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Loss-of-Huntingtin in Medial and Lateral Ganglionic
Lineages Differentially Disrupts Regional Interneuron and
Projection Neuron Subtypes and Promotes Huntington’s
Disease-Associated Behavioral, Cellular, and Pathological
Hallmarks
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Emerging studies are providing compelling evidence that the pathogenesis of Huntington’s disease (HD), a neurodegenerative disorder
with frequent midlife onset, encompasses developmental components. Moreover, our previous studies using a hypomorphic model
targeting huntingtin during the neurodevelopmental period indicated that loss-of-function mechanisms account for this pathogenic
developmental component (Arteaga-Bracho et al., 2016). In the present study, we specifically ascertained the roles of subpallial lineage
species in eliciting the previously observed HD-like phenotypes. Accordingly, we used the Cre-loxP system to conditionally ablate the
murine huntingtin gene (Htt™) in cells expressing the subpallial patterning markers Gsx2 (Gsx2-Cre) or Nkx2.1 (Nkx2.1-Cre) in Htt ™
mice of both sexes. These genetic manipulations elicited anxiety-like behaviors, hyperkinetic locomotion, age-dependent motor deficits,
and weight loss in both Htt™;Gsx2-Cre and Htt™;Nkx2.1-Cre mice. In addition, these strains displayed unique but complementary
spatial patterns of basal ganglia degeneration that are strikingly reminiscent of those seen in human cases of HD. Furthermore, we
observed early deficits of somatostatin-positive and Reelin-positive interneurons in both Htt subpallial null strains, as well as early
increases of cholinergic interneurons, Foxp2 * arkypallidal neurons, and incipient deficits with age-dependent loss of parvalbumin-
positive neurons in Htt ™;Nkx2.1-Cre mice. Overall, our findings indicate that selective loss-of-huntingtin function in subpallial lineages
differentially disrupts the number, complement, and survival of forebrain interneurons and globus pallidus GABAergic neurons, thereby
leading to the development of key neurological hallmarks of HD during adult life. Our findings have important implications for the
establishment and deployment of neural circuitries and the integrity of network reserve in health and disease.
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Huntington’s disease (HD) is a progressive degenerative disorder caused by aberrant trinucleotide expansion in the huntingtin
gene. Mechanistically, this mutation involves both loss- and gain-of-function mechanisms affecting a broad array of cellular and
molecular processes. Although huntingtin is widely expressed during adult life, the mutant protein only causes the demise of
selective neuronal subtypes. The mechanisms accounting for this differential vulnerability remain elusive. In this study, we have
demonstrated that loss-of-huntingtin function in subpallial lineages not only differentially disrupts distinct interneuron species
early in life, but also leads to a pattern of neurological deficits that are reminiscent of HD. This work suggests that early disruption
of selective neuronal subtypes may account for the profiles of enhanced regional cellular vulnerability to death in HD. /
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Introduction

Huntington’s disease (HD), a relentlessly progressive neurode-
generative disorder, is caused by aberrant expansion of a poly-
glutamine tract in the pan-neural protein Huntingtin (Htt). Htt
is a pleiotropic protein that encompasses a wide spectrum of
seminal cellular roles during both the embryonic and postdevel-
opmental periods (Cattaneo et al., 2005; Marques Sousa and
Humbert, 2013). We and others have demonstrated a compen-
dium of neural developmental abnormalities associated with mu-
tant Htt ranging from defects in neuroectodermal specification
(Nguyen et al., 2013a; Conforti et al., 2018), abnormalities in
neurogenesis within pallial and subpallial neuronal subtypes
(Nguyen et al., 2013b; Molina-Calavita et al., 2014; Siebzehnriibl
etal., 2018), changes in the timing of striatal medium spiny neu-
ron (MSN) specification and migration within striatal germina-
tive zones, and neuronal differentiation as well as maturational
abnormalities of the chemo-architecture of the striatum (Molero
et al., 2009; HD iPSC Consortium, 2017). Using an inducible
Cre™*"? system to drive the excisional recombination of mutant
Htt in a temporally defined manner, we demonstrated that re-
stricted expression of this pathogenic protein during develop-
ment elicits the key hallmarks of HD during later life (Molero et
al., 2016). These findings strongly suggest that HD-associated
developmental impairments play a key pathogenic role in disease
onset.

Interestingly, both the loss of wild-type Htt and the presence
of mutant Htt similarly deregulate a common repertoire of de-
velopmental processes, suggesting that loss-of-function mecha-
nisms underlie these alterations (Nguyen et al, 2013a,b;
Kerschbamer and Biagioli, 2015). In a previous study, we inter-
rogated the role of loss-of-function mechanisms in HD patho-
genesis by using a mouse model expressing very low levels of
wild-type Htt until postnatal day 21 (Arteaga-Bracho et al,
2016). These mice developed a plethora of HD hallmarks in adult
life, including neurological and skeletal muscle alterations, stria-
tal and cortical degeneration, and white matter tract impair-
ments, with the latter being well recognized as a developmental
biomarker of HD (Gémez-Tortosa et al., 2001; Beglinger et al.,
2005; Rosas et al., 2006; Bohanna et al., 2011; Phillips et al., 2014).
The neurological parallels between models with time-selective
loss of wild-type Htt function and time-selective expression of
mutant huntingtin lend credence to the case that developmental
impairments associated with loss-of-function developmental mech-
anisms play a key role in HD pathogenesis. Because the genetic ma-
nipulation we undertook to regulate wild-type Htt expression in a
timely manner was common to all cells, we were unable to define
whether pathogenic Htt-associated developmental disruptions were
due to involvement of a specific cellular lineage(s).

This report describes experiments designed to determine
whether the loss-of-Htt function in discrete subpallial lineages
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recapitulates HD-like phenotypes. To accomplish this goal, we
used the Cre-loxP system to conditionally ablate wild-type Htt in
two distinctive subpallial lineages and their corresponding prog-
eny: Gsx2 and Nkx2.1 lineages. The Gsx2 lineage gives rise to the
most vulnerable cell-type in HD, the striatal MSN, as well as to a
complement of GABAergic somatostatin (SST), and calretinin
(CR) interneurons and Foxp2 ™ arkypallidal neurons (Qin et al.,
2016). Conversely, the Nkx2.1 lineage gives rise to forebrain
parvalbumin (PV) GABAergic neurons, including the prototyp-
ical subtype occupying the globus pallidus (GP), another major
neural structure targeted in HD, as well as a complement of SST *
GABAergic interneurons, and cholinergic interneurons (Xu et
al., 2008; Welagen and Anderson, 2011). Accordingly, by using a
battery of behavioral and neuropathological tests, we examined
the effects of Htt ablation within these subpallial interneuron
lineages and associated roles in provoking the neurological hall-
marks that characterize HD mouse models.

