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The common neurodegenerative syndromes exhibit age-related incidence, and many Mendelian neurodegenerative diseases exhibit
age-related penetrance. Mutations slowing aging retard age related pathologies. To assess whether delayed aging retards the effects of a
mutant allele causing a Huntington’s disease (HD)-like syndrome, we generated compound mutant mice, placing a dominant HD
knock-in polyglutamine allele onto the slow-aging Snell dwarf genotype. The Snell genotype did not affect mutant huntingtin protein
expression. Bigenic and control mice were evaluated prospectively from 10 to 100 weeks of age. Adult HD knock-in allele mice lost weight
progressively with weight loss blunted significantly in male bigenic HD knock-in/Snell dwarf mice. Impaired balance beam performance
developed significantly more slowly in bigenic HD knock-in/Snell dwarf mice. Striatal dopamine receptor expression was diminished
significantly and similarly in all HD-like mice, regardless of the Snell genotype. Striatal neuronal intranuclear inclusion burden was
similar between HD knock-in mice with and without the Snell genotype, whereas nigral neuropil aggregates were diminished in bigenic
HD knock-in/Snell dwarf mice. Compared with control mice, Snell dwarf mice exhibited differences in regional benzodiazepine and
cannabinoid receptor binding site expression. These results indicate that delaying aging delayed behavioral decline with little effect on
the development of striatal pathology in this model of HD but may have altered synaptic pathology. These results indicate that mutations
prolonging lifespan in mice delay onset of significant phenotypic features of this model and also demonstrate dissociation between
striatal pathology and a commonly used behavioral measure of disease burden in HD models.
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Introduction
Aging increases incidence of organ system pathologies, including
the great majority of human neurodegenerative disorders. Spo-
radic Alzheimer disease (AD), Parkinson disease, frontotemporal
dementias, and motor neuron disease are restricted largely to late
adult life, with incidence and prevalence rising markedly with
age. Aging increases vulnerability to the mutant alleles associated
with Mendelian forms of these disorders, as penetrance is age-
related. This is true for several other neurodegenerations, such as
the polyglutamine (polyQ) diseases. The basis for the effect of age
on neurodegenerative disease incidence-penetrance is unknown.
The strong relationship between aging and manifestation of spo-

radic and Mendelian neurodegenerative diseases raises the possi-
bility that modulating aging may be a pathway to ameliorate the
underlying pathogenesis of neurodegenerative disorders (Taylor
and Dillin, 2011; Fontana et al., 2014; Herskovits and Guarente,
2014).

Some single-gene mutations slow aging in invertebrates and
rodents. Several of these mutations implicate pathways involving
insulin or insulin-like growth factors (IGF) signaling (IIS) in
modulation of aging (Brown-Borg et al., 1996; Flurkey et al.,
2001; Kenyon, 2011; Bartke, 2012). The role of IIS signaling in
modulating aging is well established in Caenorhabditis elegans
with considerable data indicating that this pathway modulates
aging in mammals. Snell and Ames dwarf mice, for example,
exhibit deficient growth hormone (GH) and IGF-1 production,
live �40% longer than controls, and show retardation of aging
effects in many organs (Brown-Borg et al., 1996; Flurkey et al.,
2001). Prior work in C. elegans models of polyQ disease and AD
demonstrated that retarding aging by manipulation of IIS ame-
liorated pathologic effects of polyQ and AD transgenes, including
reduced protein aggregate burden (Morley et al., 2002; Hsu et al.,
2003; Cohen et al., 2006). Efforts to reproduce these experiments
with murine genetic models of human neurodegenerative dis-
eases report similar positive results, but these experiments gener-
ally used murine lines whose delayed aging has been difficult to
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reproduce (Holzenberger et al., 2003; Taguchi et al., 2007; Sel-
man et al., 2008; Cohen et al., 2009; Freude et al., 2009; Killick et
al., 2009; Bokov et al., 2011; Sadagurski et al., 2011). One of these
experiments used an aggressive transgenic fragment model of the
polyQ disorder Huntington disease (HD; Sadagurski et al., 2011).
These lines exhibit early mortality with death by 15 weeks of age
and may not be relevant to neurodegenerative diseases that de-
velop in middle age or later.

More recently developed murine HD knock-in models exhibit
excellent construct and face validity with considerably later onset
of phenotypic features, generally in the second year of life (Heng
et al., 2008, 2010; Pouladi et al., 2013). We took advantage of this
feature to generate mice combining two mutations: one causing a
HD-like phenotype (HdhQ200, dominant knock-in allele) and
one (Pit1 dw/dw; recessive Snell dwarf mutation; Flurkey et al.,
2001) slowing aging. Prospective evaluation of these bigenic mice
and littermate controls allowed us to assess whether manipulat-
ing a pathway that modulates age-related pathologies reduces sus-
ceptibility to the pathogenic effects of mutant alleles causing HD-like
age-associated neuronal dysfunction and pathology.

