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Transcriptional dysregulation in Huntington’s disease (HD) causes
functional deficits in striatal neurons. Here, we performed Patch-
sequencing (Patch-seq) in an in vitro HD model to investigate the
effects of mutant Huntingtin (Htt) on synaptic transmission and gene
transcription in single striatal neurons. We found that expression of
mutant Htt decreased the synaptic output of striatal neurons in a cell
autonomous fashion and identified a number of genes whose dysre-
gulation was correlated with physiological deficiencies in mutant Htt
neurons. In support of a pivotal role for epigenetic mechanisms in HD
pathophysiology, we found that inhibiting histone deacetylase 1/3
activities rectified several functional and morphological deficits and
alleviated the aberrant transcriptional profiles in mutant Htt neurons.
With this study, we demonstrate that Patch-seq technology can be
applied both to better understand molecular mechanisms underlying
a complex neurological disease at the single-cell level and to provide a
platform for screening for therapeutics for the disease.

Huntington’s disease | single-cell RNA sequencing | Patch-seq | synaptic
function | striatum

Huntington’s disease (HD) is an autosomal dominant neu-
rodegenerative disorder characterized by progressive motor,

cognitive, and psychiatric symptoms (1). Neuronal degeneration
primarily occurs in GABAergic medium spiny neurons (MSN),
which account for more than 90% of the neurons in striatum (2, 3).
As the pathology progresses, brain regions in addition to striatum,
and in particular the cortex, are affected (4). While the genetic basis
of HD is known—it is caused by an expansion of polyglutamine
repeats (polyQ) in exon 1 of the huntingtin (HTT) gene (5)—the
molecular mechanisms underlying neuronal dysfunction are not
fully understood.
Postmortem neuropathological studies provide little evidence

for neuron loss in brain during early stages, despite clinical mani-
festation of HD, suggesting that neuronal dysfunction rather than
neuronal death underlies early pathological manifestations of HTT
mutation in patients (6). In accordance with this, well-established
animal models recapitulate many of the molecular, neuropatho-
logical, and phenotypic disease features without apparent neuronal
death, especially during early stages (7). In fact, miscommunication
between neurons, commonly related to cellular morphological
changes and synaptic dysfunction, has been shown to cause most
HD symptoms (8, 9). Studies in transgenic mouse models and in
postmortem HD patient brains revealed distinct morphological
abnormalities in MSN dendrites (10), including a decrease in
number of spines and an increase in shaft diameter (11). While such
structural changes in MSN morphology will likely influence striatal
physiology, mutant Htt has also been suggested to directly affect
neurotransmitter release, either by influencing protein–protein in-
teractions (12, 13) and vesicular trafficking (14) or by changing the
gene expression of striatal neurons (15, 16).

Previous research on HD pathogenesis has shown that abnormal
translocation of mutant Htt into the nucleus alters its interaction
with transcription factors and regulators of gene expression, leading
to changes in messenger RNA (mRNA) levels (17). Transcriptomic
analyses revealed that genes related to neurotransmission as well as
the establishment of MSN identity and function (i.e., Darpp32,
Penk, Drd1, or Drd2) are down-regulated in the striatum of HD
animal models and in caudate nucleus of patients, while stress-
related genes are up-regulated (18–21). However, which mecha-
nisms are relevant for transcriptional dysregulation in HD and how
these changes affect neuronal function require further investigation.
In this study, we adapted a culture system (autapses; ref. 22) to

effectively model the impact of a rapid introduction of the expression
of a significantly expanded repeat length CAG into a neuron and
identify neuron-specific functional changes. A healthy genetically
normal neuron was efficiently exposed to the expression of an
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Htt polypeptide containing a longer-expanded CAG repeat (97Q-Htt)
using a lentiviral gene transfer system. We then assessed the synaptic
function and transcriptional profile of the individual neurons in the
resulting cell population by combining whole-cell patch clamp
measurements with single-cell RNA sequencing (Patch-sequencing
[Patch-seq]; ref. 23). We quantified a number of physiological and
morphological traits of striatal GABAergic neurons expressing the
wild-type (25Q-Htt) or mutant (97Q-Htt) Htt. We found that in-
troducing 97Q-Htt construct into neurons rapidly leads to a cell
autonomous alteration in synaptic transmission and a change in
transcriptional output of the neuron which is likely causative for the
altered synaptic function. Furthermore, we evaluated the extent to
which our Patch-seq–based system could be useful for the screening
and identification of therapeutic interventions which may be useful
in reversing or preventing HD symptomology and pathology. For
this purpose, we evaluated the molecule RGFP109, a specific
HDAC1/3 (class I) inhibitor in the Patch-seq system. Our rationale
for this choice is a strong history in which epigenetic alterations are
implicated in transcriptional dysregulation in HD (reviewed in ref.
24) particularly through changes in acetylation of histone proteins.
We found that HDAC inhibitor (HDACi) treatment with RGFP109
partially alleviated the transcriptional changes and reverted several
functional and morphological phenotypes measured in mutant 97Q-
Htt neurons, suggesting a potential beneficial effect of RGFP109 in
HD. The extension of this approach to a high throughput screening
protocol should allow a broader and more comprehensive screening
strategy for small molecules that may be effective in HD therapy.

Results
Expression of Mutant Huntingtin Decreases the Magnitude of Inhibitory
Evoked Synaptic Responses in Mouse Autaptic Striatal Neurons. In
order to identify the effects of mutant huntingtin on the regulation
of GABAergic synaptic transmission, at single-cell level, we created an
in vitro HD model using the autaptic culture system (22). Iso-
lated striatal neurons from newborn C57BL6 mice were infected
with lentiviruses expressing human HTT exon 1 fused to green
fluorescent protein (GFP) with normal (25Q-Htt) or expanded
(97Q-Htt) number of glutamine (Q) repeats (Fig. 1 A and B). Neu-
rons expressing 25Q-Htt exhibited diffuse GFP labeling (Fig. 1 A,
Left), whereas neurons expressing the mutant 97Q-Htt accumulated
the protein in the nucleus and formed Htt inclusions (Fig. 1 A, Right).
Neurons expressing only GFP reporter under synapsin promoter were
used as control. qRT-PCR revealed that expression of 97Q-Htt leads
to transcriptional dysregulation of well-known HD-related genes
(i.e., Adora2a, Bdnf, Drd1, Drd2, Ppp1r1b, and Polr2a; SI Appendix,
Fig. S1) in both striatal and cortical mass cultures, suggesting that our
in vitro model can recapitulate important aspects of HD pathogenesis.
Using whole-cell patch clamp of striatal autaptic neurons, we

next investigated the effects of mutant Htt on GABAergic synaptic
transmission. Action potential–evoked inhibitory postsynaptic
currents (IPSCs) in neurons expressing mutant 97Q-Htt were re-
duced by 63% compared with respective neurons expressing wild-
type 25Q-Htt (Fig. 1 C and D; 11.4 ± 1.2 nA; n = 59 for 25Q-Htt,
4.2 ± 0.6 nA; n = 55 for 97Q-Htt). In addition, the synaptic re-
sponse was reduced by 54% compared with control neurons
expressing only GFP reporter, verifying that expression of wild-type
Htt exon 1 in 25Q-Htt neurons did not cause a gain-of-function
phenotype (9.1 ± 1.0 nA; n = 56 for empty vector). Furthermore,
97Q-Htt neurons showed 27% smaller membrane capacitance
(Cm) compared with 25Q-Htt neurons (Fig. 1E; 20.3 ± 1.4 pF; n =
59 for 25Q-Htt versus 14.8 ± 0.8 pF; n = 55 for 97Q-Htt), an in-
dication of a decrease in cell surface area, which may contribute to
impairment of synaptic function.