Materials and Methods

Animals

Chimeric mice carrying the floxed Htt allele were generated in house by
blastocyst injections using the embryonic stem cell (ESC) clone
EPD0635_1_E02 from the EuMMC repository (I.D. 40876, GenBank file
https://www.i-dcc.org/imits/targ_rep/alleles/18237/escell-clone-genbank-
file). These cells correspond to the JM8A1.N3 line C57BL/6. F1 offspring
were generated by mating the knock-out first chimera with a wild-type
C57BL mice. The F1 offspring were initially screened for positive mu-
tants using primers targeting the neomycin construct (forward: 5'-CAA
GATGGATTGCACGCAGG-3'; reverse 5'-TTCAGTGACAACGTCGA
GCA-3") within the promoter-driven cassette (Fig. 1A). To verify the
specificity of construct recombination within the Htt locus, we used a
long-range PCR approach using specific primers flanking the most up-
stream sequence of the 5'-arm (forward: 5'-GAACTTCGGAATAG
GAACTTCG-3'; reverse: 5'-ACCATTCACATTGGCAACAA-3") and
the most downstream sequence of the 3’-arm (forward: 5'-GTCTG
AGCTCGCCATCAGTT-3'; reverse: 5'-CTGACAGCAACCAGACAG
GA-3’). Positive F1 mice were subsequently mated with mice expressing
flippase (R26-FLPo; The Jackson Laboratory, catalog #007844), which leads
to the excision of the promoter-driven cassette (L1L2_BACT_P) flanked
by the FRT sites but preserves the two loxP sequences flanking the exon 3
of Htt. For the generation of the conditional knock-out mice used in this
study, homozygous mice carrying the floxed exon 3 of Htt, hereafter
called Htt ™, were subsequently mated with hemizygous mice expressing
Cre recombinase from the promoters Gsx2-Cre (The Jackson Labora-
tory, catalog #025856) and Nkx2.1-Cre (The Jackson Laboratory, catalog
#008661). As controls, we used Htt ™ littermate mice lacking the corre-
sponding Cre driver construct. Accordingly, our mating schema con-
sisted of either Htt™ X Htt™;Gsx2-Cre or Htt™ X Htt™;Nkx2.1-Cre
mice. For fate-mapping experiments, our mutant mice also carried the
fluorescence reporter gene, ZsGreen (C57BL/6 RCL-ZsGreen; The Jack-
son Laboratory, catalog #007906). The Nkx2.1-Cre and Gsx2-Cre mice
were C57BL/6 and demonstrated to have similar weight profiles, behav-
ioral performances, and histological features to those displayed by Htt
control mice. The original strain of the R26-FLPo was 129S4/Sv]JaeSor,
which, before its use in our studies, was outbred in house by backcrossing
for >10 generations with C57BL/6 wild-type mice. For genotyping, we
used standard PCR-based methods from genomic DNA isolated from tail
samples. Accordingly, we use the following primers: (1) Htt™: 5'-
GGGCGGGCTTAGCTTGTTGGAT-3" (forward) and 5-GTGGACT
GTGGTGAGCAGCAT-3' (reverse); (2) Nkx2.1-Cre: 5'-CTCTGGTGG
CTGCCTAAAAC-3" (forward) and 5'-CGGTTATTCAACTTGCA
CCA-3" (reverse); (3) Gsx2-Cre: 5'-AGGTACAGGAGGTAGTCCC
TC-3" (forward) and 5-TTGGCGCGCCTGTGAAGCGTTGGACAGA
GGCCC-3" (reverse); and ZsGreen: 5'-AACCAGAAGTGGCACCT
GAC-3' (forward) and 5'-GGCATTAAAGCAGCGTATCC-3’ (reverse).


https://www.i-dcc.org/imits/targ_rep/alleles/18237/escell-clone-genbank-file
https://www.i-dcc.org/imits/targ_rep/alleles/18237/escell-clone-genbank-file
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Figure1. Schematicof the molecular strategy for the generation of a huntingtin-null mice and the corresponding spatial pattern of neural cells derived from the Gsx2 and Nkx2.1 lineages. A, The
endogenous huntingtin gene was targeted via homologous recombination generating ESCs with a huntingtin allele carrying a loxP floxed exon 3 and a FRT floxed 3-Gal)/Neo cassette within intron
2.We generated chimeric mice by blastocystinjection and, later, their corresponding progeny were screened with PCR to identify mice carrying the targeted allele. Toremove the 3-Gal/Neo cassette,
these mice were crossed with a FLPo-deleter strain, thus generating mice carrying the conditional knock-out (KO) allele (Htt ™). Crossing this line with mice expressing Cre-recombinase produce the
conditional huntingtin-null mice used in this study (KO allele). B and C correspond to 1-month-old forebrain coronal sections showing Gsx2 (B) and Nkx2.1 (€) lineages with the inducible fluorescent
reporter ZsGreen. LV: Lateral Ventricle; STR: Striatum; GP: Globus Pallidum. Scale bars in B and € correspond to 500 wum.

All experimental procedures were performed according to the National
Institutes of Health’s Guidelines for the Care and Use of Laboratory Ani-
mals and were in accordance with protocol approval from the Institu-
tional Animal Care and Use Committee of the Albert Einstein College of

Medicine (protocol #21131207). Mice were housed in a temperature-
controlled barrier facility with lighting kept on a fixed 12 hlight and 12 h
dark cycle and with access to water and food ad libitum. Each experimen-
tal mouse cohort used in our studies had a 1:1 male:female ratio.
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Behavioral tests

Motoric and neuropsychiatric tests were performed in both female and
male mice longitudinally at 3, 9, and 12 months of age with the open-
field, balance beam, rotarod, and dark-light box tests. All tests were
performed after 1 h of acclimation in the testing room during the light
cycle.

Open-field test. Mice were placed in an opaque opalescent acrylic (16
square inches) and allowed to freely explore the arena for 10 min, during
which time voluntary locomotion (total distance traveled in centimeters)
and explorations were recorded and thereafter analyzed using Ethovision
software (Noldus).

Balance beam test. Motor coordination deficits were measured as the
number of slips made while traversing a rectangular wooden beam as
described previously (Arteaga-Bracho et al., 2016). Before the test, all
mice were pretrained on a wide plank (3 cm) to encourage reliable cross-
ing. The start side was brightly illuminated and the end side had a small,
darkened chamber to encourage the mice to cross. Immediately after
pretraining, missteps (slips as defined by when the paw slipped below the
midline of the beam) were assessed on a 1.5-cm-diameter beam.

Rotarod test. Each mouse was placed on the rotarod with increasing
speed, from 0 to 10 cm's ~ ' (increasing by 0.2 cm s ~ ' every 6 s) for 300 s.
Each mouse received 3 trials a day for 3 consecutive days. The latency to
fall off the rotarod within this time period was recorded.

Dark-light box test. Each mouse was placed in an arena split into a lit
compartment (27 X 27 X 30 cm), which was illuminated by a 60 W bulb
(~400 lux) and a dark compartment (18 X 27 X 30 cm) with no light
exposure. The two compartments were connected through an exit hole
and the animal could move freely between compartments. Each tested
animal was placed into the lit compartment facing away from the open-
ing and allowed to freely explore the chambers for 10 min. Total distance
covered in the illuminated compartment, the time and number of visits
to this compartment, as well as the latency to enter the dark compartment
were recorded and analyzed.

Tissue processing and immunostaining

Under deep anesthesia, mice were perfused transcardially with ice-cold
0.25 mg/ml heparin in PBS (10 ml), followed by PFA 4% (50 ml), and
their brains thereafter harvested. For histological techniques, the brains
were then postfixed overnight in PFA 4% and incubated in sucrose (20%)
until total submersion, subsequently flash frozen in a cryomatrix embed-
ding medium and stored at —80°C until use. For histological (Nissl) and
immunostaining procedures, postnatal specimens were cryosectioned at
25 pum and tissue slices were processed as floating sections. Each fore-
brain coronal section from the bregma 1.1 mm (corresponding to the
region showing the rostral tip of the corpus callosum genu) to bregma
—2.3 mm (corresponding to the region showing the caudal end of the
caudo-putamen nuclei) was individually harvested in 48-well culture
plates containing a cryopreservative (30% sucrose, 1% polyvinyl-
pyrrolidone, 30% ethylene glycol in TBS). For the selection and matching
of control and conditional knock-out floating sections, these were care-
fully examined and compared under a stereomicroscope using section-
specific neuroanatomical landmarks as delineated by the Franklin and
Paxinos mouse brain atlas (Frankin and Paxinos, 2008). Accordingly,
from the coronal section corresponding to bregma 0, 5 tissue slices were
sampled, each 500 wm apart, thus providing specimens referring to 0,
—0.5, —1, —1.5, and —2 mm bregma sections. For immunostaining,
depending on antibody host species, the tissue was blocked with PBS
solution containing of 0.1% Triton X-100, 1 M glycine, 1% BSA, and 10%
goat or donkey serum. Primary antibody incubations were performed
overnight at 4°C in PBS solution containing 0.1% Triton X-100 and 0.1%
BSA. Secondary antibody incubations were performed at room temper-
ature for 1 h. We used 3,3’-diaminobenzidine (DAB)-based chromo-
genic methods for immunostaining procedures involving SST antibodies
(Vector’s peroxidase substrate and ABC kits, SK-4100 and PK-6100, re-
spectively) following manufacturer instructions. Primary antibodies:
choline-acetyltransferase (ChAT) (goat anti-ChAT, 1:1000, Millipore,
catalog #AB144), CR (rabbit anti-CR, 1:300, Thermo Fisher Scientific,
catalog #MA5-14540), DARPP32 (mouse anti-DARPP32, 1:100, Santa
Cruz Biotechnologies, catalog #271111), Foxp2 (rabbit anti-Foxp2, 1:50,
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Santa Cruz Biotechnologies, catalog #66897), GFAP (mouse anti-GFAP,
1:700, BD PharMingen, catalog #556327), Htt (rabbit anti-Htt, 1:500, Cell
Signaling Technologies, catalog #5656), PV (mouse anti-PV, 1:300,
Sigma-Aldrich, catalog #P3086), Reln (goat anti-Reln, 1:500, R&D Sys-
tems, catalog #AF3820), and SST (rat anti-SST 1:500, Millipore, catalog
#MAB354). Alexa Fluor-conjugated secondary antibodies (Invitrogen)
were diluted at 1:1500.