Materials and Methods
Animals. All experiments were performed on F2 progeny generated with
a two-tiered breeding scheme, beginning with crossing HdhQ200 mice
on a C57BL/6J background with Pit1 dw/dw mice on a mixed (C3H/HeJ �
DW/J) background. An initial cross of homozygous Pit1 dw/dw males with
heterozygous HdhQ200 females was used to generate a F1 generation of
four genotypes segregating at both the Pit1 and the HdhQ200 loci. F1
female progeny heterozygous for both the Pit1 dw and HD alleles were
then crossed to homozygous Pit1 dw/dw males to generate the four geno-
types used in this study: homozygous dwarf (Pit1 dw/dw) mice with
(dwHD; N � 36) and without (dw; N � 37) a HdhQ200 allele, and
normal size control mice heterozygous for the dwarf mutation
(Pit1 dw/�) with (HD; N � 38) and without (WT; N � 44) an HdhQ200
allele (Table 1). Mice were genotyped using PCR as described previously

(Heng et al., 2010). HdhQ200 alleles were sized at Laragen). The median
repeat numbers for HD-like mice were 187 (range,167–219; Table 1).
Groups were balanced by gender and genotype. Animals were housed in
a specific pathogen free room at 23°C under a 12 h light/dark cycle. They
were given ad libitum access to food and water. All procedures were
conducted in compliance with the Guide for the Care and Use of Labora-
tory Animals as adopted by the NIH and approved by the Veterinary
Medical Unit at the Veterans Affairs Ann Arbor Health System. This

colony is tested quarterly for virological evi-
dence of infection, and all such tests were neg-
ative during the experimental interval. To
confirm the effects of the Snell mutation, liver
IGF-1 expression was quantified in all geno-
types with quantitative real-time PCR. IGF-1
transcripts were undetectable in dwarf mice,
without or without the HD-like mutation.

Behavioral testing. Body weights were mea-
sured every 10 weeks, starting at age 10 weeks.
Motor function was evaluated every 10 weeks,
from 10 to 100 weeks of age, using a balance
beam test with 5 and 11 mm beams as de-
scribed previously (Heng et al., 2010). Balance
beam testing was videotaped and scored
off-line by viewers blind to genotype, though
complete blinding is impossible due to size differ-
ences in mice. Seconds to cross the beam and
number of hind-limb slips while traversing the
beam were recorded. Any mouse unable to cross
the beam in 25 s was recorded as a 25 s crossing
time and removed from the apparatus.

Tissue harvesting. Animals were killed by de-
capitation at 100 weeks of age. Brains were dis-
sected and divided in the sagittal plane. One

hemisphere was coated with M-1 embedding matrix (Thermo Fisher Scien-
tific), frozen quickly in dry ice, and stored at �70°C until processed for
receptor binding or biochemical studies. The other hemisphere was immer-
sion fixed in 4% paraformaldehyde (72 h at 4°C), cryoprotected in 20%
sucrose (48 h at 4°C), frozen in chilled isopentane, and stored at �70°C until
processed for immunohistochemistry. Quadriceps muscle was collected,
coated in M-1 embedding matrix, frozen in dry ice, and stored at �70°C.

Western blot analysis. Semiquantitative analysis of normal (htt) and
expanded huntingtin (mhtt) protein was performed as described previ-
ously (Zeng et al., 2013). Flash-frozen mouse brains (3 animals per ge-
notype) were homogenized in RIPA buffer with protease inhibitors.
Homogenates were subjected to centrifuge at 13,000 � g for 20 min at 4°
to separate supernatants (RIPA soluble) and pellets. Supernatants pro-
teins were separated by SDS-PAGE. Proteins were transferred to polyvi-
nylidene difluoride (PVDF) membranes, which were stained using the
following primary antibodies: anti-polyQ 1C2 (1:10,000, Millipore),
anti-htt 2166 (1:500, Millipore), anti-tubulin-� (1:10,000, Cell Signaling
Technology). Pellets were resuspended in 1% SDS in PBS (RIPA insolu-
ble fractions). Proteins from RIPA insoluble fractions were separated by
3% SDS-PAGE, transferred to PVDF membranes, and stained with anti-
polyQ 1C2. Peroxidase-conjugated secondary antibodies were used at
1:10,000 (Jackson Immunoresearch) and blots developed using blue ba-
sic autorad films (GeneMate). ImageJ software was used for semiquanti-
fication of band intensities.

Immunohistochemistry. Free-floating 40-�m-thick sagittal sections
were processed for immunohistochemistry using the ImmPRESS poly-
mer system with DAB immPACT substrate (Vector Laboratories). Pri-
mary antibodies used were generated against NeuN, a pan-neuronal
marker (1:1000; no. MAB377, Millipore), N-terminal huntingtin (1:200;
no. sc8767, Santa Cruz Biotechnology), the microglial marker Iba1 (1:
500; no. 019-19741, Wako Chemicals), the astrocyte intermediate fila-
ment protein glial fibrillary acidic protein (GFAP; 1:2000; no. AB5804,
Millipore), and peroxisome proliferator-activated receptor gamma co-
activator 1-� (PGC-1�; 1:600; no. AB3242, Lot no. 239229, Millipore).

