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Abstract. Mouse strain background can influence vulnerability to excitotoxic neuronal cell death and potentially modulate
phenotypes in transgenic mouse models of human disease. Evidence supports a contribution of excitotoxicity to the selective death
of medium spiny neurons in Huntington’s disease (HD). Here, we assess whether strain differences in excitotoxic vulnerability
influence striatal cell death in a knock-in mouse model of HD. Previous studies that evaluated resistance to excitotoxic lesions
in several mouse models of HD had variable outcomes. In the present study, we directly compare one model on two different
background strains to test the contribution of strain to excitotoxicity-mediated neurodegeneration. Mice of the FVB/N strain,
which are highly vulnerable to excitotoxicity, become extremely resistant to quinolinic acid-induced striatal neurodegeneration
with age, when carrying a huntingtin (Htt) allele expressing a HD transgene (CAG140). The resistance is much greater than
the age-dependent resistance that has been previously reported in YAC128 mice. By 12 months of age, both heterozygous and
homozygous FVB.CAG140 mice displayed virtually complete resistance to quinolinic acid-induced striatal neurodegeneration.
A similar resistance develops in CAG140 mice on a C57BL/6N background although the effect size is smaller because C57BL/6N
mice are already resistant due to genetic background. In a direct comparison with the YAC128 mice, FVB.CAG140 mice have
greater resistance. FVB.CAG140 mice are also resistant to neurodegeneration following kainic acid-induced status epilepticus
suggesting the existence of a common cellular mechanism that provides protection against multiple types of excitotoxic insult.
These findings establish FVB.CAG140 mice as a useful model to investigate the cellular and molecular mechanisms that confer
neuroprotection against excitotoxicity.
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INTRODUCTION

Excitotoxicity is implicated in multiple neurode-
generative diseases, although its exact role in disease
progression is not fully understood. One hypothesis
to explain striatal neuron death in Huntington’s dis-
ease (HD) is that excitotoxic cell death is triggered
by glutamatergic input from the cerebral cortex [1-3].
In this regard, HD can be modeled in animals with
an intrastriatal injection of quinolinic acid (QUIN),
an excitotoxic neurotoxin that triggers the selective
degeneration of spiny stellate neurons [4]. N-methyl-
D-aspartate (NMDA) receptor activation of medium
spiny neurons can increase apoptosis in cells that
express mutant huntingtin [5, 6], which is consistent
with a mechanism of excitotoxicity contributing to the
pathogenesis of HD.

Mouse strain background is an important consid-
eration when studying excitotoxicity. Certain strains
of inbred mice are resistant to QUIN-induced stri-
atal neurodegeneration as well as other forms of
excitotoxic neurodegeneration [7, 8]. For example,
C57BL/6N (C57BL/6) mice exhibit substantial resis-
tance to QUIN-induced striatal neurodegeneration
while FVB/N mice are highly vulnerable. FVB/N mice
are more vulnerable than other strains to multiple forms
of excitotoxicity, including QUIN and kainic acid (KA)
[9-11].

The choice of strain background for genetic models
of disease is typically driven by the advantages dif-
ferent strains provide for genetic manipulation, or in
breeding thereafter. Significantly, genetic differences
between inbred strains can affect the phenotype of the
model [12, 13]. There exist many genetic mouse mod-
els of HD on different strain backgrounds [14-21],
some of which involve mixed backgrounds that have
not been fully characterized. Neurodegeneration due
to the HD mutation is variable between these models.
Although this may be due in part to the length of the
repeat [22], or the type of transgenic model (i.e. frag-
ment, knock-in, or full length) [14, 15, 23-25], genetic
background likely influences neurodegeneration in HD
mice [26, 27].

Several groups have studied QUIN-induced striatal
neurodegeneration in different mouse models of HD
with variable outcomes that are often age-dependent.
N171-82Q mice on a mixed C3H/HEJ x C57BL/6J
strain background also showed resistance to QUIN-
induced striatal neurodegeneration compared to
controls at 15 weeks of age, but other ages were not
assessed [28]. The shortstop model, on an FVB/N
background, has very little QUIN-induced striatal neu-

rodegeneration compared to wild type littermates at 6
months of age [29]. In contrast, other HD mouse mod-
els either have no reported difference to QUIN-induced
striatal neurodegeneration (such as the tgHD100 mice
on a mixed SJL x C57BL/6 background [30]), or they
display increased QUIN-induced striatal neurodegen-
eration compared to wild type controls (YAC72 mice
on an FVB/N strain background at 6 and 10 months of
age [5]). Because different studies tested mice at dif-
ferent ages, variability in excitotoxic vulnerability in
the different HD models may be due to differences in
the age of the mice at the time of assessment.

In studies that have tested multiple ages, the resis-
tance to QUIN is variable, and usually increases with
age. Brundin and colleagues reported age-dependent
resistance to striatal QUIN injection compared to wild
type littermates in both the R6/1 and R6/2 mouse
models, which are on a mixed CBA x C57BL/6 strain
background. The R6/1 mice are more vulnerable than
WT mice at 3 and 8 weeks of age and more resis-
tant than WT at 13, 18, 22, and 36 weeks of age. The
R6/2 mice are more vulnerable than WT at 3 weeks
of age, and more resistant than WT at 6 and 12 weeks
of age [31, 32]. Similarly, the QUIN-induced striatal
neurodegeneration in the YAC128 mice varies with
age (YACI128 are more vulnerable than WT at 1.3,
3 and 6 months of age, and more resistant than WT
at 10, 12, and 18 months of age) [33]. These models
are on various strain backgrounds; including strains
that are vulnerable to excitotoxicity, are resistant to
excitotoxicity or have not yet been characterized for
excitotoxic vulnerability. An interaction between strain
background and cell death may exist in HD mouse
models. However, it is difficult to draw firm conclu-
sions from the literature due to variations in the dose,
timing or type of excitotoxic lesion, the background
strain, the type of HD mutation or transgenic model,
and the methods of measuring the amount of QUIN-
induced striatal neurodegeneration. While there have
been studies of phenotype resulting from the same HD
mutation on several background strains (e.g. YAC128
model) [26], no study has directly compared the sus-
ceptibility to excitotoxicity of the same HD mouse
model on different background strains.

In the present study, we sought to address this issue.
We show that the extent of resistance to excitotoxicity
is dependent on genotype, age and strain background.
CAG140 knock-in mice, which were originally char-
acterized on a mixed genetic background [18, 23],
were bred onto both FVB/NHsd and C57BL/6NHsd
congenic strain backgrounds. Resistance to QUIN-
induced excitotoxicity was assessed across multiple
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ages and over a time course of neurodegeneration and
two different excitotoxic lesions (QUIN and KA) were
performed in aged CAG140 mice. QUIN-induced stri-
atal neurodegeneration in the FVB.CAG140 knock-in
model was also compared to a full-length transgenic
model (YAC128). These studies were designed to gain
insight into the underlying mechanism behind striatal
cell death and survival in HD. Our results reveal that
the presence of the CAG140 transgene causes cellular
changes that result in a dramatic resistance to an oth-
erwise lethal excitotoxic insult in both FVB/NHsd and
C57BL/6NHsd strain backgrounds.

MATERIALS AND METHODS

All procedures were conducted in accordance with
the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. Experimental proto-
cols were approved by the Institutional Animal Care
and Use Committee at the University of California,
Irvine. Transgenic mice in this study were from the
B6.CAG140 line, FVB.CAG140 line, or the YAC128
line. Mice from defined strains were obtained from
commercial suppliers as noted below.