Expression of Mutant Huntingtin Impairs Synaptic Transmission by
Altering both the Quantal Size and the Number of Readily Releasable
Vesicles. The magnitude of the evoked response is determined by
the postsynaptic response to the release of an individual vesicle

(quantal size), the number of fusion competent vesicles (readily
releasable pool, RRP), and the probability that a fusion-competent
vesicle is released in response to an action potential (vesicular
release probability, Pvr) (25, 26).
To assess the parameters that underlie the observed decrease

in evoked IPSC of striatal neurons, we first evaluated the
spontaneous release activity. We found a 22% decrease in the
mean miniature IPSC (mIPSC) amplitude of 97Q-Htt neurons
(58.0 ± 3.4 pA; n = 55) compared with 25Q-Htt neurons (74.0 ±
3.4 pA; n = 68) (Fig. 1 F and G) and a 25% decrease in mIPSC
charge (1327 ± 74 fC; n = 49 for 25Q-Htt, 1001 ± 56 fC; n = 39
for 97Q-Htt; P = 0.0019). This suggests that IPSC reduction is
partially caused by a reduction in quantal size. In addition, we
found that the mIPSC frequency was reduced by 44% in 97Q-Htt
neurons (Fig. 1H; 1.1 ± 0.2 Hz; n = 50 for 25Q-Htt versus 0.6 ±
1.2 Hz; n = 42 for 97Q-Htt). As the spontaneous release fre-
quency may reflect various properties, such as synapse number or
RRP, we went on to examine more synaptic parameters in detail.
To measure the number of vesicles readily available for release

(RRP size), we applied a hypertonic solution, which forces fusion of
all fusion-competent vesicles (27). We quantified the RRP by
integrating the transient component of the inward current, which
showed a 54% decrease in 97Q-Htt (2.0 ± 0.3 nC; n = 50) compared
with 25Q-Htt (4.3 ± 0.5 nC; n = 50) neurons (Fig. 1 I and J). In
addition, we computed the total number of vesicles in the RRP by
dividing the total RRP charge by the average charge of the minia-
ture events from each neuron. We found that the mean number of
synaptic vesicles contained in the RRP of neurons expressing 97Q-
Htt (2,124 ± 360 vesicles; 38) was 38% smaller than the number in
neurons expressing 25Q-Htt (3,443 ± 398 vesicles; 41) (Fig. 1K).
To assess whether mutant Htt also affects the efficiency of synaptic

release, we computed the presynaptic Pvr, by dividing the evoked re-
sponse charge by the RRP charge from the same neuron. We found
no significant changes in Pvr between 25Q- and 97Q-Htt–expressing
neurons (15.3 ± 1.2%; 50 for 25Q-Htt, 12.1 ± 1.0%; 46 for 97Q-Htt;
P = 0.066) (Fig. 1N). Consistent with no change in Pvr, we observed
no differences in paired-pulse ratio (0.7 ± 0.05; 50 for 25Q-Htt
versus 0.8 ± 0.05; 46 for 97Q-Htt; P = 0.34) (Fig. 1 L and M),
suggesting that 97Q-Htt alters RRP size without affecting the
probability of action potential–evoked vesicle fusion (Pvr).
In general, expression of 25Q-Htt in neurons had no impact on

spontaneous release, RRP size, or short-term plasticity com-
pared with control neurons expressing only GFP, confirming
again that overexpression of wild-type Htt exon 1 in neurons was
not associated with gain- or loss-of-function effects.

Mutant Huntingtin Reduces Synapse Number Consistent with a
Decrease in the RRP. As we observed both a decreased mem-
brane capacitance, indicative of a decreased surface area, and a
reduced RRP, indicative of reduced synapse formation, in 97Q-
Htt neurons (Fig. 1), we hypothesized that mutant Htt impairs
cell growth. To provide more evidence for impaired cell growth,
we performed immunocytochemistry on single striatal neurons
labeled with VGAT and MAP2 antibodies to mark for synapses
and soma/dendrites, respectively (Fig. 2A). We traced the soma
and dendritic trees of GFP-positive neurons (Fig. 2A) and found
that the soma area was 15% smaller in 97Q-Htt striatal neurons
(128 ± 7 μm2; 42 for 25Q-Htt versus 109 ± 4 μm2; 42 for 97Q-
Htt) (Fig. 2B), consistent with the change in membrane capaci-
tance (Fig. 1E). In addition, we found a 31% reduction in the
number of VGAT puncta per 97Q-Htt neuron (224 ± 20; 43 for
25Q-Htt versus 180 ± 14; 44 for 97Q-Htt) (Fig. 2C), a change in
close accordance with the decrease in the number of RRP ves-
icles revealed by our electrophysiology analysis (Fig. 1 I–K).
Furthermore, we measured the total dendritic length to examine
whether the decrease in synapse number was a result of a smaller
dendritic arbor, but we found no significant change in total
dendritic length dependent on which form of Htt was expressed
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Fig. 1. Expression of mutant huntingtin (97Q-Htt) decreases synaptic transmission in autaptic striatal GABAergic neurons. (A) Representative images from
cultured striatal neurons expressing 25Q-Htt (Left) and 97Q-Htt (Right) with immunoreactivity against GFP fusion protein (green) and the striatal neuron
marker DARPP32 (red). (B) Schematic representation of lentiviral constructs used for infecting striatal neurons from C57BL/6N mouse. GFP sequence is fused to
exon 1 of wild-type (25Q) or mutant (97Q) HTT gene. (C–N) Functional analysis of 25Q-Htt (black traces and bars) or 97Q-Htt (red traces and bars) neurons. (C)
Representative traces of evoked IPSCs. (D and E) Bar graphs showing mean evoked IPSC amplitudes (D) and mean membrane capacitance measurements as
obtained from the membrane test pulse (E). (F) Representative traces showing mIPSC activity. (G and H) Bar graphs showing mean mIPSC amplitudes (G) and
frequency (H). (I) Representative current traces of the response to a 5 s pulse of 500 mOsm hypertonic sucrose solution. (J and K) Bar graphs showing RRP size
as measured by the charge of the transient response component (J) and the mean number of synaptic vesicles contained in the RRP (K). (L) Representative
traces of the response to paired pulse, in which both traces are normalized to the first peak of 25Q-Htt neurons (dotted line). (M and N) Bar graphs showing
mean paired pulse ratios (M) and mean vesicular probability (Pvr) (N). Data shown as mean ± SEM. Numbers in parentheses indicate sample sizes. Mann–
Whitney U test: * refers to P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.001.
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(981 ± 61 μm; 50 for 25Q-Htt versus 822 ± 51 μm; 44 for 97Q-
Htt) (Fig. 2D). Finally, we calculated the synapse density by di-
viding the number of dendritic synapses by the total dendritic
length. As expected, there was a significant decrease in synapse
density in 97Q-Htt neurons (0.25 ± 0.01 syn/μm; 50 for 25Q-Htt
versus 0.20 ± 0.01 syn/μm; 44 for 97Q-Htt) (Fig. 2E), suggesting
that the driving force behind the decrease in the number of
vesicles in the RRP in 97Q-Htt neurons is most likely the de-
crease of the number of synaptic connections.