Electron microscopy

For electron microscopy techniques, perfused brains (see “Immunohis-
tochemistry” section) were sliced (1 mm thick), fixed for an additional
hourin asolution composed of 2% PFA and 2.5% glutaraldehyde in 0.1 m
cacodylate buffer, and then rinsed in this buffer. Samples were thereafter
osmicated with 1% osmium tetroxide for 1 h, rinsed in buffer, then water,
and incubated with 2% uranyl acetate for 1 h. Specimens were subse-
quently dehydrated in alcohol mixtures and embedded in Epon LX112.

Image analyses

Bright-field (Nissl and DAB staining) and fluorescent microscopic im-
ages were acquired on an Olympus BX51 fluorescence microscope/
Sensicam-PCO camera system. High-resolution microscopy in Figure 2,
C-F', was performed on a Zeiss LSM880/Airyscan system. Neuronal spe-
cies stained with Nissl were quantified in 34,450 um 2 fields located in the
dorsolateral aspect of the striatum in coronal sections corresponding to
0, —0.5, —1, —1.5, and —2 mm bregma locations. The density of cells
throughout sample sections examined was then estimated using the
NvVref stereological method (West, 1999). For motor cortex cellular
quantifications, we used a region of interest (ROI) conforming to a 150-
um-wide column encompassing the cortical plate (from the external
capsule white matter tract to the apical zone). For cellular quantifications
within the striatum and GP, ROIs were obtained by outlining these nuclei
closely following their contours using as a reference the Allen Brain Atlas
(Allen Institute). The number of targeted cells were then quantified
within each ROI and divided by the corresponding region to estimate
density using Image]J software (Schneider et al., 2012). Data per biologi-
cal replicate from both hemispheres was averaged. For cell quantifica-
tions involving double labeling, immunostained cells were counted for
each fluorescence channel separately and overlaid images were used to
account for coexpression. Transmission electron microscopic photo-
graphs were acquired on a Jeol 1400/Gatan Orius SC1000B camera sys-
tem. We examined two sections per block (two blocks per biological
specimen, each corresponding to left and right subcortical nuclei) at a
distance of 50 wm from each other in the rostrocaudal axis mounted on
3.05 mm copper mesh grids. Within each copper grid, the four open areas
of 10,400 wm? each clustered around the center mark of the grid were
selected for the quantitation of degenerative cells. Cells with degenerative
morphology were defined by the presence of electron-dense nucleus and
cytoplasm, clumping of chromatin, swelling of the cisternae of the endo-
plasmic reticulum and of Golgi, and ruffling of the plasma membrane.

Quantitative real-time PCR (qRT-PCR)

We used qRT-PCR to study the efficiency of the CRE-mediated exci-
sional recombination at the genomic level. To accomplish this goal,
genomic DNA was purified using standard phenol: chloroform: isoamyl
alcohol from striatal samples obtained by microdissection from tissue
slices sectioned 250 wm thick (n = 8 biological replicates per genotype).
Thereafter, 100 pg of DNA was mixed with the PowerUP SYBR Green
Master Mix (Applied Biosystems, catalog #A25742) and run in an ABI
7000 Real-Time PCR system (Applied Biosystems) using primers target-
ing the floxed exon 3 region in Hit (forward: 5'-GTCATCAAAGTA-
AGCGCCCC-3'; reverse: 5'-CCAAGCCACATGCCCAAAAT-3") and
the housekeeping gene, HPRTI (forward: 5'-agcaggtgttctagtcctgtgge-3';
reverse: 5'-gcgacaatctaccagagggtagge-3'). To reduce technical variability,
each biological replicate was loaded as triplicates. Data collection and
quality assessment were performed using 1.1 RQ Software (Applied Bio-
systems) and Statistical comparisons were made using the Pair Wise
Fixed Reallocation Randomization test (PWFRR) (Pfaffl et al., 2002).

Experimental design and statistical analyses
Given the design similarities, we estimated our sample size based on our
previous work using Htt hypomorph mice (Arteaga-Bracho et al., 2016).
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Figure2. Creexpressionfrom Gsx2and Nkx2.1 promoterslead to excisional recombination of huntingtin in Htt ™ mice. 4, B, Coronal sections of 1-month-old forebrains comparing the expression
of huntingtin in the striatum (STR) and GP of control (4) and Htt ™:Gsx2-Cre (B) mice. €, D, Confocal microscopy sections immunostained against Htt and the MSN marker DARPP32. ', D',
Higher-magnification areas of insets in Cand D, respectively, showing the differential expression of huntingtin within the cell body of control and Htt ™Gsx2-Cre MSNs (outlined area). E, F, Tissue
sectionsimmunostained against Htt and the interneuron marker PV in 1-month-old striata of control and Htt ™;Nkx2.1-Cre mice. £, F, Higher-magnification areas of insets in £ and F, respectively,
showing the differential expression of Htt within the cell body of control and Htt ™:Nkx2.1-Cre PV ™ inteeurons (outlined area). Scale bars in B, D—F, and D’ —F’ represent 500, 5, and 3 um,

respectively.

Correspondingly, the effect size and variances from that study were cal-
culated post hoc using G*Power software (Faul et al., 2009) and thereafter
used as input to determine the minimal sample size required for behav-
ioral and cellular comparisons at a statistical power of 0.8. Except for
weight, because our initial analyses did not yield sex-specific differences,
the sexes were pooled for further analyses. Mean comparisons between

two independent experimental groups were performed using unpaired
Student’s t tests, whereas for dependent experimental groups such as
comparison between two time points, the two-tailed paired Student’s ¢
test was used. Mean comparisons between more than two experimental
groups were made with one-way ANOVA F tests. Mean comparisons
between experimental groups for the latency to fall over trial/time (ro-
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tarod) were performed using repeated-measures ANOVA F tests. Com-
parisons of weight over the time were done using regular two-way
ANOVA F tests. Mean comparisons of neurons throughout the rostro-
caudal axis of experimental groups were performed using two-way
ANOVA F tests followed by the two-stage linear step-up Benjamini—
Kriger—Yekutieli (BKY) procedure to compare specific mutant versus
control coronal sections. The rest of the post hoc analyses were performed
using the Tukey’s multiple-comparisons test (each p-value was adjusted
to account for multiple comparisons). Analyses of proportions (e.g., per-
centage of degenerative cells, ZsGreen * cells) were accomplished with
two-tailed y? tests and those of survival curves with the Mantel-Cox x>
test. All statistical analyses were performed using GraphPad Prism soft-
ware. Statistical tests were considered significant at a two-tail p-value <
0.05, with p-values, statistical test (¢ or F, for Student’s t test and ANOVA,
respectively) and sample sizes (1) reported in the Results section. Unless
otherwise indicated, all mean variability measures correspond to SEM.
All analyses were double blinded.

Results

Generation of the conditional knock-out huntingtin models
To generate the Htt-floxed mouse strain, we microinjected the
C57BL/6N ESC clone EPD0635_1_E02, produced by homolo-
gous recombination by the EUCOMM/IKMC program (Skarnes
etal., 2011), into blastocysts. The endogenous Htt gene (assembly
GRCm38) in EPD0635_1_E02 ESC clones contains a loxP floxed
exon 3 (ENSMUSE00000185595) plus an FRT-flanked (3-galac-
tosidase/neomycin cassette within intron 2 (Fig. 1A). Mice con-
taining this gene construct were later identified by PCR among
the progeny of chimeric specimens. To prevent any confounding
effect associated with the presence of the B-Gal/Neo cassette in
intron 2, this was excised by mating our mutant mice with
flippase-expressing mice R26-FLPo (The Jackson Laboratory,
catalog #007844).