Mice and genotyping

FVB/NHsd and C57BL/6NHsd mice were obtained
from Harlan (Indianapolis, IN, USA). CAG140 mice
with the mutant huntingtin allele [18], generously
donated by M.F. Chesselet (UCLA), were originally
generated using a 129S1 embryonic stem cell line
and maintained on a congenic C57BL/6J background.
Heterozygous CAG140 animals were back-crossed
with FVB/NHsd and C57BL/6NHsd mice for 10
generations to generate experimental animals and lit-
termate (wild-type) controls used here. The CAG140
knock-in mouse model was selected for these stud-
ies because expression of the mutant HD protein is
under the control of the endogenous huntingtin locus
on mouse chromosome 5. The mice express one copy
of mutant huntingtin protein (mHtt) and one copy
of mouse wild-type huntingtin (Htt) in the case of
the heterozygotes (HET) or two copies of mHtt with
no wild-type Htt in the case of the homozygotes
(HOM).

To transfer the mutant huntingtin allele to the
FVB/NHsd strain background, B6:129-CAG140 mice
were out crossed with FVB/NHsd mice. Offspring
were backcrossed with FVB/NHsd mice for nine
generations to produce FVB.129S1(B6)-CAG140
(N10) mice (i.e. congenic on a FVB/NHsd strain

background), hereafter referred to as FVB.CAG140.
These animals were intercrossed to generate homozy-
gous and heterozygous FVB.CAG140 mice and
littermate controls that were wild type at the huntingtin
locus (termed WT FVB.CAG140). We also compared
the extent of QUIN-induced striatal neurodegenera-
tion in C57BL/6NHsd mice, housed at the University
of California, Irvine. YAC128 mice (line 53; official
name FVB-Tg (YAC128) 53Hay), were generated by
microinjection of a yeast artificial chromosome (YAC)
containing a human HD allele into the pronucleus of a
FVB/N fertilized oocyte (Slow et al. 2003).

For controls in immunohistochemistry analyses, HD
transgenic mice (line R6/2) (B6CBA-Tg (HDexonl)
62 Gpb/1J) ona CBA x C57BL/6J strain of origin were
purchased from Jackson Laboratories, Bar Harbor, ME
[17]. Mice were genotyped as described elsewhere
[34]. The PCR products were separated in a 1 % agarose
gel containing 0.25 pg/ml ethidium bromide. Since
the number of CAG repeats in this mouse model has
been shown to vary [20, 35], repeat numbers were
determined (Laragen, Culver City, CA, USA) in 10
mice from the first generation of mice after 10 genera-
tions of backcrossing. The number of CAG repeats in
FVB.CAG140 N11 mice was 127 & 12, a range con-
sistent with variability of expansion within individual
offspring.

Quinolinic acid treatment

Mice were tested for vulnerability to excitotoxicity
with a unilateral striatal injection of quinolinic acid
(QUIN) (Sigma-Aldrich, St. Louis, MO), as previ-
ously described [10]. Briefly, mice were anesthetized
with 33 ml/kg i.p. Avertin and secured in a stereo-
taxic device. QUIN (15 nmols in 0.5 pL saline, pH 6.8)
was injected into the right striatum (0.7 mm rostral to
bregma, 2.1 mm lateral to the midline and 2.5 mm ven-
tral to the dura mater) over a period of three minutes.
Mice were perfused with 4% paraformaldehyde (PFA)
in phosphate buffered saline (PBS), pH 7.4 at seven,
10, 13 or 16 days post-injection. Brains were post-
fixed overnight with 4% PFA, cryoprotected in 30%
sucrose in PBS, and cut into 35 um coronal sections on
a freezing microtome.

For comparison of QUIN-induced striatal neurode-
generation, all three genotypes (WT, HET and HOM)
of mice on either the FVB/NHsd or C57BL/6NHsd
strain backgrounds were given injections of QUIN at
1,2, 4 or 12 months of age, and tissue was harvested 7
days later. Final group size varied due to attrition from
various causes (see Table 1). Starting group sizes in the



224

M.K. Strong et al. / Resistance to Excitotoxicity in HD Mice

Table 1
Group numbers and attrition
Age (mo.) Strain Genotype No. mice No. mice Deaths
injected euthanized due to:
Experiment: QUIN, 7 day survival
1 FVB WT 12 11
1 FVB HET 13 12 Anesthesia
1 FVB HOM 13 10 Surgery, anesthesia
2 FVB WT 10 10
2 FVB HET 14 12 Recovery
2 FVB HOM 10 10
4 FVB WT 10 10
4 FVB HET 10 10
4 FVB HOM 8 8
12 FVB WT 8 6 Anesthesia, recovery
12 FVB HET 8 6 Anesthesia, recovery
12 FVB HOM 7 6 Recovery
1 C57BL/6 WT 11 10 Anesthesia
1 C57BL/6 HET 11 9 Anesthesia, recovery
1 C57BL/6 HOM 11 11
2 C57BL/6 WT 12 9 Anesthesia, recovery
2 C57BL/6 HET 13 10 Anesthesia, recovery
2 C57BL/6 HOM 12 9 Anesthesia, recovery
4 C57BL/6 WT 11 9 Anesthesia
4 C57BL/6 HET 12 10 Anesthesia, recovery
4 C57BL/6 HOM 9 7 Anesthesia
12 C57BL/6 WT 11 8 Anesthesia, recovery
12 C57BL/6 HET 8 7 Recovery
12 C57BL/6 HOM 9 4 Anesthesia, recovery
Experiment: QUIN time course, 10, 13 or 16 day survival
6orl12 FVB WT 13 12 Recovery
12 FVB HET 13 12 Recovery
Experiment: QUIN, 7 day survival, comparing HD mouse models
12 FVB WT 15 10 Anesthesia, recovery
12 FVB YAC128 14 14
12 FVB HET 3 3
12 FVB HOM 1 1
Experiment: Kainic acid treatment, 3 day survival
12 FVB WT 2 2
12 FVB HET 10 7 Within 3 hrs post KA
12 FVB HOM 5 1 Within 3 hrs post KA

12 month old group were smaller, as male mice some-
times fought with each other and had to be euthanized
due to injuries prior to being injected with QUIN. Some
animals were excluded from the statistical analysis due
to tissue quality or lesions not meeting inclusion cri-
teria. Group numbers used in statistical analysis are
reported in the figure legend.

To define the time course of QUIN-induced stri-
atal neurodegeneration, mice were injected as above
and killed 10, 13, and 16 days post QUIN (for group
sizes see table). For consistency with previous studies,
a time-point of 7 days was used for most experi-
ments although we also assessed neurodegeneration
at time points following 7 days. WT mice used in the
time course experiment were WT FVB/NHsd.CAG140

NI10Fx (i.e. non-CAG140-Htt allele containing) lit-
termates and FVB/NHsd (i.e. non-transgenic) mice
ordered from Harlan (the only time these mice
were used in the study). For clarity, we distinguish
these mice as WT FVB.CAG140 and FVB/NHsd
hereafter. Both sources of “WT’ mice had consid-
erable QUIN-induced striatal neurodegeneration that
was indistinguishable and thus quantitative data from
the two groups were pooled.

We also compared the extent of QUIN-induced stri-
atal neurodegeneration in FVB.CAG140 mice with
YAC128 animals, another HD model produced and
maintained on a FVB/N strain background. For this
comparison, 12 month old YACI128 mice and WT,
HET and HOM FVB.CAG140 animals received QUIN
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injections as described above and mice were killed 7
days post injection. QUIN-induced striatal neurode-
generation in the four FVB.CAG140 mice injected in
this experiment was not significantly different from the
five animals in the first experiment, so data from the
two groups were pooled.