HDACi RGFP109 Restores Evoked IPSC Amplitude, RRP Size, Synapse
Number, and Soma Size in Striatal Neurons Expressing Mutant
Huntingtin. Transcriptional dysregulation is a major molecular
feature in HD pathophysiology, and its basis appears to be the
aberrant protein–protein interactions of mutant Htt with a va-
riety of transcription factors. In our study, we tested whether
targeting altered transcription through HDAC inhibition would
rectify the functional and morphological phenotypes of our HD
in vitro model. For this aim, we treated cultured striatal neurons
with RGFP109, a specific HDAC1/3 inhibitor (100 nM treat-
ments at days in vitro (DIV) 6, 9, and 12). For all parameters, we
compared RGFP109-treated 97Q-Htt neurons with 1) vehicle-
treated 25Q-Htt, 2) vehicle-treated neurons expressing only GFP
(control; empty vector), and 3) with untreated 97Q-Htt neurons.
Indeed, in 97Q-Htt neurons, RGFP109 treatment resulted in a

52% increase in evoked IPSC amplitude (4.8 ± 0.6 nA; 73 for
97Q-Htt versus 8.4 ± 1.1 nA; 74 for 97Q-Htt+RGFP109) and a
38% increase in RRP charge, as compared with untreated 97Q-
Htt neurons (Fig. 3 A and B; 1.8 ± 0.2 nC; 72 for 97Q-Htt versus
2.8 ± 0.3 nC; 68 for 97Q-Htt+RGFP109). The drug treatment did
not significantly affect the amplitude or frequency of spontaneous
events (Fig. 3C), paired-pulse behavior, or vesicular release probability
(Fig. 3F) in either 25Q-Htt or 97Q-Htt neurons. While application
of RGFP109 in 25Q-Htt neurons showed a trend toward decreased
evoked response and RRP size, the change was not significant
compared with 25Q-Htt–untreated neurons (Fig. 3 B, D, and E).
To assess morphological changes, we analyzed cell size, synapse

number, and dendrite length from single control, 25Q-Htt, and

97Q-Htt neurons treated with vehicle or RGFP109 (Fig. 4A).
When 97Q-Htt neurons were treated with RGFP109, soma size and
synapse number in 97Q-Htt neurons were rescued by 17% (94± 3 μm2;
89 for 97Q-Htt versus 114 ± 4 μm2; 84 for 97Q-Htt+RGFP109)
and 37% (125 ± 10 vesicles; 90 for 97Q-Htt versus 197 ± 13
vesicles; 85 for 97Q-Htt+RGFP109), respectively (Fig. 4 B, C, and
E), even though dendritic length remained unaffected (Fig. 4D).
The soma size, number of VGAT-positive puncta per neuron, and
the total dendritic length of 25Q-Htt neurons were also indistin-
guishable from control neurons (Fig. 4; dotted line), confirming
again no gain- or loss-of-function effect due to expression of wild-
type Htt exon 1.
Additionally, we examined the effect of RGFP109 on an MSN

marker protein for dopamine signaling, DARPP32. We found that
97Q-Htt neurons displayed a significant reduction in DARPP32
intensity compared with both 25Q-Htt (54%) and control neurons
(61%), which was then partially reversed upon RGFP109 appli-
cation by 36% (P = 0.21, P = 0.22 for 25Q-Htt versus 97Q-
Htt+RGFP109) (Fig. 4F).
Collectively, these results illustrate the alteration of epigenetic

transcriptional regulation as a pathophysiological mechanism for
synaptic transmission deficits induced by mutant Htt expression
in striatal neurons and promote a potential therapeutic role of
selective HDAC1/3 inhibition in HD.

Single-Cell Transcriptome Analysis of Striatal Neurons Characterized
by Electrophysiology. To examine the relationship between gene
expression and the physiological properties of striatal neurons
expressing mutantHtt, we generated single-cell transcriptome data
from the same neurons that were analyzed for electrophysiology
by using Patch-seq (SI Appendix, Fig. S2).
After recording, the soma and nucleus of neurons was extracted

by the patch pipet (SI Appendix, Fig. S2A). From the harvested cell
contents, poly-A–selected mRNA was converted to complemen-
tary DNA (cDNA) and used to generate single-cell RNA se-
quencing (RNA-seq) libraries following the Smart-seq v4 protocol
(23) (SI Appendix, Fig. S2B). Libraries with low cDNA quantity
and quality were excluded from sequencing. In total, we sequenced

Fig. 2. Mutant huntingtin impairs cell outgrowth in autaptic striatal GABAergic neurons. (A) Representative images from 25Q-Htt and 97Q-Htt striatal
autaptic neurons in culture showing immunoreactivity for MAP2, Htt-GFP, and VGAT and tracing of the same neurons with SynD. (B–E) Morphological
analysis of 25Q-Htt (black bars) or 97Q-Htt (red bars) neurons. Bar graphs showing soma area (B), number of VGAT puncta per neuron (C), total length of
dendrites (D), and the number of VGAT puncta per μm of dendritic length (E). Data shown as mean ± SEM. Numbers in parentheses indicate sample sizes.
Mann–Whitney U test: * refers to P ≤ 0.05 and **P ≤ 0.01.
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RNA-seq libraries from 117 single striatal GABAergic neurons and
14 astrocytes. All individual libraries showed high complexity with
minor differences in variation (SI Appendix, Fig. S2G). In a cursory
analysis, we found housekeeping genes such as Actb (beta-actin) and
Tubb3 (tubulin Bbeta 3 class III) were highly expressed in every single
neuron (SI Appendix, Fig. S2 C and D). Additionally, GFP counts,
indicating viral induction, were comparable across neuronal groups
(SI Appendix, Fig. S2E). As expected, astrocytes only expressed
Actb, as synapsin promoter–driven GFP and Tubb3 expression are
neuron specific (SI Appendix, Fig. S2 C–E). After exclusion of
genes detected below five transcripts per kilobase million (tpm), we
measured ∼7,000 genes per cell, which is well in line with previously
published Patch-seq datasets (23, 28) (SI Appendix, Fig. S2F).
When single neuronal (113) and astrocytic (14) transcriptomes

were compared using the expression levels of a list of well-known
markers, striatal GABAergic neurons were clearly distinguishable
from astrocytes (Fig. 5A). As expected, pan-neuronal and inhibi-
tory neuron genes including Snap25 (synaptosome-associated
protein 25), Gad1 (glutamate decarboxylase 1), and Gad2 (clutamate
decarboxylase 2) were exclusively expressed in striatal GABAergic
neurons but not in astrocytes. Excitatory neuron marker genes
such as Slc17a7 (vesicular glutamate transporter 1) and Slc17a6
(vesicular glutamate transporter 2) did not appear in either pop-
ulation, while astrocytic markers were predominantly expressed in
the astrocyte population. These observations together with the
consistently high number of genes detected in each cell support
the quality of the single-cell transcriptomic data in our study.
Together with the aforementioned, unsupervised single-cell RNA-
seq cluster analysis revealed that striatal transcription profile was
clearly differentiated from astrocytes (Fig. 5B).

