several brain functions such as motor control

and cognition, accompanied by the presence of psychiatric symptoms. This multiple affectation
makes difficult to design a curative therapy. It is now widely accepted that neuronal dysfunction
precedes cell death and therefore therapeutic targets aimed to restore neuronal function may prove to
be neuroprotective. Interestingly, mHtt seems to operate through similar mechanisms to induce
neuronal dysfunction in different brain regions, providing the opportunity to target both motor and
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cognitive dysfunction by using essentially the same drugs. Moreover, some of the mechanisms
leading to neuronal dysfunction are interrelated, so one can intervene simultaneously at several
points of the toxic cascade. Therefore, evidence discussed here points to the use of drugs with
pleiotropic effects on several pathological processes as a promising therapeutic approach in HD. It
can be speculated that the unintended adverse effects of the simultaneous, but individual, targeting of
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multiple pathological mechanisms with several drugs can be reduced by the use of single or fewer
drugs with pleiotropic effects. Indeed, there is evidence that drug combinations may have additive or

cr

synergistic therapeutic effects in HD models [17, 152–157]. It is true that polypharmacy, which can

us

be defined based on distinct criteria [158–160], raises concerns and it might have a negative
connotation because it is also associated with an increased risk of adverse drug interactions and
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sometimes serious, or even lethal, side-effects, especially in frail older people. Recently, the term
‘appropriate polypharmacy’ was proposed. This is an attempt to recognize that patients can benefit

M

from several medications in terms of clinical outcomes, quality of life and life expectancy, provided
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that prescribing is evidence-based, reflects patients’ clinical conditions and considers potential drug
interactions [161]. Remarkably, several approaches are now available to assist in the process of
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selecting suitable drug cocktails to test [162–167]. Hopefully, their application to preclinical models
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will lead to important advances in treatment outcomes in HD.

7. Expert opinion
The discovery of the mutation responsible for HD 25 years ago enabled the development of genetic
animal models that have provided a huge body of knowledge into HD pathophysiology and candidate
therapeutic targets/drugs. Whereas the definitive cure will likely arise from therapies targeting
transcription and translation of the mutant protein, several issues may still constitute hurdles for
human genetic therapy for some more years. Meanwhile, pharmacologically targeting pathological
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mechanisms in HD that are common to other diseases, such as increased extrasynaptic NMDAR
signaling, mitochondrial dysfunction or reduced BDNF levels [11, 12], raises the possibility of
finding common therapies for several neurodegenerative diseases.
Studies in R6 mice have demonstrated reduced hippocampal LTP, and abnormal ability to
express LTD, and these were dependent on NMDAR signaling [168, 169]. Interestingly, activation
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of extrasynaptic NMDAR induces LTD in rat hippocampal CA1 neurons [170]. Therefore, it is
relevant to extend the study of NMDAR localization and signaling from HD striatum to the cortex

cr

and hippocampus. Additionally, it will be important to address whether an imbalance in synaptic and

us

extrasynaptic NMDAR signaling participates in synaptic abnormalities leading to cognitive deficits
in full-length and exon-1 HD mouse models. Remarkably, memantine, which targets extrasynaptic
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NMDAR, is well-tolerated and FDA approved, and currently being tested in HD patients [51].
Several new classes of positive and negative allosteric modulators of NMDARs have been identified

M

with distinct patterns of subunit selectivity and better pharmacology than previously available drugs
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[171]. Therefore, if memantine fails in clinical HD trials in spite the promising preclinical data
reviewed here, some of these new compounds might be valuable tools to test in HD models. On the
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other hand, given the ability of BDNF to regulate the balance between synaptic and extrasynaptic
NMDAR signaling [103], it will be important to investigate whether strategies aimed at improving
BDNF signaling are able to reduce deleterious extrasynaptic NMDAR signaling in HD. In addition,
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targeting STEP at early disease stages may be beneficial to promote synaptic NMDAR signaling in
HD striatum and prevent loss of corticostriatal connectivity. Moreover, STEP inhibition can also be
useful to promote hippocampal-dependent cognitive function in HD. Indeed, it would be interesting
to address these issues using TC-2153, a recently described pharmacological inhibitor of STEP that
has proven to be a valuable therapeutic tool in AD [172] and fragile X syndrome [173] mouse
models. Importantly, STEP opposes pERK1/2 and pCREB-mediated BDNF expression [38], while
BDNF promotes the prompt degradation of STEP through the proteasome [174].
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It was speculated that targeting the nNOS/cGMP pathway might also ameliorate corticostriatal
dysfunction in HD and, importantly, PDE5 inhibitors also target neuroinflammation and
neurodegeneration, and cGMP can promote mitochondrial biogenesis and ATP synthesis [8].
Remarkably, sildenafil has antidepressant-like effects in rodents ([175, 176] and references therein),
and this is paralleled by increased cGMP/pCREB/BDNF signaling in the hippocampus and prefrontal
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cortex of mice subjected to chronic unpredictable mild stress [176]. Depression is a common
psychiatric symptom in HD patients, and thus PDE5 inhibitors may prove to be valuable multi-