Kainic acid treatment for inducing status
epilepticus

To determine whether resistance extends to another
type of excitotoxic neurodegeneration, we assessed
hippocampal neurodegeneration after an episode of
status epilepticus. Twelve month old FVB.CAG140
mice (n=10HET and SHOM) and WT littermates
(n=2) received subcutaneous injections of kainic acid
(KA), which causes seizures that lead to hippocam-
pal cell death. Mice were given 30 mg/kg KA, with
supplemental doses of 15mg/kg every 45 minutes
until the mice exhibited level five seizures [9]. Seizure
duration and intensity was scored according to a six-
point seizure scale [8] adapted for mice. Seizures were
rated at 5 minute intervals over a continuous four
hour period. Two HET and three HOM FVB.CAG140
mice died during the status epilepticus; one HET and
one HOM FVB.CAG140 mouse died during the post-
injection survival period. A total of two WT, seven HET
and one HOM FVB.CAG140 mice survived following
extended status epilepticus, and were euthanized 3
days post KA by anesthetic overdose. Five age and sex
matched WT FVB.CAG140 mice that did not receive
injections of KA were used as non-injected controls
(NIC) for cresyl violet cell quantification. Mice were
perfused and brains were prepared as described above.

Assessing neurodegeneration and survival

To detect degenerating neurons, every fourth coro-
nal section was mounted on a slide and stained with
FluoroJadeB, an anionic fluorescein derivative (FJB,
Histochem) [36]. Slides were immersed in 100%, 70%
ethanol and dH,0 followed by 0.06% potassium per-
manganate for 10 minutes at room temperature (RT).
After rinsing, slides were immersed in 0.001% FJB
/0.1% acetic acid for 20 minutes at RT, cleared in
xylenes and mounted with DPX.

Degenerating (FJB-positive) neurons were counted
using Image J (v1.40 g, NIH). The injections produced
a roughly spherical area containing degenerating neu-
rons. To estimate the number of degenerating neurons
in a section, the area of the striatum was delineated,
a threshold for determining cell size was set, and the

total number of FIB-positive cells within each section
was determined. The numbers represent the number
of cells counted only in the one-in-four series of sec-
tions analyzed for each animal. To compare manual
cell counts to counts collected automatically by Image
J, four sections were chosen for both manual and auto-
mated cell counts. The manual (136, 140, 637, and
2216) and automated (115, 121, 670 and 1999) counts
for the same four sections were significantly correlated
to each other (P=0.0016, R2=0.997).

Neuronal degeneration in the hippocampus after
KA-induced status epilepticus was assessed using NIH
Image J to count FIB-positive neurons and measure the
length of the cell layers in the dentate gyrus (DG),
CA1, CA3 and the hilus in four sections spaced at
40 pm intervals beginning approximately 1.5 mm cau-
dal to bregma. Values were averaged and divided by the
length of the subfield to obtain counts of FJB-positive
neurons per unit length of the cell body layers in each
region for each mouse.

To assess neuronal survival in the hippocampus
after KA-induced seizures, coronal sections (40 pm)
were collected and every fourth section was processed
for cresyl violet staining. Tissue was first rinsed in
PBS, followed by 0.05% cresyl violet (15 min at RT)
After rinsing, slides were immersed in 70%, 95%, and
100% ethanol then allowed to dry before being cleared
in xylenes and cover slipped with DPX. Cell counts
were made in areas CA1, CA3 and the dentate gyrus.
Images were obtained using a 60x, 1.4 NA objec-
tive on an Olympus A x 80 microscope with the aid
of Magnafire-SP software in every alternately stained
section (~320 wm separation distance). Four count-
ing frames (100 x 100 wm) per section were randomly
selected and the number of cresyl violet stained cells
was evaluated using Image J. Criteria used for counting
neurons were (1) presence of a nucleus; (2) a char-
acteristically healthy neuronal morphology and (3) a
cell body at least 10 pum in diameter. Cell counts were
averaged per animal and final counts were shown as
percentages compared to control mice.

Striatal and lesion volume measurements

Striatal and lesion volume were analyzed planimet-
rically in every eighth section in FJB stained tissue
using NIH Image J. The striatum was defined using
the corpus callosum and lateral ventricle as the ros-
tral, dorsal and medial boundaries and the anterior
commissure as the caudal endpoint. The lesion was
defined as the area containing FJB-positive neurons.
Total striatal volume on each side or lesion volume on
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the injected side was then calculated using the Cavalieri
equation.

Immunohistochemistry

Immunostaining for mHtt aggregates was performed
using mouse monoclonal anti-human Htt antibody
(EM48, 1:200, MAB5374, Chemicon). The EM48
monoclonal antibody was generated against a GST
fusion protein composed of the first 256 amino acids
of human huntingtin lacking the polyglutamine tract.
EM48 recognizes an epitope in human huntingtin
exon 1 that is included in the Hrt CAG140 knock-in
allele. Endogenous peroxidases were blocked in frozen
sections (35 wm) by immersion in 4% hydrogen per-
oxide/10% methanol for 10 minutes at RT. Sections
were then blocked by incubation in PBS containing
5% normal goat serum (NGS) and 0.1% Triton-X 100
at RT for 2hr. Sections were reacted with antibody
in blocking buffer by static incubation in a humid-
ified chamber overnight at RT. Western blots using
lysate from HEK293 cells with EM48 produces a sin-
gle band at a molecular weight of >250 kDa (Millipore
product information), and stains mHtt aggregates in
transgenic animals that express 82 to 150 CAG repeats
in the human Htt protein. As a positive control, sections
from transgenic R6/2 mice were processed in parallel
to tissue from this study. A key control for antibody
specificity is that immunostaining for EM48 is absent
in FVB.CAG140 WT mice. No immunostaining was
seen on control sections in which the primary antibody
was omitted.

Medium spiny neurons were identified by using
an antibody against dopamine and cAMP regulated
phosphoprotein, 32 kD (DARPP-32, 1:2000, AB1656,
Millipore), performed as for EM48 immunostain-
ing (without Triton). This polyclonal antiserum was
generated against a synthetic peptide (CQVEMIR-
RRRPTPAM) coupled to KLH and recognizes
phosphorylated threonine 34 of the DARPP-32 protein.
When used for immunohistochemistry, the DARPP-32
antibody selectively stains medium sized stellate neu-
rons in the striatum. This selective pattern of staining is
one confirmation of antibody specificity. No immunos-
taining was seen on control sections in which either the
primary or secondary antibody was omitted.

For non-fluorescent immunohistochemistry, biotin
conjugated secondary goat anti-mouse (for EM48) and
goat anti-rabbit (for DARPP-32) were used. Antibod-
ies were visualized by the Avidin-Biotin Complex
(ABC) system with diaminobenzimide (DAB) (Vec-
tor Labs, Burlingame, CA) and sections stained for

DARPP-32 were counterstained with 0.5% methyl
green. For fluorescent immunohistochemistry (Htt and
FJB), goat anti-mouse secondary antibody conjugated
to AlexaFluor 594 in PBS/NGS and 0.1% Triton-X 100
was used. In the final PBS rinse after incubation with
secondary antibody sections were immediately trans-
ferred to 0.06% potassium permanganate in PBS for 4
minutes, rinsed in PBS for two minutes, transferred to
0.001% FIB/0.1% acetic acid staining solution for 10
minutes, and rinsed in PBS before clearing in xylenes
and coverslipping with DPX.