Quantitative receptor autoradiography. Fresh frozen hemispheres were
cut on a cryostat in parasagittal plane into 14 �m serial sections, thaw

Figure 1. Results of Western blots for mhtt expression. Mice were evaluated at age 100 weeks; N � 3 for each group. Immu-
noblots with 1C2 mAb for expanded polyQ domains shown. No significant difference in mhtt expression between HD and dwHD
mice. Error bars are SEM.

Table 1. Genotypes of prospectively evaluated mice

Genotype Nomenclature Size Aging effect Median repeats Repeat range

Hdh200-Pit1 dw/� HD Normal Normal aging 187 167–219
Pit1 dw/� WT Normal Normal aging NA NA
HdhQ200-Pit1 dw/dw dwHD Dwarf Delayed aging 187 167–219
Pit1 dw/dw dw Dwarf Delayed aging NA NA

NA, Not applicable.
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mounted on Superfrost slides, and stored until use at �70°C (N � 5–7
animals per genotype). Autoradiographic studies on D1 and D2 dopa-
mine receptors and GABA-A/benzodiazepine receptors were performed
as described previously using radioligands purchased from PerkinElmer
(Heng et al., 2010). Briefly, D1 receptors were labeled with 0.55 nM

[ 3H]SCH23390, and nonspecfic binding determined in the presence of 1
�M cis-flupenthixol. Total binding to D2 receptors was established by
incubating sections with 0.75 nM [ 3H]Spiperone, and nonspecific bind-
ing was assessed by blocking with 50 �M dopamine. GABA-A/benzodi-
azepine receptors were identified with 5 nM [ 3H]flunitrazepam and
nonspecific binding determined in the presence of 2 �M clonazepam. 10
nM [ 3H]CP55,940 (PerkinElmer) was used to label cannabinoid recep-
tors with 10 �M WIN55,212-2 (Sigma-Aldrich) as the blocking agent as
described previously (Richfield and Herkenham, 1994).

Autoradiograms were generated by apposing the [ 3H]-labeled sec-
tions and [ 14C] standards (ARC) to a tritium sensitive plate (BAS-
TR2025; GE Healthcare). A digital image of the plate was made with a
BAS-5000 Imaging Plate Scanner (GE Healthcare). Autoradiograms
were analyzed by quantitative densitometry using an MCID image anal-
ysis system (Interfocus). Optical density measurements were converted
to tissue radioactivity with a calibration curve generated from mea-
surements of coexpressed standards of known radioactivity. Specific
binding for all ligands was calculated by subtracting nonspecific from
total binding.

BDNF and PPARGC1A gene expression. Brain derived neurotrophic
factor (BDNF) is produced by corticostriate neurons, is important for
trophic support of striatal neurons, and is deficient in HD (Zuccato and

Cattaneo, 2014). We assessed forebrain BDNF gene expression as an
index of corticostriate neuron dysfunction. Peroxisome proliferator-
activated receptor gamma coactivator 1-� (PGC-1�) is an important
regulator of mitochondrial and metabolic function, abnormal PGC-1�
function has been implicated in HD and other polyglutamine diseases
(Tsunemi et al., 2012), and PGC-1� is suggested to regulate aging. Total
RNA was extracted from forebrains (5 animals/genotype) was analyzed
using quantitative real-time PCR. RNA was isolated using the QIAGEN
RNeasy Kit (Qiagen), which was combined with the RNase-Free DNase
Set (Qiagen). RNA was reversely transcribed with High Capacity cDNA
RT Kit and amplified using TaqMan Universal PCR-Master Mix, NO
AmpErase UNG with TaqMan Assay-on-demand kits (Applied Biosys-
tems). Relative expression of target mRNAs was adjusted for total RNA
content by �-actin RNA quantitative PCR. Quantitative PCR was per-
formed on an ABI-PRISM 7900 HT Sequence Detection system (Applied
Biosystems). Each reaction was performed in triplicates as previously
described (Sadagurski et al., 2012). BDNF second exon, forward: TGGC-
CCTGCGGAGGCTAAGT, BDNF, reverse: AGGGTGCTTCCGAGC-
CTTCCT and PGC-1� gene (PPARGC1A, forward: ATGACCCTC
CTCACACCAAACCCACAG, PPARGC1A, reverse: CTTGAGCA
TGTTGCGACTGCGGTTGTG) expression. �-actin, forward: GACA
TGGAGAAGATCTGGCA, �-actin, reverse: GGTCTCAAACATG
ATCTGGGT. BDNF and PPARGC1A expression were normalized to
�-actin expression for statistical analysis.