Analysis of Differential Gene Expression Reveals the Effects of Mutant
Huntingtin Gene Expression and HDACi Treatment on Single Striatal
Neuron Transcriptomes. To evaluate the effects of mutant Htt
expression and HDACi treatment on the transcriptome of single

striatal neurons, we searched for differentially expressed genes
across four pair-wise comparisons: 1) 97Q-Htt neurons versus
25Q-Htt neurons, 2) RGPF109-treated 97Q-Htt neurons versus
25Q-Htt neurons, 3) RGPF109-treated 97Q-Htt neurons versus
97Q-Htt neurons, and 4) RGPF109-treated 25Q-Htt neurons
versus 25Q-Htt neurons. We identified 1,475 differentially expressed
genes (q-value < 0.1; IHW [independent hypothesis weighting] was
used to corrected for multiple comparisons), between the 97Q-Htt
and 25Q-Htt striatal neurons, of which 1,183 were down-regulated
and 292 were up-regulated in 97Q-Htt neurons (Fig. 6A and Dataset
S1). Gene Ontology (GO) analysis for these 1,183 down-regulated
genes showed significant enrichment of numerous GO terms as-
sociated with synaptic transmission, signal transduction, regulation
of neurotransmitter levels, and regulation of cytosolic calcium
levels, indicating a disruption of key neuronal functions by 97Q-
Htt expression in striatal neurons (Dataset S2). HD genes that are
typically down-regulated in mouse models and in HD patients (19,
29), including Drd2 (D[2] dopamine receptor), Adora2a (adeno-
sine receptor), Penk (Preproenkephalin), and Rasgrp1 (Ras guanyl
releasing protein 1) were also found to be significantly down-
regulated in 97Q-Htt neurons. On the other hand, GO analysis
of the up-regulated genes resulted in enrichment of different bio-
logical processes such as protein autoubiquitination, sterol biosyn-
thetic process, and defense response in 97Q-Htt neurons (Dataset
S2). Notably, genes expressing several members of the heat shock
protein family, includingDnajb1 andDnajc11, which play major roles
in preventing protein aggregation, were among the up-regulated
genes in 97Q-Htt neurons. The comparison of our single-cell
RNA-seq data with a previously published list of 47 genes that
are typically dysregulated in HD patients and mouse models (19,
29) revealed a highly significant overlap of the differentially-
expressed genes, supporting the validity of our in vitro HD model
and single-cell sequencing results (19 genes; hypergeometric test
P value for the overlap; P < 4.77e−07; Dataset S3 and SI Appendix,
Fig. S2H). Additionally, our findings on transcriptional changes

Fig. 3. Application of HDACi RGFP109 restores evoked IPSC magnitude and RRP size. (A–F) Functional analysis of vehicle-treated 25Q-Htt (black traces, bars)
and 97Q-Htt (red traces, bars) neurons and HDACi RGFP109–treated 25Q-Htt (gray traces, bars) and 97Q-Htt (orange traces, bars) neurons. (A) Representative
traces of evoked IPSCs. (B and C) Bar graphs showing mean evoked IPSC amplitudes (B) mean mIPSCs amplitudes (C). (D) Representative current traces of the
response to a 5 s pulse of 500 mOsm hypertonic sucrose solution. (E and F) Bar graphs showing readily releasable pool size as measured by the charge of the
transient response component (E) and mean vesicular probability (Pvr) (F). Data shown as mean ± SEM. Numbers in parentheses indicate sample sizes. One-
way ANOVA or Kruskal–Wallis test coupled with Dunn’s post hoc test: * refers to P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.001.
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between 97Q-Htt and 25Q-Htt neurons showed high similarities
with our recently published bulk striatal RNA-seq data from the
R6/1 mice at the age of 8 wk, which corresponds to an early HD
stage when transcriptional dysregulation is dominated by ex-
pression changes of neuronal genes (20) (111 overlapping genes;
hypergeometric test P value for the overlap; P < 1.91e−04;
Dataset S3 and SI Appendix, Fig. S2I). Further, comparison of
the list of differentially expressed genes between 97Q-Htt and
25Q-Htt neurons in our study with a recent cell type–specific
transcriptomics dataset in indirect MSNs (iMSNs) and direct
MSNs (dMSNs) in HD mouse striatum (30) showed a significant
overlap of 306 commonly dysregulated genes as well as 160 and
145 genes that were uniquely dysregulated in dMSNs and iMSNs,
respectively, in HD mouse striatum (SI Appendix, Fig. S3A).
Notably, GO analysis of the commonly dysregulated genes revealed
highly significant enrichments of GO terms that are related to
synaptic signaling and transmission, indicating common dysregula-
tion of these gene programs in dMSNs and iMSNs in HD. Dataset
S8 provides GO analyses results and lists of the overlapping genes.
Next, the comparison of RGFP109- with vehicle- treated 97Q-

Htt neuron transcriptomes revealed 1,014 differentially expressed
genes (at q-value < 0.1), of which 196 showed lower expression
and 818 higher expression values in RGFP109-treated 97Q-Htt

neurons, indicating an overall up-regulating effect of HDACi
(Fig. 6A and Dataset S1). Among the 1,014 differentially expressed
genes by RGFP109 treatment, the expression profiles of 303
genes were also found to significantly differ between 97Q-Htt
and 25Q-Htt neurons. Spearman’s correlation between the fold
changes of differentially expressed genes in 97Q-Htt versus 25Q-
Htt and 97Q-Htt+RGFP109 versus 97Q-Htt revealed a signifi-
cant anti-correlation (r = –0.251, P < 0.001), suggesting a counter
effect of HDACi on the expression levels of genes that were
dysregulated by the expression of mutant Htt in striatal neurons.
Noteworthy, restoration effect by RGFP109 in down-regulated
genes was associated with functions, such as the G protein–coupled
receptor signaling pathway coupled to cyclic nucleotide second
messenger, serotonin receptor signaling pathway, and calcium ion
homeostasis. Likewise, genes associated with protein autoubiquiti-
nation and response to virus that were up-regulated in 97Q-Htt
neurons restored their expression levels after RGFP109 treatment
(Fig. 6A; log2FC heat map).
Further, to detect which genes are most robustly differentially

expressed between the compared groups, we performed two types
of permutation analyses followed by differential gene expression
analysis. First, a random removal of 10% of the cells per group
and, second, a random shuffling of the cell labels across compared

Fig. 4. Application of HDACi RGFP109 restores synapse number and soma size. (A) Representative images from vehicle-treated 25Q-Htt and 97Q-Htt neurons
and HDACi RGFP109–treated 25Q-Htt and 97Q-Htt neurons showing immunoreactivity for MAP2, Htt-GFP, and VGAT and tracing of the same neurons with
SynD. (B–F) Morphological analysis of 25Q-Htt (black bars) or 97Q-Htt (red bars) neurons. Bar graphs showing soma area (B), number of VGAT puncta per
neuron (C), total length of dendrites (D), the number of VGAT puncta per μm of dendritic length (E), and normalized DARPP32 integrated density (F). Data
shown as mean ± SEM. Numbers in parentheses indicate sample sizes. One-way ANOVA or Kruskal–Wallis test coupled with Dunn’s post hoc test: * refers to
P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.001.
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groups were performed. In both analyses, 100 permutations were
run followed by differential gene expression analysis. The overlap
of these two analyses revealed 469 stably differentially expressed
genes between the 97Q-Htt neurons and 25Q-Htt neurons (at a
cutoff of ≥ 0.8 [80%] in the first and a cutoff of ≤ 0.2 [20%] in the
second permutation). Among the 469 genes, which remain differ-
entially expressed in 97Q-Htt–expressing neurons, were detected
some of the aforementioned key HD genes, including Drd2,
Adora2a, Penk, and Rasgrp1. The latter indicates their significant
role in the dysregulation of 97Q-Htt neurons. The complete lists of
these stably differentially expressed genes across all four pairwise
comparisons are shown in Dataset S9 and SI Appendix, Fig. S4.
To investigate which pathways were affected by the expression

of mutant Htt and HDACi treatment in single striatal neurons,
we performed gene set enrichment analysis using WebGestalt