cr

purpose drugs for HD. NAC also emerges as an interesting therapeutic tool since it targets

us

mitochondrial dysfunction, it improves some glutamate receptor imbalances and it has antidepressant effects in HD mice (Table I). Unfortunately, evidence so far is not strong to support its

an

potential to improve cognitive deficits in HD. However, its combination with other drug/s with
complementary therapeutic effects could be an interesting approach. We believe that future studies in

M

genetic HD models should be undertaken to address these issues.
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Several studies show that targeting HDACs promotes the alleviation of multiple pathological
processes, and significantly prevents or delays corticostriatal- and hippocampal-dependent cognitive
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deficits, neuropathology, somatic CAG repeat expansions and motor dysfunction in HD mice.
Moreover, by rendering chromatin more permissive for initiation of transcription, HDACis may help
to counteract the impact of the nuclear import of class IIa HDACs under conditions of extrasynaptic
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NMDAR stimulation [177], and restore activity-dependent gene expression. In addition, HDACs
may also constitute viable targets for the modulation of mitochondrial biogenesis, fission-fusion,
transport and mitophagy [178, 179]. On the other hand, given the structural and functional interplay
between dendritic mitochondria and spines/synapses [67], we consider that future studies exploring
the therapeutic potential of drugs expected to improve mitochondrial function/dynamics/transport
should go further and analyze also structural and functional synaptic plasticity, as well as cognitive
function.
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Finally, it is necessary to take into account the effect of any potential HD therapy on brain nonneuronal cells. Astrocytes and neurons function synergistically and mHtt is expressed in both cell
types. The interplay between neuronal and glial processes is complex and therapeutic approaches
focused exclusively on neuroinflammation are not likely to produce robust effects in HD [180, 181].
By unravelling astrocyte dysfunction, astrocytes could be therapeutically exploited in HD. On the
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other hand, targeting key pathological mechanisms in neurons and astrocytes is expected to improve
astrocyte-mediated homeostasis and neural synergistic interactions with therapeutic implications

cr

[182]. Therefore, we consider that the identification of novel drugs like fingolimod, 7,8-DHF or

us

PDE5 inhibitors, with pleiotropic effects targeting also neuroinflammation, should be increasingly
pursued.
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Despite the promising preclinical results with, for example creatine (reviewed in [11]) and
PDE10A inhibitors (see above), the data from these clinical trials in HD have been disappointing

M

[51, 183]. Indeed, in HD there is a low success rate at earlier phases of drug-development and a very
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low trial success rate at later phases [184], reflecting a gap between animal models and clinical
outcomes. Therefore, in our opinion and as reviewed here, novel therapeutic interventions should
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look for multi-purpose/pleiotropic drugs, if possible, amenable for both cognitive and motor
improvement. Moreover, targeting (individually, but preferentially in combination) those
pathological mechanisms that clearly promote early neuronal dysfunction and, additionally, operate
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in a feedforward vicious cycle will hopefully halt or reduce disease progression. It can be speculated
that the unintended adverse effects of simultaneously targeting multiple pathological mechanisms
with individual drugs can be reduced by the use of single or fewer drugs with pleiotropic effects. For
instance, bioinformatic tools to predict effective drug combinations can be used to test in silico the
combination of two approved drugs like memantine and fingolimod, which target a wide range of
pathophysiological mechanisms with promising results in preclinical models of HD. Information
obtained from these bioinformatic analyses will likely produce results more easily translatable to
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clinical-ready therapies. Undoubtedly, the incorporation of this paradigm shift in upcoming studies
can, in the near future, provide a valuable amount of information relevant for HD management.

Article highlights
Cognitive and neuropsychiatric symptoms are present early in HD pathophysiology,
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•

accompanied by synaptic pathology.
mHtt expression creates several imbalances in neural function.