To conditionally ablate Htt in the lateral and medial gangli-
onic eminences (LGE and MGE, respectively) lineages, Htt™
mice were mated with Gsx2-Cre (The Jackson Laboratory, cata-
log #025856) and Nkx2.1-Cre (The Jackson Laboratory, catalog
#008661) mice, respectively. We confirmed that Cre recombina-
tion recapitulated the spatial profiles of the Gsx2 and Nkx2.1
progeny by mapping these lineages with an inducible reporter
(RCL-ZsGreen; The Jackson Laboratory, catalog #007906).
Mapped cells in Gsx2-Cre;RCL-ZsGreen followed the typical
spatial pattern for this lineage, with high reporter expression in
the basal ganglia, where it mainly corresponds to oligodendro-
cytes and MSNs, and in the cortex, where it corresponds to oli-
godendrocytes and interneurons (Fig. 1B) (Kessaris et al., 2006;
Fogarty et al., 2007). The high reporter expression within the
Gsx2-Cre;RCL-ZsGreen GP was mainly accounted for by axonal
projections from striatal MSNGs. In a similar fashion, mapped cells
in Nkx2.1-Cre;RCL-ZsGreen also followed the anticipated spatial
pattern of the Nkx2.1 lineage, with a scattered profile within stri-
atal and cortical areas corresponding to interneurons subtypes
and enhanced expression within the GP, where a great number of
neuronal species within this nucleus are labeled (Fig. 1C).

We further examined the expression of Htt in Htt x.Gsx2-Cre
and Htt ™Nkx2.1-Cre sections (Fig. 2). Although expression of
Htt was greatly reduced in the basal ganglia of Htt™;Gsx2-Cre
specimens, residual expression was still observed in the striatal
parenchyma (Fig. 2A,B). Because Htt is pan-neuronally ex-
pressed and it is additionally found throughout all cellular com-
partments, including the axolemma and axon terminals, it is
likely that residual expression of Htt in Htt™;Gsx2-Cre striata
corresponds to neuronal projections from extrastriatal sources.
Moreover, the striatum also contains non-Gsx2-derived cells, in-
cluding interneurons and glial species actively expressing hun-
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tingtin. Therefore, to further confirm the absence of Htt in
striatal MSNs, we performed high-resolution confocal micros-
copy in sections immunostained against Htt and the striatal MSN
marker DARPP32 (Fig. 2C-D"). Accordingly, the expression of
Htt was absent in Htt ™;Gsx2-Cre MSNs, thereby confirming the
adequacy of the excisional recombination. Similarly, the expres-
sion of Htt was absent in Htt ™Nkx2.1-Cre cells expressing the
interneuron marker PV (Fig. 2E-F’), a neuronal lineage exclu-
sively derived from the Nkx2.1 germinative zone. We further
examined the efficiency of Cre-mediated excisional recombina-
tion usinga qRT-PCR approach with primers targeting the floxed
sequence within the huntingtin gene. To accomplish this goal, we
collected DNA from adult Htt ™;Gsx2-Cre striatal specimens us-
ing microdissection techniques (1, genotype = 8)- This genomic
approach, in contrast to Western blot procedures, prevents the
bias that is introduced by the source of Htt protein from extras-
triatal axonal processes. Compared with controls, there was a
70% reduction in the quantity of amplicons generated from the
floxed genomic region of Htt in the Htt™;Gsx2-Cre striatum
(relative quantification = 0.31 = 0.25, p < 0.0001), thus provid-
ing additional evidence of proper levels of Cre-mediated recom-
bination in our Htt™ mice. The remaining amplicon that was
detected in Htt™;Gsx2-Cre specimens likely corresponds to lin-
eages other than the Gsx2, including Nkx2.1-derived interneu-
rons, Emx1-derived glial and neuronal species, microglia, and
endothelial cells.

Subpallial ablation of Htt differentially affects weight, seizure
susceptibility, and survival
Progressive body weight loss is one of the most characteristic
features of HD. This is a consequence of a plethora of metabolic
abnormalities, which include substantial hypothalamic altera-
tions (Petersén and Bjorkqvist, 2006; van Wamelen et al., 2014).
Because the Gsx2 and Nkx2.1 germinative niches contribute to
several hypothalamic neuronal lineages and weight abnormalities
have been reported in several HD models (Ferrante, 2009), we
followed the weight of Htt™;Gsx2-Cre and Htt™;Nkx2.1-Cre
mice throughout their first year of life. Measures of weight were
comparable between 1-month-old control and mutant mice (Fig.
3 A, B); however, as the mice aged, clear differences distinguished
these groups. Htt™;Gsx2-Cre mice of each sex consistently ex-
hibited age-dependent lower body weight than controls, particu-
larly from the age of 8 months forward (genotype X age
interaction, two-way ANOVA F 55 = 2.003, p = 0.043 and
Fio,140) = 2.733, p = 0.0057 for male and females, respectively;
Fig. 3A). Conversely, the weight deficits in Htt™;Nkx2.1-Cre
mice proved to be greater and appeared earlier in both male
(two-way ANOVA Fg 34 = 10.2, p = 7.19E-12) and female
(two-way ANOVA Fg 145) = 33.6, p = 1.44E-31) mice compared
with controls. However, Htt ™;Nkx2.1-Cre weight deficits seem
to not worsen over the time (genotype X age interaction two-way
ANOVA Fg 45, = 0.718,p = 0.693 and F 5, = 1.47, p = 0.334
for male and females, respectively; Fig. 3B). It is possible that this
pattern of weight loss is exclusively explained by loss-of Htt func-
tion effects in subpallial-derived hypothalamic lineages and that,
for the occurrence of further age-associated weight decline, the
contribution of additional systemic metabolic factors is necessary
(e.g., mitochondrial defects, skeletal muscle pathology).

Similar to our previous studies using mice expressing low lev-
els of Htt only during development (Arteaga-Bracho et al., 2016),
the ablation of Htt in either the Nkx2.1 or the Gsx2 cell lineage
also led to handling-induced seizures. These were characterized
by alternating clonic movements of forelimbs and head, facial
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myoclonus, and flagpole tail dorsiflexion, followed by intermit-
tent eye blinking, immobility, and head nodding. Among animals
followed for 1 year, seizures were particularly frequent and severe
in Htt™;Nkx2.1-Cre mice (63.1%, 12/19) compared with Hitt ™
Gsx2-Cre mice (10.5%, 2/19), whereas none was detected in con-
trols (0/42). Interestingly, the R6/2 HD model, which display an
aggressive and rapidly progressing phenotype, exhibit high pre-
disposition to seizures (Parievsky et al., 2012). Moreover, epilep-
tic seizures are a common comorbidity in juvenile forms of HD
(Cloud et al., 2012).

Both Htt™;Gsx2-Cre and Htt™;Nkx2.1-Cre mice were ob-
tained at the anticipated Mendelian ratios at birth and were later
found to be viable and fertile. However, Htt™;Gsx2-Cre mice,
but not Htt™;Nkx2.1-Cre mice, exhibited significantly higher
mortality rates during adult life, with only 35.3% (*=11.6 SEM),
reaching 12 months of age, compared with 83.3% (%5.7 SEM) in
controls (survival curve comparisons Mantel-Cox x> = 14.9, 1
df, p = 0.0001; Fig. 3C). Although seizure episodes have been
linked to premature death in the R6/2 HD transgenic mouse
model (Cepeda-Prado etal., 2012), it is unlikely that these explain
the higher mortality rate in our conditional knock-out models
because none of our mutant mice died after a handling-induced
seizure episode and the death rates did not conform to the differ-
ential seizure frequencies, which were considerable higher in
Htt™;Nkx2.1-Cre mice compared with Htt fx.Gsx2-Cre mice.

Ablation of huntingtin in the Gsx2 and Nkx2.1 lineages result
in motor deficits and anxiety-like behaviors

Progressive deficits in motor functions are among the most de-
bilitating neurological features of HD. Our previous studies have
shown that pan-neural loss of Htt function during the murine
developmental period leads to motor deficits and hyperkinetic
phenotypes expressed during adult life (Arteaga-Bracho et al.,
2016). Consistent with our findings, a more recent study reported
that deletion of Htt in pallial lineages also results in hyperactivity
and motor deficits (Dragatsis et al., 2018). To define whether the
selective loss of Htt function in subpallial-derived lineages con-
tribute to HD-like motor abnormalities, we examined motor co-
ordination and free locomotion using the balance beam, rotarod
and the open-field tests, respectively. Compared with controls,
12-month-old, but not younger, Htt™;Nkx2.1-Cre (f,4 =
3.676; p = 0.0006; n = 31 control and 15 mutant) and Htt™;
Gsx2-Cre (t39) = 5.954; p = 5.99E-07; n = 31 control and 10
mutant) mice exhibited a greater number of foot slips while tra-
versing the elevated beam (Fig. 4A), suggesting age-dependent
motor coordination deficits. At odds with the balance beam per-
formance, 9-month-old and older Htt™;Gsx2-Cre mice para-