(31) and analyzed all measured genes ranked based on their
z-scores from single-cell differential expression (SCDE) analysis
output. Our findings showed significant changes in the expres-
sion levels of 922 gene sets between 97Q-Htt and 25Q-Htt
neurons (FDR < 0.25) (Dataset S4 and Fig. 6B). Strikingly, of
the 922 gene sets, only 12 showed a positive enrichment in 97Q-
Htt neurons, while the rest were negatively enriched. Of the 922
gene sets, HDACi treatment in 97Q-Htt neurons caused a counter
effect on the enrichment of 892 gene sets, of which 275 were sig-
nificant (Dataset S4 and Fig. 6B). Among the latter, we detected
many gene sets typically related to neuronal functions, such as
regulation of synaptic plasticity, regulation of GABAergic synaptic
transmission, neurotrophin signaling pathways, and regulation of
synaptic vesicle transport and exocytosis that were down-regulated
in 97Q-Htt neurons and two gene sets associated with isoprenoid

Fig. 5. Single-cell RNA-seq (Patch-seq) of striatal autaptic neurons. (A) Heat map illustrating gene expression profiles of pan-neuronal, inhibitory, excitatory,
and astrocytic markers in all collected the samples. (B) Unsupervised hierarchical agglomerative clustering (Euclidean distance, complete linkage) of the
cell–cell covariance matrix of the top 3,000 most variable genes, showing the presence of two groups (astrocytes and neurons). (C) t-distributed stochastic
neighbor embedding (t-SNE) plot using the expression of the top 3,000 most variable genes in single-cell transcriptomes of five neuronal groups. Cells are
colored according to the groups. (D) Heat map illustrating gene expression profiles of pan-MSN, direct MSN (dMSN), indirect MSN (iMSN), eccentric MSN
(eMSN), and interneuron markers in all collected samples [based on dropviz.org database, (30, 62)].
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biosynthetic process and terpenoid backbone biosynthesis that were
up-regulated in 97Q-Htt neurons. Together, these results indicate
that 97Q-Htt causes a widespread impairment of neuronal gene
expression programs, on which HDACi treatment exerts a largely
restorative effect.

Linking Functional Data to Transcriptome (Patch-Seq). To identify
genes whose differential expression is linked to deficits in syn-
aptic transmission, we followed a two-step analysis approach.
First, using the differentially expressed transcripts, we performed
Spearman’s correlation tests between gene expression levels and
the electrophysiological parameters that showed the most sig-
nificant differences between 97Q-Htt and 25Q-Htt neurons. We
found 155, 187, and 268 differentially expressed genes that were
significantly correlated with IPSC, RRP, and membrane capaci-
tance, respectively (P < 0.05) (Dataset S5). Interestingly, we found
20 genes, including Ddc, Atp2b2, Kcnmb4, Rasgrp1, Rasgrp2, Syt10,
and Rdm1 that have been shown to be dysregulated in HD mice
(19, 29), whose expression levels were significantly correlated with
all three neuronal electrophysiological properties (Fig. 7A and
Dataset S6). GO enrichment analysis of these genes revealed bi-
ological process terms involved mainly in neurotransmitter meta-
bolic processes and response to calcium ions. Furthermore, for
each 97Q-Htt neuron, we used the expression levels of all differ-
entially expressed genes that were correlated to each electro-
physiological parameter (IPSC, RRP, or membrane capacitance)
to summarize the gene expression levels into a single expression
index obtained from a principal component analysis. We then
estimated the deviation of each 97Q-Htt neuron expression profile
from the 25Q-Htt group as the mean Euclidean distance of the
97Q-Htt neuron from the former. The same analysis was carried
out for each electrophysiological parameter where the mean dis-
tance was estimated. Correlation analysis between mean expres-
sion distances and shifts in IPSC (r = 0.36, P = 0.07), RRP (r =
0.44, P = 0.04), and membrane capacitance (r = 0.17, P = 0.41)
showed a positive correlation, indicating that 97Q-Htt neurons
that changed their expression profile more drastically had phe-
notypes further away from the 25Q-Htt neurons.

In regard to IPSC, significant biological process GO terms in-
cluded response to amphetamine, positive regulation of transport,
positive regulation of secretion, regulation of protein localization, G
protein–coupled receptor signaling pathway, regulation of long-
term synaptic potentiation and regulation of neurotransmitter lev-
els (Dataset S7A). The strongest positive correlation (r = 0.485)
between gene expression levels and IPSC was detected for Gpr12
(G protein coupled receptor 12 gene), followed by Ddc, Atp2b2,
Glp2r, and Kcnmb4. Notably, the expression levels of key HD genes
that are typically dysregulated across models and HD patients in-
cluding Kalrn, Adora2a, Drd2, Rasgrp1, Rasgrp2, and Mapk4 were
also found to be significantly positively correlated with IPSC. On the
other hand, the Rtp4 gene showed the strongest negative correlation
to IPSC (r = −0.51), followed by Acly, Usp18, Sqle, and Sfmbt2.
Correlation analysis between the expression levels of differen-

tial transcripts and RRP changes revealed the strongest positive
correlation for Rasgrp2 (r = 0.5), followed by Trp53, Tmem158,
Mchr1, Tbl1x, Snx25, and Gast, while Sfmbt2 (r = −0.49) showed
the strongest negative correlation, followed by Spata9, Hmgcr,
Cd81, Rdm1, and Kri1. Biological process GO terms associated
with these genes were related to synapse signaling and organiza-
tion, GABAergic synaptic transmission, anterograde transsynaptic
signaling, and chemical synaptic transmission (Dataset S7B).
Finally, membrane capacitance, an electrophysiological parame-

ter indicative of cell size that is significantly changed in mutant Htt
neurons, was linked to genes associated with BP GO terms involved
in the regulation of cGMP-mediated signaling, regulation of mod-
ification of synaptic structure, synapse organization, and adenylate
cyclase–modulating G protein–coupled receptor signaling pathway
(Dataset S7C). The strongest positive and negative correlations
were observed for Camkv (r = 0.475; a typical HD gene) and for
Hmmr (r = −0.528) and Psmb9 (r = −0.443), respectively. Other
highly correlated genes observed were Lrguk, Kctd12, Baiap2, Etv1,
Rasgrp2, and Atp2b2.
In the second step of our analysis, we tested whether the single-

neuron gene expression data obtained herein could predict neuronal
electrophysiological properties and the changes in their states in
97Q-Htt neurons. To do so, for each electrophysiological pa-
rameter across neurons, we trained one machine learning model

Fig. 6. Analysis of differential gene expression reveals the effects of mutant huntingtin gene expression and HDACi treatment on single striatal neuron
transcriptomes. (A) Heat map of z-scores for differentially expressed genes for the four groups (25Q-Htt, black; 97Q-Htt, red; 25Q-Htt+RGFP109, gray; and
97Q-Htt+RGFP109, orange). The light and dark green bars in the left indicate the genes that are differentially expressed between 97Q-Htt and 25Q-Htt and
between 97Q-Htt+RGFP109 and 97Q-Htt, respectively. The log2 fold changes (Log2FC) for 25Q-Htt versus 97Q-Htt and for 97Q-Htt+RGFP109 versus 97Q-Htt
are also given. (B) A subset of enriched gene sets related to neuronal function for the four comparisons. The bars denote the normalized enrichment scores
and the direction of expression change (up-regulated or down-regulated gene sets).