Stereology. Striatal cell counts and striatal volume were obtained in
100-week-old animals (4 – 6 animals/sex/genotype) using StereoInvesti-

Figure 2. Prospectivelyobtainedweightresultsforallgenotypes.Datapresentedaspercentagechangeinweightafter40weeks.Femaleandmaledatadisplayedseparately. Inbothfemalesandmales,thepresenceof
an HD-like allele was associated with age-related weight loss. **Indicates significant difference relative degree of weight loss between dw and dwHD mice with unpaired t tests (see Results). Age-related weight loss was
apparentlyamelioratedbytheSnelldwarfgenotypesignificantly inbothgendersbutanalysiswithtwo-wayANOVArevealedasignificant interactiontermonlyformalemice(seeResults).ErrorbarsareSEM.
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gator software (Micro-Brightfield). Striatal counts were taken unilater-
ally in four 40 �m sections from each brain corresponding
approximately to levels 3.44, 2.64, 1.8, and 0.96 mm from the midline
(Paxinos and Franklin, 2001). The optical fractionator method was used
to generate an estimate of total striatal neuron number with positively
stained NeuN-immunoreactive cells. Volume was reconstructed by the
StereoInvestigator software. The number of GFAP- and Iba1-reactive
cells and htt-immunoreactive neuronal intranuclear inclusions (NIIs) in
striatum was estimated according to the optical fractionator method
combined with the dissector principle with unbiased counting rules. To

assess cytoplasmic htt-immunoreactive aggre-
gates, we measured neuropil aggregate burden
in the substantia nigra (both pars reticulata
and pars compacta). In aged animals of this
knock-in line, neuropil aggregates are particu-
larly abundant in striatal efferent projection
targets, the substantia nigra and globus palli-
dus, where they probably reside in striatal neu-
ron terminals (Tallaksen-Greene et al., 2005).
The same sections used for quantifying striatal
NIIs were counterstained with methyl green to
stain nuclei and the number of htt-immuno-
reactive nigral neuropil aggregates and NIIs
was estimated using the optical fractionator
method combined with the dissector principle
with unbiased counting rules.

Muscle histology. Cross sections (10 �m;
cryocut 1800, Leica) were cut from fresh frozen
quadriceps (�80°C, n � 16). For hematoxylin
and eosin (H&E) staining, sections were rehy-
drated in a graded ethanol series. Sections were
stained with hematoxylin (Shandon Gill 3 he-
matoxylin, 6765010, Fisher Thermo Scientific)
and counter stained with eosin (01602, Sur-
gipath). After dehydration and coverslipping
(DPX mountant, 06522, Sigma-Aldrich), slides
were examined in bright field (Zeiss Axio Im-
ager Z.1). For NADH staining, sections were
incubated at 37°C for 30 min in NADH (1.6
mg/ml, N8129, Sigma-Aldrich) and nitroblue
tertrazolium (NBT; 2 mg/ml, N6876, Sigma-
Aldrich), dissolved in Tris-HCl (0.05 M, pH 7.6,
T3253, Sigma-Aldrich). Unbound NBT was re-
moved with washing in ascending and descend-
ing concentrations of acetone and coverslips
affixed (DPX mountant, 06522, Sigma-Aldrich).
Sections were examined in bright-field (Zeiss
Axio Imager Z.1).

Statistics. Intergroup comparisons of bal-
ance beam data, striatal dopamine receptor
data, GABA-A/benzodiazepine receptor data,
and BDNF gene expression data were analyzed
using two-way ANOVA (STATA), in which the
dependent variable was the behavioral out-
come or pathologic outcome measure and the
independent variables were genotype at Pit1,
genotype at HdhQ200, and their interaction. A
significant interaction term ( p � 0.05) was
taken as evidence that the effect of HdhQ200
differed between dwarf and control mice. Ef-
fects on body weight were quantified as the
change in weight after 40 weeks, and expressed
as a percentage of initial weight, to compensate
for the effects of different body size between
dwarf and full size mice. Genders were evalu-
ated separately. Weight percentage changes
were evaluated with two-way ANOVA to assess
effects of age and genotype. Cannabinoid re-
ceptor, stereology, and Western blot studies of
mhtt expression were analyzed with one-way

ANOVAs and post hoc Tukey’s tests. Survival was assessed with the log-
rank test.

Results
Huntingtin expression
Mutant huntingtin (mhtt) expression did not differ between HD
(normal size; no retarded aging phenotype) and dwHD (dwarf;
retarded aging phenotype) mice. Figure 1 shows results of West-

Figure 3. Balance beam performance on the 5 mm beam. Animals evaluated longitudinally. N values described in text. WT �
Pit dw/�; dw � Pit dw/dw; HD � HdhQ200 —Pit dw/�; dwHD � HdhQ200 —Pit dw/dw. A, Time to cross beam. B, Number of
hindlimb slips when crossing beam. Control (WT and dw) mice exhibit insignificant decline in balance beam performance over
time. HD mice exhibit marked decline in performance in the second year of life. dwHD mice also exhibit significant decline in
balance beam performance in the second year of life but of lesser magnitude and delayed in comparison with HD mice. Error bars
are SEM.
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ern blots with 1C2 antibody against expanded polyQ domains.
Similar results were obtained with the N-terminal antibody
against htt (results not shown). We also quantified the insoluble
fraction of mhtt and found no difference between HD and dwHD
mice (data not shown).

Survival analysis
Survival was assessed with the log-rank test. There were no dif-
ferences in survival among any of the genotypes (data not
shown), although the termination of the experiment at 100 weeks
of age, needed to obtain tissue for biochemistry and histopathol-
ogy, prevents any inference about possible differences in survival
at older ages.