Stereological analysis of numbers of DARP-32
positive neurons

Uniform random sampling of the coronally cut brain
tissue was performed according to standard stereolog-
ical principles in sections spaced 280 wm apart. An
Olympus BX51 microscope with a motorized stage and
Stereo Investigator software (Microbright field) were
used. Sampling parameters were determined to get a
coefficient of error (CE) ratio of less than 0.05. The
optical fractionator probe was used to count nucleoli
of DARPP-32 positive neurons in the striatum using a
60x objective in each contour. Quantification in Stereo
Investigator using mean measured thickness yielded
the estimated total number of DARPP-32 positive neu-
rons within each striatum.

Immunoblotting

YAC128 and WT littermates, and FVB.CAG140
WT, HET and HOM mice (6 or 12 months old)
were euthanized with an overdose of Avertin and
brains were removed. Olfactory bulbs and the cere-
bella were removed, and the remaining brain was
divided into right and left hemispheres and snap-
frozen in dry ice cooled isopentane. Proteins were
extracted from the right hemisphere by homoge-
nization and sonication in SDP lysis buffer (50 mM
Tris pH8.0, 150mM NaCl, 1% Igepal, 40 mM
B-glycerophosphate, 10 mM NaF, 1X Roche complete
protease inhibitor, 1 mM sodium orthovanadate and
800mM PMSF) followed by incubation on ice for
10 min. Debris was removed by centrifugation (15 min,
20,000 g, 4°C) and the supernatant retained. Protein
concentrations were determined by DC assay (Bio-
Rad). Samples were prepared for immunoblotting by
denaturing the lysates in lithium dodecyl sulfate (LDS)
sample buffer (Life Technology, Carlsbad, CA) with
100 mM DTT and heating to 70°C for 10 min. Sam-
ples were resolved using 10% low-BIS acrylamide gels
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[37]. Proteins were transferred to 0.45 wm nitrocellu-
lose. Membranes were blocked with 5% milk in PBS,
and then blotted for Htt (MAB2166, Millipore or BKP1
[38]) and calnexin (Sigma C4731) loading control.
Proteins were detected with IR dye 800 CW goat anti-
mouse (Rockland 610-131-007) and AlexaFluor 680
goat anti-rabbit (Molecular Probes A21076)-labeled
secondary antibodies, and the LiCor Odyssey Infrared
Imaging system. Mutant and WT Hitt intensities were
normalized to calnexin loading control and then to the
average level of WT Htt from WT mice on the same
membrane. Three mice per age and genotype were
evaluated.

Filter retardation assay

To determine the relative amount of insoluble Hitt,
we used a filter-retardation assay to quantify the
amount of large (>0.45 uwm), SDS-insoluble aggre-
gates [39] that do not pass through a 0.22um pore
size. The left hemisphere of the brains used in
immunoblotting was analyzed. Lysate (50 pg) was
diluted to 200 w1 with 0.01% SDS and filtered through
cellulose acetate membrane (Schleicher & Schuell,
0.22-pm pore size) with a Bio-Rad dot blot filtra-
tion unit. The assay was performed as described [40].
SDS-insoluble mHtt was visualized by immunore-
actions with the EM48 antibody (Millipore, 1
1000). Peroxidase-conjugated AffiniPure goat anti-
mouse or goat anti-rabbit secondary antibody (Jackson
ImmunoResearch Laboratories) was used at 1:50,000
for 1 h at room temperature. Blots were detected using
PICO detection reagent (Pierce). The amount of aggre-
gated mHtt was normalized to the background levels
detected in WT mice.

Statistical analysis

All data (with the exception of the microarray data,
described above) were analyzed with Prism Graph-
Pad (version 5.01). Where data did not display normal
distribution and lacked equal variances, statistical test-
ing was conducted accordingly. Comparison between
two groups was performed with a Student’s #-test or
Mann-Whitney U depending on whether the data were
normally distributed. Comparisons with three or more
groups were run with a parametric one way ANOVA
with Bonferroni post test or Kruskal-Wallis analy-
sis with Dunns post test depending on whether the
data were normally distributed. Additionally, two-way
ANOVA with Bonferroni post test was used when ana-
lyzing two factors.

RESULTS

FVB/NHsdCAG140 (FVB.CAG140) mice develop
resistance to QUIN-induced striatal
neurodegeneration

To begin to address whether strain can influence
susceptibility to excitotoxicity in CAG140 mice, an
intrastriatal injection of QUIN (15 nmol) was adminis-
tered to FVB.CAG140 mice. Consistent with previous
studies [10], QUIN caused extensive degeneration
of striatal neurons in the FVB.CAG140 WT mice.
Seven days following QUIN injections, large numbers
of FIB-positive (degenerating) neurons were evident
throughout the striatum on the ipsilateral side of injec-
tion (Fig. 1). The number of degenerating neurons
counted following QUIN injection in the FVB/NHsd
WT mice did not vary with age (Fig. 1A, D, G, J).

One and two month old HET and HOM
FVB.CAG140 mice exhibited extensive QUIN-
induced striatal neurodegeneration (Fig. 1B, C, J). At
four months of age HET FVB.CAG140 mice (Fig. 1E)
remain vulnerable to QUIN, displaying cell death sim-
ilar to WT FVB/NHsd mice (Fig. 1B, J). Remarkably,
four-month old HOM FVB.CAG140 mice showed
~30% reduction in QUIN-induced striatal neurode-
generation compared to that observed in WT and HET
FVB.CAG140 mice; (Fig. 1F, J, P=0.001, ANOVA).
Group sizes used in statistics are as follows: § HOM,
12 HET, and 9 WT at 1 month, 10 HOM, 11 HET, and
9 WT at 2 months, and 8 HOM, 7HET, and 11 WT at
4 months.

Resistance becomes essentially complete as mice
age.

We next tested resistance in older mice. At 12
months of age, WT FVB.CAG140 mice (Fig. 1G)
still exhibited a high degree of vulnerability to
injection of QUIN, comparable to 1, 2 and 4
month old mice (Fig. 1J). In contrast, 12 month-old
HOM FVB.CAG140 mice (Fig. 1I) were essentially
completely resistant to QUIN-induced striatal neu-
rodegeneration, exhibiting only 3.6% of the cell death
seen in WT littermate controls (Fig. 1G, J). Degen-
erating (FJB-positive) neurons were only observed in
the area immediately surrounding the injection track
as expected from the physical damage produced by the
syringe. Even one copy of the CAG140 allele was suf-
ficient to confer resistance to cell death at this age, with
FVB.CAG140 HET mice (Fig. 1H) exhibiting 3.7% of
the cell death seen in WT littermate controls (Fig. 1G,
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Fig. 1. FVB.CAG140 mice develop resistance to QUIN-induced striatal degeneration. Striatal sections stained with FJB from 1-month-old (A)
WT, (B) HET, and (C) HOM CAG140 mice on an FVB/NHsd background demonstrate vulnerability to QUIN. Representative sections from
lesion epicenter (arrow points to syringe tract) of animals displaying cell death closest to the group mean. There is a different pattern at 4 months;
(D) WT, (E) HET, and (F) HOM FVB.CAG140 mice demonstrate reduced cell death in the HOM mice (insets show higher magnification of
FIB-positive cells, which are representative for all times). At 12 months the QUIN lesioned area is large in (G) WT, but dramatically reduced
in the (H) HET and (I) HOM FVB.CAG140 mice; verified by quantification of QUIN-induced striatal neurodegeneration (J). A reduction in
the number of FJB-positive cells is observed in the HOM mice at 4 and 12 months of age compared to WT and HET. At 12 months both
HET (*P<0.001) and HOM FVB.CAG140 animals exhibit less than 4% of cell death observed in WT. Both FVB HOM and HET mice have
reduced cell death at 4 and/or 12 months compared to 1 and 2 months (+P <0.0001). Data are mean & SEM; N=8 HOM, 12 HET, and 9 WT at
1 month, 10 HOM, 11 HET, and 9 WT at 2 months, 8 HOM, 7 HET, and 11 WT at 4 months, and 5 HOM, 6 HET, and 6 WT at 12 months; scale
bar =500 pm (50 pwm in inset).
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Fig. 2. Counts of surviving medium spiny neurons confirm greater loss of neurons in WT FVB/N littermates. Striatal sections stained with
DARPP-32 in 4 month old FVB.CAG140 (A, B) WT, vs. (C) HET and (D) HOM mice. Representative sections are from mice that had an amount
of cell death that was closest to the group mean. (A) The section from the contralateral untreated side of the brain is from a WT animal, but is
representative for all genotypes. There is no loss of DARPP-32 reactivity in knock-in mice. (E) Stereological quantification confirms that both
the WT and HET groups have fewer neurons in the QUIN injected striatum than the non-injected striatum (*, P <0.05 compared to non-injected
side). The percent loss on the QUIN injected side (compared to non-injected side) was greater in the WT than the HET mice (41.5% loss in WT
vs. 33.8% loss in HET FVB.CAG140 mice). In the QUIN injected striatum, DARPP-32 neuron counts were lower in the two groups that had the
most cell death (WT and HET mice) compared to HOM mice. This difference was significant between the HET and the HOM mice at this time
(p<0.05). There were no differences between counts on the control side between genotypes. (F) Similarly, there are no significant differences