8 of 12 | PNAS Paraskevopoulou et al.
https://doi.org/10.1073/pnas.2020293118 Impaired inhibitory GABAergic synaptic transmission and transcription studied in single

neurons by Patch-seq in Huntington’s disease

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
12

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020293118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020293118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020293118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020293118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020293118/-/DCSupplemental
https://doi.org/10.1073/pnas.2020293118


www.manaraa.com

using the differentially expressed genes that were significantly
correlated with the given function. Our findings showed that the
states of IPSC and RRP could be predicted with high correlation
(r = 0.79 and r = 0.97, respectively; Fig. 7B) using the differential
expression levels of 10 and 23 genes, respectively (Fig. 7C and
Dataset S6). Notably, these 33 genes were the result of three
unbiased analyses that we performed on our dataset, that of dif-
ferential gene expression (Fig. 6A), Spearman correlation (Dataset
S5), and generalized linear model (GLM) (Fig. 7C). Interestingly,
while all these 33 genes contributed to the prediction of the states
of IPSC and RRP (Dataset S6), we observed a significant anti-
correlation between the gene frequency (Fig. 7C) and gene weight
in the machine learning results (Dataset S6) (rho = −0.6, P = 2 ×
10−04), indicating that those genes with low frequency expression
had a higher impact on the prediction. Lastly, this model showed
weak prediction for membrane capacitance. This may indicate that
factors beyond differential gene expression contribute to decreased

membrane capacitance in 97Q-Htt neurons or that the difference in
this property between groups is too small to predict from single-cell
gene expression data. It is of note that our initial attempts using top
variable genes or all expressed genes in our data resulted in weak or no
association between gene expression and electrophysiological proper-
ties and that the use of differentially expressed genes as input for the
correlation and GLM analyses was key for identification of these 33
genes, which accurately predict the IPSC and RRP states in our study.
Among the 33 genes detected by the GLM, we identified a

number of genes, including Atp2b2, Kcnmb4, Cntnap5b, Glp2r,
and Rdm1, whose expression levels significantly correlated with
all electrophysiological properties (i.e., RRP, IPSC, and membrane
capacitance). It is worth noting that in our recent study using bulk
tissue RNA-seq (20), we detected 22 out of these 33 genes in the
striatum of R6/1 transgenic mouse, and among these, 11 genes
showed concordant expression changes between HD mice and the
single neurons examined in the present study. These genes are

Fig. 7. Linking functional and transcriptome data. (A) Heat map of Spearman’s rho values for common HD genes for the three electrophysiological pa-
rameters (IPSC, RRP, and membrane capacitance) that showed the most significant differences between 25Q-Htt and 97Q-Htt neurons. (B) Scatter plots
showing the performance of the generalized linear model using single-cell gene expression data to predict neuronal electrophysiological properties IPSC and
RRP, based on the expression levels of 10 and 23 genes, respectively. For each model, the cvm (mean cross-validation error), cvsd (cross-validation SE), and MSE
(mean square error) are provided. Individual neurons are color coded according to their groups (25Q-Htt, black; 97Q-Htt, red; 25Q-Htt+RGFP109, gray; and
97Q-Htt+RGFP109, orange). The values given in the figures are achieved from machine learning results applied to 25Q-Htt and 97Q-Htt neurons. Other
neurons were added to the plot for the purpose of visualization. (C) Heat maps of the 33 genes that could predict the states of the electrophysiological
properties IPSC (r = 0.79) and RRP (r = 0.97). The left heat map shows the percentage of cells expressing each gene and the right heat map the expression
levels of those genes. (D) Bar plots showing the levels of differential expression as a log2 fold change between 97Q-Htt versus 25Q-Htt and between 97Q-
Htt+RGFP109 versus 25Q-Htt for the genes predicted by GLM. Left graph: up-regulated in 97Q-Htt neurons. Right graph: down-regulated in 97Q-Htt neurons.
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Fam49a, Rtp4, Gpr12, Ptk2b, Kcnmb4, Snx25, Atp2b2, Spata9, Stk3,
Rdm1, and Ier3ip1. While our previous work showed their dysre-
gulation in HDmouse striatum, the current study provides evidence
linking their altered expression to specific neuronal functional
deficits in HD. Moreover, the comparison of these 33 genes with
recently published RNA-seq datasets revealed that 24 out of 33
genes were previously shown to be differentially expressed in HD
mice and patient brain, while five of these, Gpr12 (32), Stk3 (33),
Hmgcr (34), Atp2b2 (35), and Ptk2b (36), were suggested to exert
beneficial effects on disease features of HD (Dataset S10).
Further, to infer the pathway level information and interpret

the collective functions of these genes, we leveraged a network
analysis method. We used these 33 genes as the seeds to construct
a subnetwork that connects these genes either directly or with the
help of intermediate proteins. By merging all-pair shortest paths
between seed proteins, we obtained a compact subnetwork that
includes 172 interactions between 68 proteins of which 50 are
intermediate proteins and 18 are among the 33 seed genes (SI
Appendix, Fig. S5). GO analysis revealed enrichments of GO bi-
ological process terms that are relevant to HD pathology, such as
regulation of gene expression, virus response, regulation of cell
growth, and neuron projection development (Dataset S11).
Given our earlier evidence that inhibition of HDAC1/3 reverses

phenotypes in 97Q-Htt neurons, we next investigated whether
RGFP109 treatment can restore the expression levels of these 33
genes, whose dysregulation was linked to the functional deficits in
97Q-Htt neurons. Our analysis revealed 24 genes (72%) whose
expression levels shifted toward 25Q-Htt levels (Fig. 7D). While
some of these genes have previously been associated with HD,
such as Ptk2b (36), Atp2b2 (37), Tbl1x (38), Kcnmb4 (39), Stk3
(33), and Rtp4 (40), many of them (e.g., Zcchc4, Snx25, and Rdm1)
have not been investigated regarding their roles in HD patho-
genesis or in the regulation of synaptic function. Altogether, our
findings verify previous studies but also reveal previously unknown
candidate genes whose dysregulation is associated to specific
neuronal functional deficits in HD pathology.

Discussion
Although it is now clear that mutant Htt protein induces neu-
ronal dysfunction mostly through the nuclear accumulation of
polyglutamine fragments and the abnormal interaction with its
partners (14, 41), we still know surprisingly little about its effect
on striatal synapse function. Using lentivirus-mediated delivery
of mutant Htt in primary autaptic striatal cultures and single-cell
transcriptomics, this study provides insights in to pathophysio-
logical and molecular aspects of HD. First, we showed that
mutant Htt decreases synaptic output of striatal neurons in a
cell-autonomous fashion. Second, using the single-cell RNA se-
quencing technique, Patch-seq, we identified a number of genes
that were significantly dysregulated in mutant Htt neurons and
displayed differential expression that was correlated with defi-
ciencies in physiology (Fig. 7 and Dataset S5). Finally, we could
show that inhibiting HDAC1/3 activity in mutant Htt neurons
not only rectified several functional and morphological deficits
but also to some extent restored the dysregulated transcriptional
profile. These findings provide evidence that epigenetic mecha-
nisms play an essential role in the pathophysiology of HD and
support their beneficial effects for therapy.
In normal conditions, Htt in axonal terminals interacts with