Weight
Data were analyzed as percentage of weight loss after 40 weeks of
age. Both HD and dwHD mice exhibited age related decline in
weight compared with littermate controls (Fig. 2). This was true
for mice of both genders. For females, t � �3.66, p � 0.0009. For
males, t � �3.18, p � 0.003. The HdhQ200 allele leads to weight
loss, from 40 weeks onward, in both genders, and the Snell dwarf
genotype blunts this decline, expressed as a percentage of initial
weight, in both males (p � 0.003) and females (p � 0.0009) for
the contrast between HD and dwHD mice with unpaired t tests
(Fig. 2). A formal test of the interaction between the HD and dw
genotypes with two-way ANOVAs, however, showed a significant
blunting of the HD effect only in the male mice (p � 0.0006) after
adjustment for the independent effects of HdhQ200 and Snell
dwarf genotypes.

Motor behavior
WT and dwarf mice without an HD-like allele (dw) exhibited a
modest and nonsignificant age-related increase in time to cross
the 5 mm balance beam and associated paw slips (Fig. 3). HD
(nondwarf; no retarded aging phenotype) mice exhibited a pro-
gressive increase in time to cross the 5 mm balance beam and
increasing number of paw slips after 50 weeks of age. This pro-
gressive decline in balance beam performance is similar to that
documented previously with HdhQ200 heterozygous mice on a
different genetic background (Heng et al., 2010). In contrast,
dwHD mice exhibited less age-related decline in 5 mm balance
beam performance than HD mice. With two-way ANOVA, there

was a significant interaction term between the effects of the HD
allele and the dwarf allele (p � 0.05), both for time to cross the
beam and for the number of hindlimb slips during beam passage,
at each age from 80 to 100 weeks, indicating that in dwHD mice,
decline in balance beam performance was slowed compared with
HD mice. For slips, for example, at 80 weeks of age: F � 10.7, p �
0.014; at 90 weeks of age: F � 10.2, p � 0.002; at 100 weeks of age,
F � 11.8, p � 0.0008. For the time measurement, at 80 weeks of
age: F � 19.6, p � 0.001; at 90 weeks of age: F � 9.34, p � 0.003;
at 100 weeks of age: F � 12.91, p � 0.001. Similar results were
obtained with the 11 mm balance beam (data not shown).

Striatal pathology
Both dwHD and HD mice exhibited marked, �50%, reductions
of striatal dopamine D1 and D2 receptors (Table 2; Fig. 4). These
results are essentially identical with prior results in HdhQ200
heterozygous mice (Heng et al., 2010). Two-way ANOVA did not
reveal a significant interaction term, confirming that the magni-
tude of the D1 and D2 receptor reductions was similar in dwHD
and HD mice. To broadly survey extrastriatal regions, we per-
formed GABAA/benzodiazepine receptor autoradiography (Fig.
5). As in a recent study, we found an effect of the HdhQ200 allele
on GABAA/benzodiazepine receptor binding site expression with
higher levels in mice carrying the HdhQ200 allele (Zeng et al.,
2013; Table 2). There was also an effect of the dw genotype; dw
mice expressing increased GABAA/benzodiazepine receptor
binding sites in several brain regions regardless of the HdhQ200
genotype (Table 2). Two-way ANOVA did not reveal a significant
interaction between HD and dw genotypes. NIIs were abundant
within striatal neurons of all mice with HdhQ200 alleles and were
absent in mice lacking the HdhQ200 allele. There was no differ-
ence in striatal NII burden between dwHD and HD mice (Fig. 6).
Total striatal neurons were quantified with NeuN staining. As
expected from prior work in HdhQ200 heterozygous mice, there
was no loss of striatal neurons in mice with HdhQ200 alleles (data
not shown; Heng et al., 2010). We found no differences in striatal
GFAP-immunoreactive glia and Iba1-immunoreactive microglia
between dwHD and HD mice (data not shown).

Nigral pathology
Stereologic quantification of nigral neuropil aggregates revealed a
significant reduction in neuropil aggregate burden in dwHD

Table 2. Results of receptor autoradiography

Genotype

Binding site/ligand Region WT dw HD dwHD HD effect, p dw effect, p

D1 receptor Dorsal striatum 195 � 9 (6) 183 � 1 (6) 74 � 9 (6) 79 � 1 (7) 0.00012
	3H
-SCH23390 Ventral striatum 187 � 2 (6) 158 � 2 (6) 76 � 9 (6) 82 � 1 (7) 0.00012

Substantia nigra 96 � 8 (6) 97 � 1 (6) 46 � 6 (6) 72 � 1 (7) 0.001 2
Frontoparietal cortex 9 � 1 (6) 12 � 1 (6) 9 � 0 (6) 16 � 1 (7) 0.00011

D2 receptor Dorsal striatum 78 � 1 (6) 57 � 2 (6) 48 � 1 (6) 34 � 5 (7) 0.005 2 0.053 2
	3H
-Spiperone Ventral striatum 104 � 7 (6) 100 � 7 (6) 71 � 9 (6) 60 � 6 (7) 0.00012

Frontoparietal cortex 6 � 2 (6) 13 � 3 (6) 11 � 3 (6) 12 � 3 (7)
Cannabinoid receptor Whole-brain 15 � 1 (6) 13 � 1 (5) 15 � 2 (6) 14 � 2 (5)
	3H
-CP55,940 Substantia nigra 167 � 4 (6) 30 � 3 (5) 60 � 1 (6) 24 � 4 (5) 0.05 2 0.02 2