doxically showed age-dependent increases in the latency to fall in
the rotarod test compared with controls (9 months: F; 54 = 5.9,
p = 0.02, n = 27 control and 13 mutant; 12 months: F, ,,) =
16.4, p = 0.0005, n = 18 control and 6 mutant; Fig. 4B). However,
the Htt™;Gsx2-Cre latency to fall at trial 1/day was comparable to
that of controls (Tukey’s multiple-comparisons test adjusted p-val-
ues = 0.924 and 0.506 for 9 and 12 months of age, respectively),
suggesting that rotarod performance in these mice likely resulted
from compensatory mechanisms associated with motor learning
(Feigin et al., 2006; Holtbernd et al., 2016). In addition to motor
changes, both Htt™;Gsx2-Cre and Htt™;Nkx2.1-Cre mice ex-
hibited very robust hyperkinetic phenotypes from the age of 3
months, as indicated by significant increases in the total distance
traveled (F(, 55y = 76.9; p = 5.54E-16; n = 16 control, 16 Het™;
Nkx2.1-Cre and 7 Htt ™;Gsx2-Cre) and in associated locomotion
speed (F, 35y = 32.45; p = 8.77E-09; two-way ANOVA) within
the open field arena when compared with controls (Fig. 4C).
Neuropsychiatric symptoms, including anxiety, are com-
monly detected early during the premanifest phase of HD (Dale
and van Duijn, 2015; Martinez-Horta et al., 2016; Ahveninen et
al., 2018; Honrath et al., 2018). Moreover, anxiety-like behaviors
are among the earliest and most robust traits observed in a diverse
array of HD animal models (File et al., 1998; Hickey et al., 2008;
Menalled et al., 2009; Renoir et al., 2011; Orvoen et al., 2012; Hult
Lundh et al., 2013). Noteworthy, recent studies of HD patients
have found a strong association between neuropsychiatric symp-
toms and deficits in the number of forebrain interneurons (Kim
etal., 2014). As this cellular lineage derives from ventral Gsx2 and
Nkx2.1 germinative niches, we examined for anxiety-like behav-
iors in our conditional null mice. The Open-field test showed that
both Htt™;Gsx2-Cre and Htt™;Nkx2.1-Cre mice displayed
strong thigmotaxis patterns (preferential locomotion along the
peripheral walls of the arena), resulting in reductions in the time
mice spent in the central region of the arena (F, ,5, = 23.6;p =
7.91E-10, Fig. 4 D, E). This locomotion pattern typically under-
lies anxious states (Simon et al., 1994). Thigmotaxis, though
stronger at younger ages, remains detectable throughout the
life of the mice. Consistently, both conditional knock-out strains
also exhibited anxiety-like behaviors in the Dark-light box test, as
indicated by shorter latency to enter the dark chamber (F, 55, =
6.973; p = 0.002) and longer time spent in the dark chamber
(Fa,61) = 15.87; p = 2.82E-06; Fig. 4F). The anxiety behavior in
mutant mice is such that it acts to suppress the hyperkinetic
phenotype associated with free locomotion, as is accounted for by
the significant reduction in total distance traveled within the
lighted arena of the dark-light box (6.9 = 1.3, 8.5 = 2.4 and
21.9 *+ 2 for Htt™Nkx2.1-Cre, Htt™;Gsx2-Cre and control
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Figure 4.  Ablation of huntingtin in ventrally derived lineages leads to motor abnormalities and anxiety-like behaviors. 4,
Number of slips (motor coordination) measured as the number of paw slips performed by 12-month-old mice while traversing the
beam length of the balance beam test. B, Rotarod performance/trial/d at 3—12 months of age. €, Distance traveled and the average
locomotion velocity of mice in the open-field test from 3 to 12 months of age. D, E, Representative tracing images of 3-month-old
mice in the open-field arena (D) and the fraction of time ==SEM that these mice spent at the center of the arena (E). F, Graphs
showing the latency exhibited by 3-month-old mice of entry for the first time into the dark chamber in the dark—light box test and
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mice, respectively; F, ) = 15.87; p =
2.82E-06). Overall, these findings demon-
strate that selective loss of Htt in subpallial
cellular species leads to a strong anxiety-
like phenotype.

Ablation of huntingtin in subpallial
lineages leads to late-onset
degeneration in the basal ganglia but
not in the cortex

At 1 month of age, the striatal size, cellular
density, and neurochemical compart-
mentalization (striosome vs matrix) was
comparable between mutant (Htt™;
Gsx2-Cre and Htt™Nkx2.1-Cre) and
control specimens. However, by 12 months
of age, stereological studies based on
Nissl staining of striatal coronal sections
from bregma 0 mm to —2 mm sections
showed significant neuronal loss in Htt™;
Gsx2-Cre mice compared with controls
(5.6E+3 £ 0.2E+3 vs 74E+3 £ 0.4E+3
neurons X mm?, respectively; to) = 4.02,
p = 0.0031; » = 6 mutant and 6 control).
Striatal cell loss in Htt™;Gsx2-Cre speci-
mens was limited to the caudal aspect of
this nucleus (two-way ANOVA F, ,5, =
41.84, p = 6.28E-8, two-stage BKY p-val-
ues = 0.31, 0.11, 0.28, 0.002 and 0.0001
for bregma sections 0, —0.5, —1, — .5,
and —2 mm, respectively; Fig. 5A,B,E)
and was accompanied by reductions in as-
sociated DARPP32 immunoreactivity
(Fig. 5C,D). The degenerative process of
the Htt™;Gsx2-Cre posterior striatum
was accompanied by ex vacuo dilation of
the lateral ventricles and intensive astro-
gliosis that was observed in all 12-month-
old cases that we reviewed (n = 10),
whereas none was observed among con-
trols (n = 12) (Fig. 5F, G). Similarly, our
stereological analyses showed that 12-
month-old striatum of Htt ™;Nkx2.1-Cre
mice have fewer neuronal species com-
pared with controls (6.4E+3 = 0.3E+3 vs
8.8E+3 = 0.5E+3 neurons X mm?, re-
spectively; tq) = 3.49, p = 0.0081; n = 4
mutant and 6 control). However, in con-
trast to Htt™;Gsx2-Cre specimens, neu-
ronal cell loss was readily detected
throughout the rostrocaudal axis of the
Htt™Nkx2.1-Cre  striatum  (two-way
ANOVA Fj 4, = 31.57, p = 1.62E-6,
two-stage BKY p-values = 0.036, 0.0109,
0.0037, 0.0304, and 0.0201 for bregma
sections 0, —0.5, —1, —1.5, and —2 mm,

<«

the amount of time these mice spent within this section. Each
dot in graphs A and F corresponds to individual biological rep-
licates. Experimental group categories depicted in A-C, E, and
F contain no <<10 biological replicates each. *p < 0.001.
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Absence of huntingtin in the Gsx2 lineage leads to late life neuronal loss in the caudal striatum. 4, B, Coronal sections at bregma — 1.5 mm of 12-month-old brains stained with Nissl.

The striatum is outlined with dotted red line. €, D and F, G correspond to specimens of the same striatal region immunostained against DARPP32 and GFAP, respectively. E, Graph comparing the
average of neuronal species stained with Niss| at different bregma coronal sections. STR, Striatum; LV, lateral ventricle. In E, *p << 0.0001. Scale bars in A, Band C, D, F, G correspond to 500 and 250

Jum, respectively.

respectively; Fig. 6A—C). Although cell loss in Htt ™;Nkx2.1-Cre
striatum was not as severe as that observed in the caudal Htt™;
Gsx2-Cre striatum, this was accompanied by the presence of
numerous cells showing the typical electron microscopy neuro-
degenerative morphology (., = 5.28, p = 1.75E-06, pool of 16
fields/replicate, n = 2 per genotype; Fig. 6D—F ). Moreover, Htt fx,
Nkx2.1-Cre specimens stained with Nissl also exhibited severe
neuronal loss within the GP (21.6 = 3.9 vs 40.7 * 2.6 neurons X
mm” for mutant and control, respectively; f,o) = 4.01, p =
0.0025, n = 6 per genotype), which exhibited a significantly larger
number of degenerative cells than in controls (¢, = 5.16, p =
2.69E-06, pool of 16 fields/replicate, n = 2 per genotype; Fig. 6D).
Indeed, taking into account the differential neuronal density of
the striatum versus GP (60 to 1, respectively), the latter exhibits
greater degrees of neurodegeneration than the former. Interest-
ingly, the Htt™;Nkx2.1-Cre GP not only shows neurons with
typical degenerative morphology, but also neurons featuring nu-
merous cytoplasmic vacuoles containing electron-dense granular
cores or lamellar bodies, as well as vacuoles with amorphous
electron translucent content (Fig. 6G-I), altogether characteris-
tic cellular traits of granulovacuolar degeneration (Okamoto et
al., 1991; Kohler, 2016). Moreover, we also observed the focal