synaptic vesicle proteins maintaining neurotransmitter release (42).
The expansion of polyglutamine tract of Htt, however, influences its
binding affinity, resulting in neuropathological changes (14). In our
in vitro HDmodel, expression of the expanded 97Q-Htt reduced the
evoked response amplitude through the decrease of spontaneous
activity and the size of a readily releasable vesicle pool (Fig. 1).
These findings were also reflected in morphological changes, mea-
sured as a decrease in GABAergic synapse number (Fig. 2C). As no
changes in release probability and short-term plasticity were

observed in 97Q-Htt neurons (Fig. 1 M and N), Htt likely plays no
role in determining the efficacy of single-vesicle release. Consistent
with these results, MSN connectivity and evoked responses are de-
creased in symptomatic mice of the R6/2 HD mouse model (43).
Membrane capacitance and soma size were also significantly de-
creased in mutant Htt neurons, while a similar though not significant
trend was observed for dendrite growth (Figs. 1E and 2 B and D).
Taken together, our results are in line with previous studies in HD
mice showing that Htt mutation drove a reduction in membrane
capacitance (44), soma size, dendritic length (45, 46), and the number
of dendritic spines (11). Overall, our in vitro model system recapit-
ulates morphological phenotypes observed in HD mouse models.
Our study combines electrophysiological and transcriptional

analyses of individual cells, bridging the gap between physiological
and molecular processes in a disease state at the single-neuron
level. The significant differences in gene expression between 97Q-
htt and 25Q-Htt neurons indicate that Htt directly or indirectly
interacts with transcription factors and regulators, modulating the
expression of downstream genes. Unbiased cluster analysis indi-
cated the presence of two major clusters, one comprising from
astrocytes and the other one from neurons. Within neuronal
cluster, no further subclustering was observed among the different
phenotypic groups (Fig. 5B). The latter indicates that the observed
differences are not due to differences in housekeeping genes (SI
Appendix, Fig. S2 C and D) but rather to differences in specific
gene expression programs triggered by Htt mutation. Differential
expression analysis identified 1,475 transcripts, the majority of which
were involved in cell growth, synaptic transmission, gene expression
regulation–related signal transduction, regulation of neurotrans-
mitter levels, and regulation of cytosolic calcium levels. All of these
pathways play a key role in synapse formation and function. One of
the mechanisms, via which mutant Htt causes transcriptional dys-
regulation, is the sequestration of key transcription factors and
regulators such as TBP and CBP (47, 48) into nuclear mutant Htt
aggregates, a key hallmark of HD pathology that we observed also
in our model (Figs. 1A and 2A). Therefore, a possible mechanism to
explain the synaptic phenotypes observed in our study could involve
the impairment or sequestration of the transcriptional regulators
that control gene programs related to synapse function and for-
mation by mutant Htt aggregates. Furthermore, a number of key
genes characteristic of HD were detected, such as theDrd2, which is
expressed in MSNs and involved in the modulation of locomotion,
memory, and learning (49), and the Adora2a,which is important for
the modulation of synaptic activity and the proper function of brain-
derived neurotrophic factor, a factor that is essential for the survival
of neurons in HD (50) and growth (51). Similarly, we found de-
creased expression of Penk that controls striatal motor activity in
mice (52) and Rasgrp1 but up-regulation of Dnajb1 and Dnajc11,
two heat shock proteins that promote protein folding and prevent
misfolded protein aggregation (53, 54). It is of note that almost 80%
of the differentially expressed genes were down-regulated in 97Q-
Htt neurons indicating an overall disruption of gene expression
programs by mutant Htt expression in striatal neurons (55).
A recent study utilizing the translating ribosome affinity purifi-

cation (TRAP) technology for in-depth profiling of cell type–specific
changes in two HD mouse models revealed that the most significant
gene pathways commonly dysregulated in direct and indirect MSNs,
as well as in corticostriatal projection neurons, were related to the
regulation of synaptic transmission and function (30). Herein, by
applying Patch-seq (23) to an HDmodel, we could directly study the
relation between transcriptional changes and the functional deficits
resulting from mutant Htt expression in single striatal neurons. We
identified down-regulation of transcripts that were associated with
the regulation of neurotransmitter levels, transsynaptic signaling,
and protein–protein interactions and whose expression levels were
positively correlated with alterations in synaptic strength (e.g., Kalrn,
Adora2a, Syt10, Atp2b2, and Kcnmb4), RRP (e.g., Rasgrp1-2, Stk3,
and Syt10), and membrane capacitance (e.g., Camkv and Rasgrp2).
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Remarkably, our linear model showed that, the differential tran-
scriptional profiles of individual striatal neurons were able to predict
their electrophysiological properties, and these predicted values are
highly correlated with the measured electrophysiological properties
(r = 0.79 for IPSC, r = 0.97 for RRP). Overall, our Patch-seq data
suggest a tight transcription–phenotype relationship in which mutant
Htt neurons with milder gene expression alterations have pheno-
types closer to wild-type, while stronger down-regulation in these
genes leads to a more severe HD phenotype.
The involvement of epigenetic transcriptional regulation in HD

and the ability to selectively inhibit these processes make tran-
scriptional regulators, such as HDAC enzymes, attractive targets to
alleviate HD progression. Mouse models of HD suggest that the
HDAC1 and HDAC3 subtypes, but not HDAC2, HDAC4, and
HDAC7, predominately shift to nuclear localization in an HD-
dependent manner, possibly leading to chromatin compaction and
a more transcriptionally silenced state (56). Supporting this, an
HDAC1/3-specific inhibitor was found to significantly prevent body
weight loss and improve motor cognition in N171-82Q transgenic
HDmice (57). In agreement with these studies, we found RGFP109,
a specific inhibitor for HDAC1/3, could effectively restore deficits in
synaptic function and morphology of 97Q-Htt striatal neurons and
alleviate the expression levels of dysregulated genes. We found that
RGFP109 treatment showed a restorative effect on the expression
levels of 30% of the genes that were differentially expressed between
97Q-Htt and 25Q-Htt neurons, including key HD genes and those
whose dysregulation was linked to functional deficits. Among ma-
chine learning–identified genes that were linked to the neuronal
deficits, the strongest repair effect of RGFP109 treatment was ob-
served on the expression of Ptk2b, a gene linked to RRP size based
on our machine learning results. Ptk2b encodes for Pyk2 protein, a
nonreceptor calcium-dependent tyrosine kinase with a role in syn-
aptic plasticity (58, 59). Importantly, Pyk2 overexpression was re-
cently shown to provide therapeutic effects on several features of
HD in the R6/1 transgenic mice model (36). Likewise, gene set
enrichment analysis identified a number of differentially enriched
processes that were associated with the regulation of neuronal syn-
aptic plasticity, GABAergic synaptic transmission, and neurotrophin
signaling pathway and regulation of synaptic vesicle transport and
exocytosis. In our in vitro system, this could explain the increase that
we observed in evoked IPSC, RRP size, synapse number, and soma
size in 97Q-Htt after RGFP109 application. These results highlight
the role of transcriptional dysregulation as a pivotal disease mech-
anism in leading to neuronal dysfunction in HD and provide sup-
porting evidence for its targeting as a valuable therapeutic strategy in
HD and potentially other neurological diseases with convergent
molecular disease mechanisms.
Overall, our study extends beyond the descriptive analyses of

gene expression changes and synaptic transmission deficits in HD
to identify certain gene–function relationships that provide in-
sights into HD pathophysiology and underlying mechanisms. Fu-
ture work will undertake the task of validating the specific genes
and gene sets linked to functional deficits in mutant Htt as well as
revealing their potential to serve as targets for HD therapy.