•

Enhanced extrasynaptic NMDAR signaling in HD engages a feed forward pathological cycle

us

cr

•

that can be prevented by memantine.

Deficient BDNF trophic support also arises from imbalances in receptor signaling, with

an

•

•

M

therapeutic implications.

The existence of this feed forward pathological cycle beyond the HD striatum is

•

ed

therapeutically relevant and deserves a better characterization.
Deleterious feed forward mechanisms likely underlie synaptic dysfunction leading to non-
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motor and motor symptoms, suggesting that simultaneous targeting of the affected pathways
with appropriate polypharmacy or pleiotropic drugs might prove to be a good therapeutic
approach.
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Figure legends

Figure 1. Neuronal dysfunction and imbalances in HD. Neuronal dysfunction preceding cell death

ce
pt

appears in HD and contributes to motor and cognitive symptoms. It includes: neurotrophic receptor
imbalance (TrkB/p75NTR), aberrant extrasynaptic NMDAR signaling, mitochondrial morphology,
localization and function abnormalities, and transcriptional dysregulation of a wide array of genes

Ac

necessary for neuronal function. All these mechanisms interact and potentiate dysfunction. 1)
Extrasynaptic NMDAR signaling, through aberrant calcium buffering, elicits 2) mitochondrial
dysfunction, and 3) dysregulation of transcription by CREB shut-off and abnormal histone
deacetylases (HDACs) activity. These processes 4) affect neurotrophic support, which in turn has
been shown to increase deleterious extrasynaptic NMDAR signaling closing a vicious loop.
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Figure 2. Synaptic/eextrasynaptic NMDA
AR signalin
ng in HD. Restoringg the balan
nce betweenn
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synaptic annd extrasynnaptic NMDAR activvity targets pathways deleterioussly affected
d by mHttt.
Memantinee, as an antagonist of
o extrasynnaptic NMD
DAR, hold
ds the poteential of ameliorating
a
g
excitotoxicity, mitochoondrial dysfunction annd cell deatth elicited by
b mHtt. Addditionally, memantinee

Ac

ptic activityy which, thro
ough mechaanisms as eearly gene reesponse andd
has been shhown to impprove synap
neurotrophiic-producinng loops, can
c
providee additionaal neuropro
otection. Poositive mo
odulators of
synaptic N
NMDAR annd negativee modulatoors of extraasynaptic NMDAR
N
aare also caandidates too
reestablish NMDAR siignaling in the presencce of mHtt.
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Neurotroph
hin signalin
ng imbalan
nce in HD. An imbalan
nce betweenn TrkB and
d p75NTR hass
been recenttly establishhed in HD patients annd models. TrkB signaaling througgh Erk/Akt and PLCγ11
pathways ppromotes syynaptic plasticity and neuroproteection that are impaireed by interraction withh
mHtt. At thhe same tim
me, mHtt afffects p75NTRR signaling, increasing noxious ouutcomes of downstream
d
m
effectors suuch as JNK
K and NF-κβ
β pathways.. TrkB agon
nists or drug
gs that incre
rease BDNF
F expressionn
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TrkB down
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and fingolim
mod reducee p75NTR lev
vels and/or ssignaling.
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Table I. Therapeutic strategies based on improving mitochondrial function
Mitochondrial
improvement

Intervention

Improvement
Motor

Cognitive

Psychiatric

No swelling
[55, 58] [59]*
[58]
[55, 60]
Complexes activity
ROS levels
Membrane
permeability
Mitochondrial function
Cdk-5 inhibition Morphology and
[77]**
mitochondrial network
Drp1 inhibition
Fragmentation
[14]
Transport
Membrane potential
ROS levels
* N-acetylcysteine in drinking water plus cysteine-enriched diet.
** The contribution of improved mitochondrial function was not investigated in this study.
*** Cell biology in vitro assay.

[58, 60] [59]*
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N-Acetylcysteine

Neuropathology

[74]***
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[14]
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Table II. Therapeutic strategies based on TrkB/p75NTR balance.
Improvement
Motor
Cognitive Neuropathology
Neuroinflammation
TrkB
LM22A-4
[104]
[104]
7,8-Dihydroxyflavone* [106, 107]
[107]
[106, 107]
[107]
NTR
p75
FTY720**
[113]
[110]
[110, 113]
[110, 113]
LM11A-31
[15]
[15]
[15]
[15]
NTR
* 7,8-Dihydroxyflavone is also reported to act through p75 decrease mechanisms [107].
** FTY720 is also reported to increase BDNF levels [109].
Intervention
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