in the striatal volume between groups. Data are mean &= SEM; N =5 for all groups; scale bar =500 pwm (30 um in inset).

J). Thus, knock-in mice on an otherwise highly vul-
nerable strain background have significantly less cell
death than their WT littermates (P =0.012, ANOVA).
There was significant overall effect of both age and
genotype (P <0.0001 and P = 0.0004 respectively, two-
way ANOVA) in the FVB line. Group sizes used in
statistics are as follows: 5SHOM, 6 HET, and 6 WT at
12 months.

Differences in QUIN-induced striatal
neurodegeneration translate to differential
preservation of medium spiny neurons

FIB facilitates identification of neurons that are
degenerating at a given time point, but does not
reveal the overall extent of neuronal loss. To address
this, sections from four month old mice were stained
with DARPP-32, which is a marker for spiny stellate
neurons. Immunostaining for DARPP-32 was largely
absent in the area surrounding the QUIN injection
in the WT FVB.CAG140 mice (Fig. 2). In the area
of diminished immunostaining, DARPP-32 positive
neurons were absent (Fig. 2B, inset) resulting in a

nearly 50% reduction in total striatal DARPP-32 pos-
itive neurons on the QUIN injected side compared to
the control side (Fig. 2A, E, paired #-test, WT, con-
trol vs. QUIN injected striatum, P=0.001). This is
a substantial loss considering we are counting neu-
rons from the rostral to the caudal boundaries of the
striatum and not just within the lesion area. HET-
FVB.CAG140 mice exhibited some protection from
DARPP-32-loss (Fig. 2C, E) with cell death still
apparent but less than in WT littermate controls (41.5%
loss in WT littermate controls vs. 33.8% loss in HET
mice). In keeping with the results of FJB staining, there
was only a very small area of diminished DARPP-32
staining in FVB.CAG140 HOM mice (Fig. 2D) and
no decrease in the total number of DARPP-32 posi-
tive neurons on the injected side (Fig. 2E, paired #-test,
control vs. QUIN injected striatum, P =0.338). Due to
the DARPP-32 positive neurons outside the lesioned
area, there was no significant difference in the number
of neurons between the WT, HET and HOM mice in
the QUIN injected striatum. To compare our method
of quantifying DARPP-32 positive neurons to a mea-
sure of striatal volume, we estimated striatal volume in
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Fig. 3. Reactive astrocytes are similar in KI and WT mice. Reactive
astrocytes stained with GFAP are present in both the C57BL/6 WT
(A) and FVB/N WT (B) mice 7 days post QUIN injection. The area
of reactive astrocytes appears slightly smaller in the HOM mice,
C57BL/6 (C) and FVB/N (D) respectively, however the area of GFAP
staining extends far past the border of FIB lesions for these mice at
12 months. Scale bar =500 pwm.

these same lesioned striata (Fig. 2F). Despite signifi-
cant differences in the number of DARPP-32 positive
neurons, there is no significant difference in striatal
volume between groups 7 days post QUIN lesion. Five
mice used in each group for this analysis.

Tissue sections were also stained for GFAP to exam-
ine astrogliosis. The area of reactive astrocytes is
similar in the C57BL/6NHsd.CAG140 (B6.CAG140)
WT and HOM (Fig. 3A, C), but was greater
in the FVB.CAG140 WT (Fig. 3B) compared to
FVB.CAG140 HOM mice (Fig. 3D). Despite the HOM
mice having a small QUIN lesion, the area of reactive
astrocytes (Fig. 3) was much larger than the area of
FJB-positive neurons (compare to Fig. 1). For com-
parison, rodents given an injection of saline instead of
QUIN have minimal GFAP reactivity [41]. Thus, astro-
cytes undergo hypertrophy even in areas in which there
is minimal neuronal loss. Astrocytes have been shown
to up-regulate GFAP in response to intense neuronal
activity [42] and thus the large area of GFAP positive

staining may be due to a direct action of QUIN on
astrocytes.

Time course of QUIN-induced striatal
neurodegeneration

The above analysis of QUIN-induced striatal neu-
rodegeneration was at a single time point (7 days).
As FJB only labels degenerating and not dead cells,
we wished to verify that cell death in FVB.CAG140
HOM mice was reduced compared with FVB.CAG140
WT mice, rather than being delayed. No reduction in
surviving cells is seen in FVB.CAG140HOM mice 7
days post QUIN injection (refer to Fig. 2) indicating
that cell death does not occur prior to this time point. To
exclude the possibility that cell death was delayed in
FVB.CAG140 HOM mice, FJB staining was assessed
10, 13 or 16 days post QUIN injection (Fig. 4). In gen-
eral, the number of degenerating cells (FJB-positive
cells) was considerably lower at 10-16 days than
at 7 days post QUIN (compare to Fig. 1), suggest-
ing that many degenerating neurons were either no
longer FJB-positive or had been removed by phago-
cytosis. However, at all time points there were fewer
FIB-positive cells in the FVB.CAG140 HOM mice
vs. WT controls (Fig. 4, P=0.01, 2 way ANOVA)
indicating the CAG140 mice are indeed resistant to
QUIN-induced striatal neurodegeneration. FJB stain-
ing localizes to the cell body, but was not present in
every cell (Fig. 4H). Group sizes used in statistics are
as follows: SWT and 4 HOM at 10 days, 4 WT and
4 HOM at 13 days, and 3 WT and 4 HOM at 16 days.