Methods
Mice and Cell Culture. Animal housing and use were in compliance with and
approved by the Animal Welfare Committee of Charité Medical University and
the Berlin State Government Agency for Health and Social Services. Newborn
C57BLJ6/N mice (P0 to P1) of both sexes were used for all the experiments.

Primary striatal neuronal cultures were prepared as described previously
by Arancillo et al. (60). Briefly, neurons were seeded and cultured on micro-
island astrocyte feeder layers that were prepared 1 to 2 wk before the neu-
ronal culture preparation. Astrocytes derived from C57BLJ6/N mouse cortices
(P0 to P1) were plated on collagen/ poly-D-lysine microislands made on
agarose-coated coverslips using a custom-built rubber stamp to achieve uni-
form size (200 μm diameter). For all experiments, striatal neurons were then
digested with papain (Worthington) and plated on astrocytes at a density of
3,500 neurons per 35 mm dish and grown in a chemically defined medium

(neurobasal-A medium supplemented with glutamax and B-27; Invitrogen).
Under these conditions, a single neuron on an astrocyte microisland forms
recurrent synapses called autapses (22).

Electrophysiology. Whole-cell voltage clamp recordings were performed on
striatal autaptic neurons between DIV 12 and 15 and held at −70 mV with a
Multiclamp 700B amplifier (Molecular Devices) under the control of Clampex
10.2 (Molecular Devices). Data were digitally sampled at 10 kHz and low-pass
Bessel filtered at 3 kHz with an Axon Digidata 1440A digitizer (Molecular
Devices). Series resistance was compensated at 70%, and only cells with <12
MOhm resistance were included. All experiments were performed at room
temperature (23 to 24 °C). Infected neurons were identified by a GFP-positive
signal. To minimize variability among datasets, an approximately equal
number of cells were recorded from all groups on a given experimental day.

During recordings, neurons were immersed in standard extracellular so-
lution consisting (in millimoles) by: 140 NaCl, 2.4 KCl, 10 Hepes, 10 glucose, 4
MgCl2, and 2 CaCl2. The patch pipette internal solution contained the fol-
lowing (in millimoles): 136 KCl, 17.8 Hepes, 1 EGTA, 0.6 MgCl2, 4 ATP-Mg,
0.3 GTP-Na, 12 phosphocreatine, and 50 U/mL phosphocreatine kinase. Both
solutions were adjusted to pH 7.4 with osmolarity at 300 mOsm. Hypertonic
sucrose solution was prepared as 500 mM sucrose in standard extracellular
solution (27). Solutions were applied using a fast-flow system that provides
rapid exchange at time constants of ∼20 to 30 ms. Borosilicate glass patch
pipettes were pulled using a multistep puller (P-87, Sutter Instruments) using
conditions that kept pipette tip resistance between 2 and 5 MΩ.

Action potential–evoked PSCs were triggered by a 2 ms somatic depo-
larization from −70mV to 0 mV. Neurons were stimulated at 0.1 Hz in
standard external solution to measure basal-evoked IPSCs. The kinetics of
the evoked response and GABA receptor antagonist (30 μM bicuculline;
Tocris Bioscience) were used in order to verify glutamatergic or GABAergic
identities. Spontaneous release was determined by detecting mIPSCs for 20 to
40 s at −70 mV with the help of a template-based algorithm in Axograph X.
The threshold for detection was set at three times the baseline SD from a
template of 0.5 ms rise time and 18 ms decay for GABAergic events. The av-
erages of the traces recorded in the presence of bicuculline were filtered at 1
kHz and subtracted from the average of the filtered traces recorded in the
external solution without bicuculline to cancel electrical noise. Membrane ca-
pacitance measurements were obtained from the membrane test function in
pClamp. RRP size was assessed by measuring the charge transfer of the tran-
sient synaptic current induced by a 5 s application of 500 mM sucrose in stan-
dard extracellular solution (27). The number of synaptic vesicles in the RRP of
each neuron was calculated by dividing the sucrose charge by the charge of the
average miniature event. Similarly, the release probability of a single synapse
(Pvr) was calculated as the ratio of evoked response charge to RRP charge.
Short-term plasticity was examined either by evoking 50 synaptic responses at
5 Hz or 2 IPSC responses with an interstimulus interval of 50 ms to measure
paired-pulse ratio (PPR). PPR was determined by calculating the ratio of IPSC
amplitude of second over the first synaptic response. Data were analyzed in
Axograph X (Axograph Scientific), Excel (Microsoft) and Prism (GraphPad).

Single-Cell Collection and cDNA Preparation. Following electrophysiological
recording at DIV15, single striatal GABAergic neurons were collected im-
mediately by applying light negative pressure through the same glass patch
pipette. Only samples (cells) whose entire somatic compartment, including
their nucleus, were visibly aspirated into the micropipette were further pro-
cessed. Following successful aspiration, the sample was transferred in a volume
of <2 μL of internal patch solution into a RNase-free PCR tube containing 1 μL
Lysis buffer, supplemented with RNase inhibitor, according to SMARTer Ultra
Low RNA Kit (Clontech). To eject the content of the patch pipette, the re-
cording pipette was pulled out from the recording chamber, and the tip of the
electrode was broken against the inside wall of the collecting tube. Collected
single cells were immediately spun down at room temperature and put on dry
ice until −80 °C storage. SMARTer cDNA synthesis was performed using
SMARTer Ultra Low RNA Kit according to manufacturer’s protocol.

In brief, first-strand cDNAwas synthesized from poly(A)+ RNA by incubation
with 1 μL of 3′ SMART CDS (cDNA synthesis) Primer II A (24 μM) for 3 min at
72 °C, followed by reverse transcription in a 20 μL final reaction volume using
200 units of SMARTScribe Reverse Transcriptase for 90 min at 42 °C and in-
activation for 10 min at 70 °C. First-strand cDNA was then used as template for
second-strand cDNA synthesis which subsequently amplified using the fol-
lowing PCR thermocycler program: 95 °C for 1 min, 17 cycles of 95 °C for 15 s,
65 °C for 30 s, 68 °C for 6 min, and 72 °C for 10 min. PCR-amplified double-
stranded cDNA was immobilized onto Agencourt AMPure XP SPRI Beads
(Beckman Coulter Genomics), purified by two washes in 80% ethanol, and
eluted in 12 μL of purification buffer (Clontech). The quality of the samples
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was assessed with Agilent 2100 Bioanalyzer High Sensitivity DNA Kit (Agilent
Technologies).

In general, we aimed to collect approximately equal cell numbers of each
group from each experiment. Based on previous published Patch-seq ex-
periments, ∼25 samples per group seem to be sufficient to discriminate
differences between groups.

Statistical Analysis. Unless specified otherwise, data are presented as means ±
SEM. For statistical analysis, D’Agostino–Pearson test was carried out to test
whether data were normally distributed. Student’s t test for independent
groups and one-way ANOVA using Tukey’s honest significant difference
post hoc test were used to assign statistical significances between conditions.
If parametric assumptions were violated, Mann–Whitney U test and
Kruskal–Wallis test coupled with Dunn’s post hoc test were performed.

Data Availability. RNA-seq data have been deposited in the Gene Expression
Omnibus (GEO) database under the accession number GSE171099 (61).
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