Cerebellar cortex 38 � 3 (6) 47 � 4 (5) 41 � 4 (6) 40 � 3 (5)
GABAA receptor Whole-brain 103 � 5 (6) 110 � 7 (6) 118 � 4 (6) 141 � 5 (6) 0.00031 0.009 1
	3H
-Flunitrazepam Dorsal striatum 66 � 6 (6) 80 � 8 (6) 82 � 4 (6) 110 � 6 (6) 0.002 1 0.003 1

Ventral striatum 87 � 9 (6) 113 � 1 (6) 117 � 3 (6) 157 � 1 (6) 0.00041 0.001 1
Substantia nigra 199 � 7 (6) 226 � 1 (5) 231 � 4 (6) 282 � 1 (5) 0.001 1 0.003 1
Frontoparietal cortex 168 � 1 (6) 192 � 2 (6) 202 � 1 (6) 244 � 6 (6) 0.003 1 0.02 1
Hippocampus 187 � 6 (6) 191 � 2 (6) 199 � 8 (6) 237 � 6 (6) 0.03 1 0.00071
Cerebellum 56 � 4 (6) 44 � 6 (6) 82 � 4 (6) 80 � 5 (6) 0.00011

Values listed are specific binding (nCi/g) � SEM (n).
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compared with HD mice (p � 0.0001, F � 143.99 for overall
ANOVA; p � 0.01 for dwHD versus HD [Tukey’s HSD]; Fig. 7)
without any difference in nigral NIIs (Fig. 7). Nigral dopamine
D1 receptors, which are largely expressed on striatal efferent ter-
minals, were reduced equally in both dwHD and HD mice (Ta-
ble 2; Fig. 4). We also assessed cannabinoid receptor binding
within the substantia nigra (Table 2; Fig. 5). These binding sites
are associated with striatonigral efferent terminals and can be
used as a measure of striatal neuron dysfunction. As expected,
nigral cannabinoid receptor binding was quite high in Pit1 dw/�

(WT) mice and markedly reduced in substantia nigra of HD mice
(Fig. 5). Surprisingly, cannabinoid receptor binding was reduced
in all dwarf mice (dw and dwHD), preventing its use as an indi-
cator of whether the Pit1 dw/dw genotype alters the effects of
HdhQ200 alleles on striatal neuron terminal integrity (Fig. 5).

Muscle pathology
Neither H&E stained sections nor NADH histochemistry re-
vealed any evidence of muscle pathology (Fig. 8). Snell dwarf

mice had smaller fibers than normal size mice but there was no
apparent effect of the HD-like genotype.

BDNF and PPARGC1A transcript expression
Forebrain BDNF transcript expression was reduced in mice car-
rying HD-like alleles (HD and dwHD) without differences be-
tween dwarf and nondwarf mice (F � 8.77, p � 0.006 for the HD
effect in two-way ANOVA; F � 0.2, p � 0.66 for the interaction
term; Fig. 9). PPARGC1A forebrain transcript expression was
reduced in dwarf mice, regardless of the presence of an HD-like
allele (data not shown). Immunohistochemistry did not reveal
any clear changes in PGC-1� distribution or expression among
all genotypes examined (data not shown).

Discussion
To determine whether the Snell dwarf genotype, which delays
many aspects of aging and extends lifespan, would ameliorate the
features of a genetically faithful model of HD, we constructed
double-mutants by placing the dominant HdhQ200 allele onto

Figure 4. Results of striatal dopamine D1 and D2 receptor autoradiography. WT � Pit dw/�; dw � Pit dw/dw; HD � HdhQ200-Pit dw/�; dwHD � HdhQ200-Pit dw/dw. A, Striatal D1 receptor
binding. B, Striatal D2 receptor binding. Striatal D1 and D2 receptor binding markedly reduced in all HD-like mice regardless of Snell dwarf phenotype. *Indicates effect of HD genotype. **Indicates
effect of dw genotype (Table 2). For N values, see Table 2. Error bars are SEM.
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the Snell dwarf (Pit1 dw/dw) genotype. Motor deficits, as measured
by a balance beam task, developed more slowly in double mutant
animals than in HdhQ200 control littermates. Male double-
mutant mice exhibited proportionately less weight loss than
HdhQ200 control littermates and there was a trend toward a
similar effect in female double mutant mice. We found a decrease
in nigral neuropil aggregates in double mutant mice, suggesting
diminished striatal terminal pathology. In contrast, the Snell
dwarf genotype had no effect on the development of striatal pa-
thology as measured by striatal neuron dopamine receptor ex-
pression and NII accumulation. Nigral D1 receptors, expressed
primarily on striatal terminals, were equivalently reduced in both
HD and dwHD mice, indicating that the Snell genotype had no
effect on this marker of striatal terminal integrity. Similarly, fore-
brain BDNF mRNA, produced by corticostriate neurons and re-
duced in HD and other HD murine models, was reduced in mice
with HdhQ200 alleles regardless of the presence of the Snell ge-

notype. The motor, weight, and neuropil inclusion data suggest
amelioration of the HD-like features of this model, but there
was no corresponding effect on most markers of neuronal
dysfunction.