C57BL/6 mice carrying the CAG140 transgene
also become more resistant than WT

Several previous studies have shown that mice carry-
ing HD transgenes are more resistant to excitotoxicity
[31, 33, 43]; however, a direct comparison of the
effects of a particular HD transgene in different
strains has not yet been performed. Accordingly, we
compared the extent of striatal neurodegeneration in
FVB.CAG140 (Fig. 1) vs. B6.CAG140 mice (Fig. 5)
after equivalent intrastriatal injections of QUIN. Con-
sistent with previous studies [10], B6.CAG140 WT
mice had approximately half the cell death observed
in FVB.CAG140 WT mice at one month (Fig. 5D
vs Fig. 1], P=0.039, r-test, C57BL/6 WT vs. FVB/N
WT). Nevertheless, B6.CAG140 HET and HOM mice
became even more resistant between one to four
months of age. At 1 and 2 months of age, the extent
of striatal neurodegeneration was similar in WT, HET
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Fig. 4. Resistance to degeneration persists 16 days post QUIN injection in aged mice. Striatal sections stained with FJB from 12 month old (A,
C, E) WT and (B, D, F) HOM FVB.CAG140 mice demonstrate that there is no increase in cell death at (A, B) 10 days, (C, D) 13 days or (E, F)
16 days following time of injection. Representative sections are from mice that had an amount of cell death that was closest to the group mean.
(G) Quantification shows clearly that FVB.CAG140 HOM mice consistently have less cell death than WT FVB.CAG140 mice (overall effect of
genotype, P=0.01). (H) FIB labeling is in the soma surrounding the nuclei labeled with Hoechst. Data are mean & SEM; N=5 WT and 4 HOM
at 10 days, 4 WT and 4 HOM at 13 days, and 3 WT and 4 HOM at 16 days; scale bar =500 pm (50 pm in H).

and HOM B6.CAG140 mice (P=0.266 and P=0.361,
respectively, ANOVA). However, at four months cell
death in the B6.CAG140 HET and HOM was reduced
compared to WT (P=0.003, ANOVA), similar to that
observed in the FVB/N line. The HOM B6.CAG140
mice have the greatest reduction in cell death, but
both the HET and HOM are significantly reduced
compared to WT.B6.CAG140 HOM mice show even
greater resistance compared to WT C57BL/6 mice at
12 months of age (Fig. 5B, C, P=0.007, ANOVA).
WT C57BL/6 mice are much more resistant to exci-
totoxic lesions than the WT FVB/N mice (Fig. 5SA, D
compared to Fig. 1). Because WT C57BL/6 mice are
already resistant based on their genetic background,
the magnitude of CAG140-induced protection is not
as great. This decreased susceptibility to QUIN in
the WT C57BL/6 mice with age is similar to what
has been reported previously in the WT FVB/N litter-
mates [33]. In analyzing the amount of QUIN-induced

striatal neurodegeneration in all three C57BL/6 geno-
types across all four ages, there is an overall effect
of age, but not of genotype (P =0.0005 and P=0.098
respectively, two-way ANOVA). Group sizes used in
statistics are as follows: 8 HOM, 7 HET, and 7 WT at 1
month, 6 HOM, 8 HET, and 7 WT at 2 months, 7 HOM,
8 HET, and 9 WT at 4 months, and 3 HOM, 6 HET, and
6 WT at 12 months. Because of this, we focused fur-
ther analyses on the resistance in the FVB.CAG140
mice.

FVB.CAG140 mice also develop resistance to
seizure-induced cell death in the hippocampus

To explore the scope of resistance to excitotoxins,
we assessed a different form of neurodegeneration in
12 month 0old FVB.CAG140 mice. HET FVB.CAG140
mice exhibit full resistance to QUIN-induced striatal
neurodegeneration at 12 months of age, so these mice
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Fig. 5. C57BL/6 strain resistance to QUIN-induced striatal degeneration is enhanced by expression of CAG140 allele of Htt. Wild type C57BL/6
mice are much more resistant to QUIN-induced striatal neurodegeneration than FVB/N WT mice (Compare with incidence of FJB-positive
cells in Fig. 1). Striatal cross sections at the epicenter of the QUIN lesion are much smaller in WT (A), HET (B), and HOM (C) B6.CAG140
mice at 12 months of age. A reduction in QUIN lesioned area can be seen in the HET and HOM mice, but the magnitude of reduction is not as
great as in the FVB.CAG140 strain. The patterns of resistance are seen in the quantification of cell death (D). Four month old HOM and HET
B6.CAG140 mice have a reduction in cell death compared to WT B6.CAG140 mice at this age, which persists to 12 months (*P <0.005). The
effect of age is significant in both the C57BL/6 lines as well, as the HOM starts showing resistance at 4 months compared to 1 and 2 months,
and this happens at 12 months for the HET (tP<0.001). Data are mean &= SEM; N=8 HOM, 7 HET, and 7 WT at 1 month, 6 HOM, 8 HET, and
7WT at 2 months, 7HOM, 8 HET, and 9 WT at 4 months, and 3 HOM, 6 HET, and 6 WT at 12 months; scale bar =500 pwm.

were used to analyze hippocampal neuron death that
occurs after status epilepticus seizures. Hippocampal
neurodegeneration following KA-induced seizures has
been well characterized in different strains of mice,
and FVB/N mice are highly vulnerable [10]. The net
dose of KA required to elicit persistent class 5 seizures
was similar in WT and HET FVB.CAGI140 mice
(45 £ 21 mg/kg vs. 45 £ 12 mg/kg respectively) as was
latency to the first seizure (55 £ 7 min vs. 89 £ 33 min
respectively), and seizure duration (63 &+ 18 min vs.
78 £ 50 min respectively).

Despite these similarities, a dramatic difference was
observed in hippocampal neurodegeneration between
WT and HET FVB.CAG140 12 month-old animals.
Consistent with previous reports [9], WT mice exhib-

ited extensive neuronal degeneration throughout the
hippocampus evidenced by loss of neurons in cresyl
violet-stained sections (Fig. 6A, B), large numbers of
FIB-positive cell bodies (Fig. 6C, D), and an overall
increase in FJB staining in the neuropil layers indicat-
ing degenerating axons and dendrites. In contrast, there
was minimal neuronal loss (Fig. 6E, F) or FJB stain-
ing (Fig. 6G, H) in 12-month-old HET FVB.CAG140
mice.

CA3 is an area in which neuronal death is thought
to occur primarily via excitotoxic mechanisms rather
than ischemia [44], so we quantified cell death in
this area. Counts of the number of FIB-positive neu-
rons in CA3 confirmed the qualitative impression of
reduced cell loss in CAG140 mice (P=0.03, t-test,
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Fig. 6. Resistance to KA-induced hippocampal degeneration in aged FVB.CAG140 mice. Adjacent sections were stained with either cresyl
violet or FIB. (A, B) Sections from WT FVB.CAG140 (WT) mice stained with cresyl violet show a marked cell loss in the dentate gyrus (DG),
hilus, CA3 and CA1 of the hippocampus. (B) Individual cells can be seen in CA3, where great loss is apparent. (E, F) In contrast, the HET
FVB.CAG140 (CAG140) mice have healthy neurons and no apparent loss in the same regions. (C, D) FIB-labeled degenerating neurons in WT
mice are present throughout (C) the hippocampus and (D) at higher magnification in CA3. (G, H) In contrast, FJB-stained sections from HET
FVB.CAG140 mice reveal few degenerating neurons. (I) Quantification of cell survival indicates greater cell survival in HET FVB.CAG140
mice compared to WT (*, P<0.01), and fewer FIB+ neurons in CA3 (J, *, P<0.05). N=2WT, SHET and 5 controls that did not receive KA;

scale bar=500 wm (A, C, E, G) and 100 pm (B, D, F, H).