occurrence of multivesicular bodies within Htt ™;Nkx2.1-Cre GP
axonal processes, suggesting the existence of axonal spheroids.
Finally, we investigated whether the selective ablation of Htt in
subpallial lineages has detrimental effects in the long-term sur-
vival of cortical neurons. At variance with the basal ganglia, the
number of neuronal species per square millimeter counted with
Nissl staining within the 12-month-old motor cortex of Hiet™;
Gsx2-Cre mice (2092 = 92 vs 2223 *+ 138 for control and mutant,
respectively; ¢ = 0.78, p = 0.453, n = 5 per genotype) and
Htt ™;Nkx2.1-Cre mice (2966 + 118 vs 3004 = 174 for control
and mutant, respectively; 5, = 0.179, p = 0.862, n = 5 per
genotype) was comparable to those in controls. Cortical pathol-
ogy in HD is particularly more severe in the deep layers; therefore,
to increase the sensitivity of our quantitative examinations, we
focused on this region. In a similar fashion, our Nissl prepara-
tions did not identify differences within this cortical region be-
tween our null models and controls (Htt™;Gsx2-Cre: 2184 = 127
vs 2351 & 1265 £4) = 0.93, p = 0.378; Hitt ™;Nkx2.1-Cre: 2990 +
116 vs 3055 * 113; t4) = 0.401, p = 0.698; n = 5 per genotype).
Likewise, immunostaining against Foxp2, which in cortex selec-
tively label pyramidal neurons within layer VI, neither detected
differences between null models and controls (Htt™;Gsx2-Cre:
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2100 £ 136 vs 2066 * 1365 t5) = 0.176, p = 0.864; Htt ™;Nkx2.1-
Cre: 2293 * 126 vs 2457 = 61; t(g) = 1.17,p = 0.275; n = 5 per
genotype). Overall, these findings indicate that cell viability
within the motor cortex of Htt ™;Gsx2-Cre and Nkx2.1-Cre mice
is not affected.

Htt ™;Nkx2.1-Cre GP exhibits an aberrant complement of
GABAergic neurons early in life and age-dependent loss of
‘prototypical’ neurons

The GP consists of two major GABAergic projection cell types,
the “prototypic” neuronal type, which express PV, and the
“arkypallidal” neuronal type, which express the transcription fac-
tor Foxp2 (Mallet et al., 2012; Abdi et al., 2015). Given the neu-

ropathological changes observed in Htt™;Nkx2.1-Cre mice, we
next interrogated the characteristics of these GABAergic cells us-
ingimmunostaining techniques. At 1 month of age, there were no
numerical differences in PV * prototypic neurons between con-
ditions (t,5) = 0.62, p = 0.54, n = 5 control and 7 mutants; Fig.
7A,B,E). However, at this time, the density of PV processes in
the Htt ™;Nkx2.1-Cre GP was greatly reduced (Fig. 7 F, G). More-
over, compared with 1-month-old specimens of the same geno-
type, 12-month-old Htt™;Nkx2.1-Cre GP mice had significant
fewer of PV " prototypical cells (¢4, = 3.47, p = 0.025, n = 5 per
genotype), as well as fewer PV "' cells compared with age-
matched controls (t,4) = 3.04, p = 0.012; n = 7 control and 5
mutant; Fig. 7C-E). Furthermore, consistent with the electron
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microscopic observations, Htt ™;Nkx2.1-Cre PV * cell processes
appeared dystrophic, frequently displaying spheroid bodies (Fig.
7D, arrowheads). These data are indicative of age-dependent loss
of PV prototypical cells in Htt™;Nkx2.1-Cre specimens.
Conversely, the number of arkypallidal Foxp2* projection
neurons in the 1-month-old GP of Htt™;Nkx2.1-Cre mice was
significantly higher than in controls (¢,,,, = 3.38, p = 0.007; n =
7 control and 5 mutant) and their number remained unaffected
over time (Fig. 7H-L). This finding was not secondary to the
possible reduction in size of the GP parenchyma associated with
the decrease in PV " processes because corresponding raw data
comparisons still showed these cells to be significantly elevated in
Hitt ™;Nkx2.1-Cre GP mice (61.3 + 1.9 vs 51.6 =+ 4.3 cells, respec-
tively, £, = 2.27, p = 0.045). Previous studies have shown that
GP arkypallidal cells derive from the LGE (NGbrega-Pereira et al.,
2010). Therefore, the observed increase complement of these
cells after Htt ablation in the MGE-Nkx2.1 lineage suggests the
occurrence of aberrant cell fate switches from Nkx2.1 neural
stem/progenitor cells, non-cell-autonomous effects on LGE neu-
rogenesis, or both. To begin to elucidate these possibilities, we
fate-mapped GP Foxp2 " cells in Htt™;Nkx2.1-Cre mice using
the RCL-ZsGreen reporter. Consistent with our observations, the
number of Nkx2.1-lineage-derived Foxp2 ™ arkypallidal cells did
not differ between 1-month-old controls and Htt ™;Nkx2.1-Cre

specimens (12.1 = 2.5, n = 5,vs 22.8 = 5.6, n = 7, cells X mm?,
respectively; t,o) = 1.54, p = 0.154). Therefore, the increase of
Foxp2 ™ cells in Htt ™;Nkx2.1-Cre mice is likely associated with
non-cell-autonomous mechanisms. Interestingly, at odds with a
previous literature report (Dodson et al., 2015), we found that the
Nkx2.1 lineage actually contributes ~10% of Foxp2 * arkypalli-
dal cells (10.02%, 95% confidence interval = 5.7—14.3). Interest-
ingly, the fraction of Foxp2 ™ arkypallidal cells was comparable
between Htt ™;Nkx2.1-Cre and control specimens.

Loss of huntingtin in the Nkx2.1 lineage leads to
age-dependent loss of striatal and cortical PV * cells

We next investigated whether Htt ™;Nkx2.1-Cre GP changes in
PV 7 cells extended to other forebrain areas. Compared with con-
trols, the 1-month-old striatum and motor cortex of Htt™;
Nkx2.1-Cre mice exhibited a comparable number of PV ™"
neurons (striatum: t,,, = 1.55, p = 0.15, n = 9 control and 4
mutant; cortex: t5, = 1.14, p = 0.27, n = 11 control and 6
mutant; Fig. 8A, C—E, H). However, compared with controls, the
number of Htt™;Nkx2.1-Cre PV ™ cells decreased significantly
within these areas at 12 months of age (striatum: ¢,,) = 7.78,p =
8.5E-06, n = 8 control and 5 mutant; cortex: ;) = 2.72, p =
0.016, n = 11 control and 5 mutant). Interestingly, the loss of
Htt ™;Nkx2.1-Cre cortical PV ™ neurons in motor areas occurred
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Superficial Deep
Cortical Layer

Ablation of huntingtin in the Nkx2.1lineage leads to age-dependent loss of striatal and cortical PV * neurons. A~Cand E~G depict coronal sections of 12-month-old striatum and motor

cortex, respectively, stained against PV. D, H, Comparative analyses of the number of PV * cells in cross-sections of the striatum and motor cortex at bregma 0.5 mm. I, Graph showing that reductions
in Htt ™Nkx2.1-Cre cortical PV ™ neurons selectively occur in the deep layers. In D, H, I, *p < 0.05. Scale bars in Cand G correspond to 300 and 100 um, respectively.

at the expense of changes in deep layers (5, = 3.86, p = 0.0048,
n = 5 per genotype; Fig. 81), whereas those located in superficial
layers appeared undisturbed (¢4, = 0.88, p = 0.403, n = 5 per
genotype; Fig. 8I). We also investigated whether the ablation of
Htt in the Gsx2 lineage disrupts the population of forebrain PV *
cells and no differences were detected between Htt™Gsx2-Cre
and control mice (Fig. 8A,B,D-F,H).