Our results extend prior efforts assessing the effects of delayed
aging on mouse models of HD and AD (Cohen et al., 2009;
Freude et al., 2009; Killick et al., 2009; Sadagurski et al., 2011).
The prior experiment with HD-like mice used R6/2 mhtt frag-
ment transgenic mice, which exhibit essentially complete mortal-
ity by age 15 weeks (Stack et al., 2005). The early onset and
aggressive pathology of R6/2 mice may reflect effects of expanded
polyQ fragments at least partly during periods of active brain
development and maturation, diminishing the relevance of this
model for typical midlife to late-life onset of HD where neurode-
generation develops in a mature brain. The delayed aging models
used in these experiments exhibit problematic features. Cohen et
al. (2009) used heterozygous IGF-1 receptor knock-out mice.

Figure 5. Results of GABA-A/Benzodiazepine and nigral cannabinoid receptor autoradiography. WT � Pit dw/; dw � Pit dw/dw; HD � HdhQ200-Pit dw/�; dwHD � HdhQ200-Pit dw/dw. A,
GABA-A/Benzodiazepine receptor binding modestly increased in several regions of HD and dwarf mice (see Results; Table 2). B, Nigral cannabinoid receptor binding is markedly reduced in HD mice
and in dwarf mice of both (dw and dwHD) genotypes. *Indicates effect of HD genotype. **Indicates effect of dw genotype (Table 2). For N values, see Table 2. Error bars are SEM.
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This stock was reported originally to exhibit 33% extension of
lifespan in females and 16% extension of lifespan in males (Hol-
zenberger et al., 2003). The original report was notable for rela-
tively short lifespan of control animals and a recent replication
study revealed only modest (4%) lifespan extension in females
and no effects in males (Bokov et al., 2011). Similarly, some prior
experiments with HD-like and AD-like mice used Insulin Recep-
tor Substrate 2 (IRS2) knock-out mice to delay aging (Freude et
al., 2009; Killick et al., 2009; Sadagurski et al., 2011). There is
evidence that delayed aging of these mice relative to controls is
demonstrable only when animals are fed a high fat diet, though
this is controversial (Taguchi et al., 2007; Selman et al., 2008,
2011).

Our results differ somewhat from results of prior experiments
in C. elegans models of polyQ disease and AD (Morley et al., 2002;
Hsu et al., 2003; Cohen et al., 2006). Delaying aging with mutants
that alter IIS in C. elegans significantly prolongs survival, im-
proves motor function, and reduces inclusion burden in polyQ
transgenic worms, results our murine experiments replicate only
partly. We found an effect of delayed aging on motor function but
no effect on NII accumulation. Beyond the obvious differences
between mammals and nematodes, there are other differences in
these experiments. The C. elegans models use polyQ fragment
transgenes expressed in body wall muscle, not actual htt-like
genes expressed in neurons. Altering IIS in C. elegans profoundly
alters aging and reduces protein aggregation accompanying ag-

Figure 6. Striatal NII burden. WT � Pit dw/�; dw � Pit dw/dw; HD � HdhQ200-Pit dw/�; dwHD � HdhQ200-Pit dw/dw. A, Representative photomicrographs of NII expression in all four
genotypes. NIIs are abundant in mice with an HD-like allele and absent in control mice. Scale bar, 25 �m. B, Histographs of NII abundance as determined with stereology. No difference between HD
and dwHD mice. *Indicates different from wt and dw mice. Error bars are SEM.

Figure 7. Nigral cytoplasmic inclusion and NII burden. WT � Pit dw/�; dw � Pit dw/dw; HD � HdhQ200-Pit dw/�; dwHD � HdhQ200-Pit dw/dw. A, Representative photomicrographs of
cytoplasmic inclusion and NII burden in HD and dwHD mice. Nigral NII burden is similar in HD and dwHD mice but cytoplasmic inclusion burden is reduced in dwHD mice. B, Histographs of NII and
cytoplasmic inclusion burden. *Indicates different from wt and dw. **Indicates dwHD different from HD. Scale bar, 25 �m. Error bars are SEM.
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ing, but results in nematode models may not predict results in
analogous mammalian experiments (David et al., 2010). Altering
IIS is not, of course, the only way to manipulate aging and it is
possible that other modifications influencing the rate of aging
may have more beneficial effects in polyQ disease models. Caloric
restriction, for example, is reported to have beneficial effects in a
C. elegans polyQ disease model and the R6/2 model of HD (Duan
et al., 2003). It is also possible that reducing IGF-1 production
may retard aging and slow neurodegenerative processes generally
but have countervailing negative effects in the specific context of
HD or other polyQ disorders. Humbert et al. (2002) found that
IGF-1 activation of Akt reduced neuronal death and NII forma-
tion in an in vitro model of HD. Systemic IGF-1 administration is
reported to improve hyperglycemia, weight loss, and limb clasp-
ing abnormalities in the R6/2 model of HD. Intranasal IGF-1
administration is reported to improve biochemical and some
motor features in the YAC128 transgenic model of HD (Duarte et
al., 2011; Lopes et al., 2014). Both muscle-specific overexpression
and systemic administration of IGF-1 in murine models of an-
other polyQ disease, spinobulbar muscular atrophy (Kennedy
syndrome) reduced disease effects (Palazzolo et al., 2009; Rinaldi
et al., 2012). Excitotoxic neuronal injury is a likely important
mechanism of neuronal death in HD, and IGF-1 administration was
reported to reduce quinolinate-induced neurodegeneration (Escar-
tin et al., 2004). On the other hand, IGF-1 administration potenti-
ated neuronal death in another toxin model of HD, using the