Fig. 6J). Nissl-stained sections reveal that by day 3
there is already extensive cell loss, so some degener-
ating neurons have already been eliminated indicating
that counts of FIB-positive cells likely underestimate
the extent of cell death. As a control, cells were
also counted in WT FVB.CAG140 mice not injected
with KA (NIC). WT FVB.CAG140 mice that were
injected with KA had a massive loss of neurons (to
a level of about 65%) in CA3 compared to both
HET FVB.CAG140 mice and WT NIC mice (Fig. 6I,
P =0.005, one-way ANOVA). In contrast, cell counts
in KA-treated HET FVB.CAG140 were near control
levels (not significantly different with Tukey’s post-
hoc test), demonstrating striking resistance of HET
FVB.CAG140 mice to KA-induced neurodegenera-

tion. Group sizes used in statistics are as follows: 2 WT,
SHET and 5 controls that did not receive KA.

Status epilepticus in WT FVB/N mice results in
neuronal death in CA3, as well as in other regions
including the striatum, cerebral cortex, and thalamus.
Qualitative assessments of FJB-positive cells reveal
this scattered neurodegeneration in WT FVB.CAG140
mice but degeneration was minimal in all brain regions
in HET FVB.CAG140 mice (Table 2).

Resistance is greater in CAG140 mice than
YACI28 mice

The susceptibility of YAC128 mice to striatal QUIN
has been previously assessed, so we next compared the
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Table 2
Qualitative assessment of neurodegeneration following KA-induced
seizures

CA3 CA1l DG Striatum Cortex Subiculum Thalamus

WTFVB +++ +++ +++ + ++ + ++
CAG + - - - - + -
140.FVB

Amount of FJB positive neurons were qualitatively assessed using a
three point scale in several regions of the brain affected by seizure
induced cell loss. —, minimal to no degeneration; +, moderate degen-
eration; ++, moderate degeneration in >50% of mice; +++, extensive
degeneration in >50% of mice.

number of FIB-positive neurons following treatment of
knock-in model mice or a full-length transgenic model
with a consistent dose of QUIN. QUIN-induced striatal
neurodegeneration was assessed in 12 month-old mice:
WT FVB/N (Fig. 7A), hemizygous YACI128 mice
(Fig. 7B), and FVB.CAG140 (Fig. 7C). Since results
are very similarin HET and HOM FVB.CAG140 mice,
results were pooled in these two groups. Quantitative
analyses of numbers of FJB-positive neurons (Fig. 7D)
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revealed that YAC128 mice display less QUIN-induced
striatal neurodegeneration than age matched FVB/N
WT controls. This is consistent with previous reports
that assessed QUIN sensitivity using lesion volume
measurements [33].

FVB.CAG140 mice exhibited far less cell death
than YACI128 mice. The amount of cell death in
the three groups differed significantly (P =0.0004,
Kruskal-Wallis), and Dunn’s post-test confirmed that
FVB.CAG140 mice had significantly less cell death
than both WT and YACI128 mice. For comparison
to previous studies of QUIN-induced striatal neu-
rodegeneration we also assessed lesion volume and
saw similar differences between the three groups
(P=0.011, Kruskal-Wallis). Post hoc comparisons
revealed that FVB.CAG140 mice had significantly
smaller lesions than WT FVB.CAG140 animals, but
lesion volumes between FVB.CAG140 and YAC128
mice were not significantly different. Group sizes used
in statistics are as follows: 8 WT, 13 YAC128, and 9
CAG140.
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Fig. 7. FVB.CAG140 mice have significantly less QUIN-induced striatal neurodegeneration than YAC128 mice on an FVB/N strain background.
Both types of HD transgenic mice show resistance to cell death compared to WT FVB/N mice. Representative striatal sections stained with
FJB from 12 month old (A) WT FVB.CAG140, (B) YAC128 and (C) FVB.CAG140 (pooled HET and HOM). (D) Cell death was quantified
by counting FIB-positive cells in every fourth section. The amount of FIB-positive cells is significantly lower in the FVB.CAG140 mice than
both the YAC128 and WT groups (+, *P <0.01). (E) Quantification of lesion volume. Lesion volume is progressively smaller in each group,
however by post-hoc analysis lesion size in FVB.CAG140 mice were only significantly smaller than WT FVB.CAG140 mice (*P <0.05). Data
are mean = SEM; N=8 WT, 13 YAC128, and 9 CAG140; scalebar =500 pm.
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Fig. 8. Mutant HTT staining in FVB.CAG140 and YAC128 mice. Representative images of mutant HTT labeled with EM48 in the non-injected
striatum. Little staining is present in1 month-old FVB.CAG140 (A) HET, but (B, C) HOM knock-in mice have light nuclear staining (arrowhead).
Four month-old, (D) HET and (E, F) HOM FVB.CAG140 mice have increased nuclear staining (arrowheads) with aggregation in the HOM
compared to HET mice. By 12 months of age, nuclear staining and nuclear inclusions (arrows) are apparent in both (G) HET and (H, I) HOM
FVB.CAG140 mice. (J, K) Staining performed in parallel of sections from 12 month old YAC128 mice have considerably less mutant HTT
staining than 4 month-old HET and HOM FVB.CAG140 mice (D-F). Nuclear staining (arrowheads) and aggregation (arrows) is denoted,
although this is less intense than FVB.CAG140 knock-in mice. (L) Sections from WT FVB/N has no EM48 staining. Scale bar =100 wm (50 pm

inC,E L K).

Resistance develops concurrently with the
appearance of mutant Htt aggregates

Mice carrying a mutant HD transgene on a genetic
background that is already relatively resistant to excito-
toxic neurodegeneration (i.e. C57BL/6) develop even
greater resistance as the mice age [32] . It has been
hypothesized that aggregates of mHtt play a role in
triggering the development of resistance [45] . Accord-
ingly, we investigated whether the development of
resistance in HET and HOM FVB.CAG140 mice is
related to the appearance of mHtt aggregates in stri-
atal neurons. Sections were stained using the EM48

antibody that recognizes aggregated mHtt [46]. As
reported [18], mHtt aggregates developed with age in
HET and HOM FVB.CAG140 mice. In one month old
FVB.CAG140 mice that are vulnerable to an injec-
tion of QUIN, no detectable striatal mHtt aggregates
are visible in HET FVB.CAG140 mice (Fig. 8A), and
very few in HOM mice (Fig. 8B, C). At 4 months
of age when resistance is seen in the HOM mice,
nuclear aggregates (indicated by arrowheads) of mHtt
are present (Fig. 8E). A larger number of EM48 pos-
itive neurons are seen in the HOM FVB.CAG140
mice (Fig. 8E, F), which already exhibit induced resis-
tance in comparison to WT (not shown) and HET
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Fig. 9. Mutant Htt expression is similar in FVB.CAG140 and YAC128 mice. Western blot of soluble mHitt protein from a half-brain homogenate
(A) Two different anti-huntingtin antibodies demonstrate that there are similar levels of mHtt protein in YAC128 and FVB.CAG140 mice. (B)
Levels are normalized to calnexin and then to endogenous Hitt levels. The expression is also very similar between 6 and 12 months of age. As
expected, FVB.CAG140 HET and HOM mice have reduced expression of WT Htt compared to YAC128 mice. Filter retardation-based assay
to quantify the presence of insoluble mHtt protein (C) The amount of insoluble protein detected by the EM48 antibody is also similar between
the two strains of mice, however the levels of insoluble protein are much higher at 12 months than 6 months. Data are mean &= SEM; N =3 for
all groups in the western blot, and 2 for all groups in the filter retardation assay.

mice (Fig. 8D). In 12 month-old HOM FVB.CAG140,
extensive mHtt labeling is present in both the HET and
HOM groups (Fig. 8G, H, I). Nuclear inclusions are
indicated by an arrow. There is no detectable staining
in 12 month old WT mice (Fig. 8L).