Ablation of huntingtin in Nkx2.1- and Gsx2-derived lineages
differentially disrupts the number of SST, cholinergic, and CR
striatal and cortical interneurons

Previous studies have shown that forebrain SST interneurons are
derived from both the Nxk2.1 and Gsx2 subpallial lineages. We
investigated whether Htt plays a role in the neurogenesis and
viability of these cells. Although, at 1 month of age, the ablation of
Htt does not have any effect on the number of striatal Hiet™;
Nkx2.1-Cre SST * interneurons (t,4) = 1.99, p = 0.065, n = 10
control and 6 mutant; Fig. 9A, C,G), the number of these cells was
significantly lower in matching Htt™;Gsx2-Cre mice (¢35, =
7.38, p = 5.34E-06, n = 10 control and 5 mutant; Fig. 94, B,G).
Given the dual Nxk2.1 and Gsx2 lineage origin of SST " cells, we
investigated whether compensatory increases from the non-
Nkx2.1-derived SST " lineage explains the lack of differences
among 1-month-old Htt™;Nkx2.1-Cre specimens. To accom-
plish this goal, we traced the Nkx2.1 lineage with the ZsGreen

reporter and further compared the number of SST ™ interneu-
rons after Htt ablation in Nkx2.1-derived cells. This approach
revealed not only that the number of Htt ™;Nkx2.1-Cre SST *
interneurons from an Nkx2.1 origin was significantly lower com-
pared with those in controls (12.8 = 0.5 vs 23.9 = 1.5 cells X
mm?2, respectively; tg) = 6.96, p = 6.61E-05, n = 5 per genotype),
but also that the number of non-Nkx2.1-derived SST * interneu-
rons increased by 61% in Htt ™;Nkx2.1-Cre compared with con-
trols (16.42 * 1.3 vs 10.2 = 0.3 cells X mm?, respectively; to) =
5.33, p = 0.0007, n = 5 per genotype). This indicates that, al-
though ablation of Htt in the Nkx2.1 lineage similarly disrupts
neurogenesis of striatal SST ™ cells, their numbers remain stable
due to compensatory increases from an alternate lineage. Inter-
estingly, the ablation of Htt in the Gsx2 lineage was not associated
with compensatory responses from other lineages. Rather, it ap-
pears that this genetic manipulation repressed somatostatinergic
neurogenesis from the Nkx2.1 lineage (4.96 = 0.83 vs 9.44 * 0.4
cells X mm?, from mutant and control, respectively; #.,, = 4.6,
p =0.0007, n = 4 control and 5 mutant), further exacerbating the
deficit of striatal SST * cells.

In the motor cortex, the number of SST  interneurons was
significantly lower in both 1-month-old Htt™;Gsx2-Cre mice
(t(14y = 2.68, p = 0.017, n = 11 control and 5 mutant) and
Htt ™Nkx2.1-Cre mice (f;5) = 4.11, p = 0.0009, n = 11 control
and 6 mutant) than in controls (Fig. 9D—F,H). The decrease in
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cortical Nkx2.1 SST™ interneurons was
not accompanied by compensatory in-
creases of SST ™ cells from other lineages
(toy = 0.02,p = 0.98, n = 6 control and 5
mutant). Moreover, contrary to Htt-null
PV 7 cells, the ablation of Htt in SST * in-
terneurons did not affect the long-term
survival of these cells in the striatum or
cortex (Fig. 9G,H).

Cholinergic neurons represent an-
other major cellular subtype derived from
the Nkx2.1 germinative zone. We exam-
ined these cells by using the cholinergic
marker ChAT. Compared with controls,
the ablation of Htt in Nkx2.1-derived cells
led to an aberrant increase in the number
of striatal (¢4) = 4.58, p = 0.0018, n = 5
per genotype) and GP (t, = 4.33, p =
0.0049, n = 4 per genotype) ChAT * cells
within the 1-month-old basal ganglia
(Fig. 10). Moreover, control and Hit ™
Nkx2.1-Cre mice displayed a comparable
number of ChAT ¥ projection neurons
within the 1-month-old nucleus of
Meynert (71.2 = 3.6 vs 62.8 = 3.24, re-
spectively, tg) = 1.73,p = 0.121,n = 5 per
genotype), thus indicating that Htt asso-
ciated deficits are cell-type and region
specific, predominantly circumscribed to
cholinergic interneurons subtypes. More-
over, no differences were observed be-
tween 12-month-old control and Htt™;
Nkx2.1-Cre cholinergic cells.

We also performed a parallel series of
immunostaining paradigms to define the
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controls (0.56 = 0.2 vs 2.56 * 0.3, respec-
tively, ¢,3) = 5.12, p = 0.0002, n = 10
control and 5 mutant). These findings
further emphasize that the roles of Htt in
interneuron neurogenesis are both cell
lineage of origin- and interneuron
subtype-context specific.

Figure 9.

Ablation of huntingtin in Nkx2.1- and Gsx2-derived
interneurons negatively affects the number of cortical
Reelin-positive (Reln *) cells

Previous studies have demonstrated that Reln, a glycoprotein
with seminal roles in modulating numerous milestones of neu-
ronal network development, is expressed postnatally in striatal
and cortical GABAergic neurons (Pesold et al., 1998; Sharaf et al.,
2015). We therefore examined the effects of Htt ablation on Reln

12
Age (months)

Age (months) 12

Ablation of huntingtin in the Nkx2.1 and Gsx2 lineages lead to both selective early and late changes in the comple-
ment of striatal and cortical SST * neurons. A~F, Coronal sections at bregma 0.5 mm of the 1-month-old striatum (4—C) and motor
cortex (D—F) immunostained against SST. G, H, Graphs comparing the number of SST* cells in the striatum and motor cortex,
respectively. In G, H, *p << 0.05. Scale bars in Cand F correspond to 250 and 100 rm, respectively.

expression using immunostaining techniques. Reln was highly
expressed throughout the striatum of both control and mutant
specimens because this protein is expressed by all MSNs. How-
ever, the motor cortex of 1-month-old Htt™;Gsx2-Cre (tas) =
3.04, p = 0.0096, n = 10 control and 5 mutant) and Htt™;
Nkx2.1-Cre (t,4) = 9.571, p = 1.6E-07, n = 10 control and 6
mutant) mice exhibited fewer Reln * cells than in controls (Fig.
11A-D). Admittedly, although the reduction in cortical Reln*
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cell is largely a consequence of the decrease in GABAergic in-
terneurons, it is also possible that the expression of this protein is
compromised among Htt-null cells in each corresponding lin-
eage. To interrogate this possibility, we quantified the number of
Reln ™ cells within each lineage using the ZsGreen reporter sys-
tem. In the event that reductions of Reln * cells are only a conse-
quence of the presence of fewer GABAergic interneurons, we
anticipated no differences between mutant and control speci-
mens with regard to the number of double Reln/ZsGreen * cells.
Instead, we observed that the number of cells expressing Reln *
within either the Gsx2 or Nkx2.1 lineage was significantly lower
than in controls (Htt ™;Gsx2-Cre;RCL-ZsGreen mice: ti;y=3.79,
p = 0.0067, n = 4 control and 5 mutant; Htt fx.Nkx2.1-Cre;RCL-
ZsGreen mice: t(,4) = 5.93, p = 0.00014, n = 6 per genotype; Fig.
11 E,F). These findings suggest that, in addition to the reductions
of interneurons, Reln deficits in Htt null mice are also the conse-
quence of impairments in the expression of this glycoprotein
among remaining interneurons.

Discussion

Emerging studies from our group and others have shown that HD
has an important neural developmental component, likely asso-
ciated with loss-of-function mechanisms, that contributes to
disease pathogenesis (Kerschbamer and Biagioli, 2015; Arteaga-
Bracho et al., 2016; Molero et al., 2016; Siebzehnriibl et al., 2018).
However, to date, the cellular substrate and mechanistic under-
pinnings of this developmental component have remained
elusive. In this study, we have interrogated whether loss-of-Htt
function within the cellular progeny derived from two main sub-
pallial (Gsx2 and Nkx2.1) neural lineages account for the occur-
rence of key neurological hallmarks of HD. Despite the
differences between these lineages, the ablation of Htt similarly
resulted in a common spectrum of HD hallmarks (motor and
neuropsychiatric abnormalities as well as basal ganglia neuropa-
thology). These findings are consistent with our previous study
based on the use of a genetic model with loss-of-Htt function
restricted to the neurodevelopmental period (Arteaga-Bracho et
al.,, 2016). In agreement with but extending the findings of this
model, the selective ablation of Htt in Htt ™;Gsx2-Cre and Htt™;

Nkx2.1-Cre mice similarly reproduces key HD features, strongly
indicating that HD-like phenotypes are a consequence of devel-
opmental alterations rather than as a result of the ongoing effects
of the continuous absence of Htt. Overall, this and our previous
studies lend strong support to two important premises: (1) HD
pathogenesis has an important developmental component and
(2) loss-of-function mechanisms operate at the core of this
pathogenic component. These premises have major implications
for the modeling of HD because they support the use of loss-of-
Htt function models that are impervious to the confounding
effects of disease models carrying extremely long and less physiolog-
ically relevant polyglutamine tracts to induce pathology.