mitochondrial inhibitor and indirect excitotoxin 3-nitropropionic
acid (Escartin et al., 2007). There is little clinical data on the relation-
ship between IGF-1 and features of polyQ diseases, but Saleh et al.
(2010) reported a positive correlation between circulating IGF-1 lev-
els and rates of cognitive decline in HD.

We found that the progressive decline of HdhQ200 heterozy-
gous mice in balance beam performance was ameliorated by the
Snell dwarf genotype. Given the lack of effect of the Snell dwarf
genotype on our readouts of striatal pathology; our results sug-
gest that balance beam performance in these mice is not closely
linked to the measures of striatal pathophysiology we evaluated.
It is possible that amelioration of the decline in balance beam
performance reflects a beneficial effect of the Snell dwarf geno-
type in one or more extrastriatal brain regions. These results may
be analogous to prior results reported by Jafar-Nejad et al. (2012)
in a model of the polyQ disease spinocerebellar ataxia type 1
(SCA1). SCA1 knock-in mice haploinsufficient for the 14-3-3�
protein exhibited reduced cerebellar pathology and improved motor
performance, but there were no changes in trajectories of weight loss,
respiratory abnormalities, or premature mortality. 14-3-3� haploin-
sufficiency reduced Ataxin-1 (ATXN1) protein levels and recruit-
ment of expanded repeat ATXN1 into toxic protein complexes in the
cerebellum but not the brainstem. The pathogenic effects of ex-
panded polyQ proteins differ regionally, and these regionally differ-
ent effects may be modulated differentially by delayed aging.

It is possible as well that the Snell dwarf genotype had a ben-
eficial effect on some peripheral organ function. We assessed
muscle pathology without finding evidence of muscle dysfunc-
tion in any of the evaluated genotypes.

The Snell dwarf genotype did affect GABA-A/benzodiazepine
receptor expression in some brain regions, and we found reduced
nigral cannabinoid receptor binding sites in Snell dwarf mice
lacking the HdhQ200 allele. Little is known about the effects of
Pit1-deficiency on brain function, though age-related changes in
some cognitive tests are delayed in the closely related Ames dwarf
(Prop1 df/df) mouse stock (Sun et al., 2005). Prior limited studies
of Snell dwarfs suggested modest abnormalities of cortical neu-
ron morphology and delayed myelination (Noguchi et al., 1983,
1985), though our studies indicate normal myelination in mature
Snell dwarf mice (data not shown). Prior neurochemical studies
suggest developmental abnormalities in cholinergic and monoam-
inergic neurotransmission in Snell dwarf mice (Fuhrmann et al.,
1985; Kempf et al., 1985). Further work will be required to under-
stand the effects of this mutation on brain structure and function.

The dissociation between the effects of the Snell dwarf geno-
type on balance beam performance and weight loss, and indices
of striatal neuron dysfunction-pathology are a warning that re-
sults of some commonly used behavioral tests should be inter-

Figure 8. NADH histochemistry of quadriceps muscle. Muscle fibers are smaller in dwarf mice, with or without HD-like alleles. No pathologic changes were detected in any mice. Scale bar, 200
�m.

Figure 9. Forebrain BDNF gene expression. Two-way ANOVA indicates an effect of HD-like
alleles reducing BDNF gene expression but no significant effect of the Snell dwarf genotype and
no interaction between HD-like alleles and Snell dwarf genotype. Bar indicates significant dif-
ference (t � �2.53, p � 0.02) in contrast of WT and HD mice. Error bars are SEM.
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preted cautiously. An ideal readout would predict accurately the
results of human clinical intervention trials. The paucity of com-
pleted clinical trials precludes systematic comparison of mouse
model studies with human intervention studies. Considerable fur-
ther preclinical and clinical work is needed to establish the predictive
validity of murine genetic HD models and to determine the best
ways to evaluate various functional tests of the underlying
neuropathology.

In summary, we found good evidence of an effect of the Snell
dwarf genotype on some phenotypic features but little evidence
that delaying aging reduced striatal neuron dysfunction-
pathology in this model of HD with strong face and construct
validity. These results undermine the notion that this form of
delaying aging by reducing IIS will ameliorate neurodegenera-
tion, at least for HD. It is possible that this intervention had some
beneficial effects on neuronal dysfunction in extrastriatal brain
regions. Our results also suggest caution in interpreting a com-
monly used behavioral outcome measure in HD-like mice and
underscore the need for more work to validate these models.
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