Each conditional knock-out model exhibited unique profiles
of basal ganglia degeneration (severe in the caudal region of the
Htt ™;Gsx2-Cre striatum; mild but global within the striatum
and severe in the GP of Htt ™;Nkx2.1-Cre mice). It is noteworthy
that these profiles of cell loss complement each other in fully
reproducing the caudorostral/mediolateral profile of basal gan-
glia degeneration observed in HD patients (Vonsattel et al., 1985,
2008; Kassubek et al., 2004). In contrast to the findings in the
striatum, no cortical cell loss was detectable in any of our Htt null
subpallial models. These findings are in agreement with those
described by other group that also reported the absence of corti-
cal neuronal loss in a pallial-specific Htt null model (Dragatsis et
al., 2018). However, we previously demonstrated the occurrence
of neuronal loss within cortical layer VI in a model with pan-neural
loss-of-Htt function during development (Arteaga-Bracho et al.,
2016). Together, these findings suggest that Htt dependent cortical
pathology requires additional mechanisms operating in both pallial
and subpallial regions, including the involvement of additional re-
gional neural lineages.

Among other things, the neurogenic potential of the Gsx2 and
Nkx2.1 germinative regions differ from each other in that the
former gives rise exclusively to MSNs, whereas the latter gives rise
to PV and cholinergic interneurons. Conversely, these regions
have in common the fact that both give rise to GABAergic in-
terneurons, including some of similar neurochemical types, such
as SST ™ interneurons. It is conceivable that these cells play a
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Figure 11.

Motor cortex of 1-month-old Htt ™:Gsx2-Cre and Htt ™:Nkx2.1-Cre mice exhibit a significant reduction in the number of Reln ™ cells. A-C, Coronal sections of the motor cortex

immunostained against Reln. D, Graph comparing the total number of cortical Reln * cells. E, F, Graphs comparing the number of cortical Reln ™ cells among Gsx2-derived (E) and Nkx2.1-derived
(F) derived cells mapped with the ZsGreen reporter. Each dot in the graphs in D—F corresponds to individual biological replicates. *p << 0.005. Scale bar in € corresponds to 100 pm.

mechanistic role in eliciting a common core of HD-like abnor-
malities in Htt™;Gsx2-Cre and Htt™;Nkx2.1-Cre mice. Indeed,
the more severe hyperkinetic and anxiety phenotype, as well as
the greater anatomical spread of basal ganglia pathology observed
in the Htt™;Nkx2.1-Cre compared with the Htt™;Gsx2-Cre
model may be explained by the fact that a larger fraction of fore-
brain interneuron subtypes are derived from the former rather
than from the later subpallial region, further emphasizing the role
of interneuron alterations in HD pathogenesis. Consistent with
these observations, studies have shown that neuropsychiatric
symptomatology strongly correlates with cortical interneuron
changes in human HD cases (Ferrante et al., 1986; Kim et al.,
2014; Mehrabi et al., 2016). The selective expression of mutant
Htt in PV-expressing neurons elicits hyperkinetic behaviors in
mice (Dougherty et al., 2014). Consistently, there are interneu-
ron abnormalities in HD, including progressive loss of striatal
PV " neurons in HD patients (Reiner et al., 2013; Kim et al., 2014)
and alterations in PV interneuron firing responses (Giampa etal.,
2009; Cepeda et al., 2013; Paldino et al., 2017). Importantly, de-

spite the knock-down of mutant Htt at postnatal day 21, we still
detected alterations in GABAergic interneuron spiking activity at
3 months of age in the BACHD model, indicating that these
functional abnormalities have a developmental origin (Molero et
al., 2016). In addition, multiple studies have described morpho-
logical and/or functional alterations in cholinergic and soma-
tostatinergic interneurons in HD (Dawbarn et al., 1985; Ferrante
et al., 1985; Albin et al., 1990; Smith et al., 2006; Cepeda et al.,
2013; Deng and Reiner, 2016; Reiner and Deng, 2018). Although
the existing literature has not revealed numerical differences
among cholinergic or somatostatinergic interneurons in HD,
no prior study has examined these cells at incipient develop-
mental stages, so any potential interneuron abnormalities in
this regard may have been overlooked.

Numerous studies have provided tantalizing evidence of cir-
cuit dysmorphogenesis in HD, including: (1) reports of delays in
the attainment of compartmental maturation of the striatal
chemo-architecture in HD (Molero et al., 2009); (2) data docu-
menting early dendritic spine deficits in HD (Spires et al., 2004;
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Lerner et al., 2012; Murmu et al., 2013); (3) evidence showing
abnormalities in corticostriatal and thalamostriatal synaptogen-
esis in the developing striatum (McKinstry et al., 2014; Buren et
al., 2016); and (4) reports showing early alterations of afferent
and efferent striatal circuits, including impairments in the bal-
ance between excitatory and inhibitory inputs to the direct and
indirect MSN pathways (Cummings et al., 2009; André et al.,
2011a,b; Galvan etal., 2012; Cepeda et al., 2013; Reiner and Deng,
2018). Interneurons, through multiple mechanisms (e.g., tonic
currents of GABA and Reln secretion), regulate key milestones
required for neural circuit formation, including neuronal migra-
tion and integration, as well as synaptogenesis and axonogenesis
(Niu et al., 2008; Wang and Kriegstein, 2008; Sernagor et al.,
2010; Fu et al., 2012; Lakatosova and Ostatnikova, 2012; Cellot
and Cherubini, 2013; Gaiarsa and Porcher, 2013; Kilb et al., 2013;
Luhmann et al., 2015; Oh et al., 2016; Wasser and Herz, 2017).
Recent studies have shown that early-born SST ™ interneurons
play a fundamental role in the developmental assembly of the
cortical deep layers, acting as transient intermediate relays be-
tween the thalamus and both PV interneurons and pyramidal
neurons (Tuncdemir et al., 2016). Therefore, it is highly likely
that early SST ™ cell deficits in Htt ™;Gsx2-Cre and Htt ™;Nkx2.1-
Cre mice, and presumably in HD, are hampering the maturation
of developing forebrain neural circuits. Such maturational defi-
cits have major implications for the subsequent establishment of
the activity balance of the striatal direct/indirect pathways, the
formation of postnatal excitatory innervation of the striatum,
and henceforth the susceptibility to excitotoxicity in adult life
(Kozorovitskiy et al., 2012; Peixoto et al., 2016).

In view of our findings, we postulate that the insufficient
trophic support associated with early interneuron deficits results
in neural circuitries that are inadequate to sustain normal neuro-
nal activity without incurring inordinate degrees of cellular stress
(Liuetal., 2001; Qiu et al., 2006; Bouamrane et al., 2016). Indeed,
many of the abnormalities occurring long before the onset of HD
neurological hallmarks are likely manifestations of the inade-
quacy of these neural circuits. In addition, such a trophic shortfall
may directly or indirectly injure developing cells, impairing their
homeostatic responses to stress and therefore their later survival
in response to a spectrum of ongoing insults. Moreover, latently
damaged or “metastable” neuronal species may be poorly suited
to endure both life’s ordinary stressors (aging, physiological, and
environmental) and the negative effects associated with the
ongoing expression of mutant Htt throughout life. Therefore,
brain regions displaying the earliest and greatest vulnerabilities to
cell death in HD are likely the consequence of synergy between
selective developmental insults within discrete brain regions
(first hit) and additional postdevelopmental insults (second hit).
Overall, our findings add to an emerging number of studies also
implicating regional- and neuronal-specific maturational deficits
in the pathogenesis of adult-onset neurological disorders, includ-
ing dystonia, spinocerebellar ataxia type 1, and Alzheimer’s dis-
ease (Pappas et al., 2015; Arendt et al., 2017; Edamakanti et al.,
2018).

In summary, we have shown that loss-of-Htt function in re-
stricted subpallial lineages, most likely in interneuron subtypes as
well as GP GABAergic neurons, robustly generates a composite
neurological phenotype reminiscent of HD. These findings have
important implications for our understanding of HD pathogen-
esis, particularly for the elucidation of the mechanistic underpin-
ning of its developmental components. Further confirmation of
the role of early interneuron alterations in HD will certainly un-
veil a novel window for therapeutic intervention and unique mo-
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lecular targets that have the greatest potential to forestall or
prevent disease progression or onset.
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