Possible explanations for the difference in the extent
of resistance between FVB.CAG140 and YAC128 are
that either expression or aggregation of mutant pro-
tein is reduced in YAC128 mice. To test this, sections
from YACI128 mice were immunostained with the
EM48 antibody. We also quantified soluble mHLtt,
and by filter retardation assay large (>0.22 pum) SDS-

insoluble mHtt, using infrared-based western analysis.
Sections from 12-month-old YAC128 mice stained
positively for EM48 (Fig. 8J, K), but the level of
staining and number of aggregates appeared lower
than in sections from HET and HOM FVB.CAG140
mice processed side by side. EM48 does not recognize
mouse Htt, so this could account for the much lighter
staining in the YAC128 mice. Despite the apparent
differences in immunostaining, quantitative western
revealed that soluble mHtt levels were similar between
both 6 and 12 month CAG140 and YAC128 mice
(Fig. 9A, B). As expected, FVB.CAG140 HET and
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HOM mice have reduced expression of WT Htt com-
pared to YACI28 mice (Fig. 9B). The quantity of
larger, insoluble mHtt species was also similar between
YAC128 and CAG140 HET mice (Fig. 9C). At 12
months, the levels of insoluble mHtt are higher than at
6 months, except in the HOM mice. These results indi-
cate that differences in the extent of resistance between
FVB.CAG140 and YAC128 cannot be explained by
either differences in levels of monomeric mHtt or
insoluble mHtt, although it is possible that reduced
level of wild-type Htt contributes to the resistance to
QUIN-induced striatal neurodegeneration observed in
HET and HOM FVB.CAG140 mice compared with
FVB.YACI128 animals. For this section, group sizes
are 3 for all groups in the western blot, and 2 for all
groups in the filter retardation assay.

DISCUSSION

FVB.CAG140 HOM mice develop virtually com-
plete resistance to striatal QUIN injections with age,
while WT littermates remain highly vulnerable. Resis-
tance to QUIN is also observed in HET FVB.CAG140
mice although the resistance is acquired at a later
age compared to HOM animals. This transition from
vulnerability to resistance demonstrates that striatal
neurons are capable of surviving an otherwise fatal
excitotoxic lesion. Our results, together with previ-
ously published data, provide convincing evidence that
mouse strain is an important modulator of pheno-
type, as is the design and integration of the genetic
mutation. The differences between these HD mouse
models provide an opportunity to identify genetic
factors and ultimately the molecular mechanism under-
lying the differential cell death and survival observed.
Here, we highlight the magnitude of resistance in the
FVB.CAG140 compared to other HD mouse mod-
els that have been shown to demonstrate resistance
to QUIN-induced striatal neurodegeneration [28, 29,
31-33]. A compelling interpretation is that the pres-
ence of the CAG140 allele, in combination with
reduced expression of wild type Htt, causes cellular and
molecular changes that confer resistance to excitotoxic
neurodegeneration.

A possible alternative explanation for our findings
is that FVB.CAG140 mice may carry some genes from
the original C57BL/6 strain, which is resistant to exci-
totoxic cell death. The mice used here are the result
of backcrossing 129S1B6-CAG140 mice with FVB/N
mice (or C57BL/6 as a control). Despite backcross-
ing to a congenic FVB background, our colony of

FVB.CAG140 mice likely carries a small residual por-
tion of chromosome 5 from the strain background used
to generate the original targeted CAG140 allele of Hrt
as well as the parental strain. This region could contain
alleles of loci from C57BL/6J or 129S1 i.e. from the
WO.5 ES cell line used to generate the targeted muta-
tion of huntingtin [18]. Because C57BL/6 mice are
resistant to QUIN-induced excitotoxic damage, it is
possible that induced resistance in the FVB.CAG140
strain is due to gene(s) present on this small portion
of chromosome 5 rather than to the HD transgene.
After 10 generations of backcrossing, the segment of
chromosome 5 flanking huntingtin that would have
originated from the original CAG140 mice is expected
to be about 20 cM [47]. Although some C57BL/6 genes
may be present, two explanations make it unlikely that
these genes account for the induced resistance.

First, C567BL/6 mice are resistant to excitotoxicity
throughout their life, whereas FVB.CAG140 mice only
develop resistance as they mature. This is in contrast
with the YAC128 mice, which are vulnerable (com-
pared to WT FVB/N mice) early in their life, and then
develop resistance with age (compared to when they
are young) [33]. This fact alone strongly suggests that
resistance is not due to residual C57BL/6 genes. Sec-
ond, using the same techniques as for FVB.CAG140
mice, we show here that YAC128 mice, which are on
a pure FVB/N background, also develop resistance to
QUIN-induced striatal neurodegeneration as they age.
This is consistent with previous results [33] which
showed that following injection of QUIN at roughly
half the dose used here, lesion volume was less in
YAC128 mice in comparison to WT controls beginning
around 6 months of age.

Differences between FVB.CAG140 mice and
YAC128 mice

The CAG140 knock-in model was used in this
study because expression of the mHtt protein is
under the control of the endogenous mouse huntingtin
locus. Instead of expressing WT protein in addition
to mHtt protein, HET FVB.CAG140 mice express
approximately 50% less wild type Htt, while HOM
FVB.CAG140 mice express no WT Htt. In contrast,
YAC128 mice express full-length human mHtt under
the control of the HUNTINGTON promoter and reg-
ulatory elements on the yeast artificial chromosome
(YAC). In YAC128 mice, both copies of WT Htt are
still present.

One possibility underlying the difference between
FVB.CAG140 and YACI128 mice could be in the
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mutant protein itself (i.e. polymorphisms between the
human and mouse protein) or in differential expres-
sion or processing of the protein in the two models.
There are several identified species and proteolytic
cleavage products of mHtt, and accordingly, different
ways to detect these species. Data from western blot
and filter retardation assays indicate that the YAC128
mice have more WT Htt than the CAG140 mice, as
expected. Since full-length WT Hitt has been shown to
be neuroprotective [48, 49], it is counterintuitive that
the CAG140 mice are more resistant than the YAC
mice. This further suggests that the resistance is not
simply due to levels of WT Hitt, but to some property
of mHtt itself.

Overall concentrations of soluble and insoluble
mutant Htt was relatively comparable in the two strains.
While the two assays used measure the levels of
monomeric Htt (WT and mutant) and larger, insolu-
ble mHtt, these assays, even together, cannot account
for total Htt, as there are likely oligomeric species
present not detectable by either of these methods [50,
51]. The relative amount of mHtt, as detected by
immunohistochemistry using EM48, appeared dramat-
ically different between FVB.CAG140 and YAC128
mice. EM48-positive nuclear aggregates were much
more prominent in the FVB.CAG140 mice than the
YAC128 mice, despite identical tissue treatment and
staining conditions. A possible reason for this includes
the continued presence of WT Hitt in the YAC128 mice.
This could influence reactivity to EM48, which pref-
erentially recognizes expanded repeat and aggregated
Hitt.

Relationship between mHtt aggregates and
resistance

If nuclear aggregation differs between these two
mouse models, then it is important to consider how
the presence of mHtt affects a cell’s response to an
excitotoxin. The remarkable resistance to excitotox-
icity described in the current study develops around
the time that nuclear micro aggregates appear in the
HOM FVB.CAG140 mice. In HET FVB.CAG140,
both the appearance of nuclear aggregates and the
development of resistance are delayed. At four months,
there is a clear difference between the HET and HOM
FVB.CAG140 in the number of EM48-positive aggre-
gates. HOM mice, which have two copies of mHtt,
show a resistant phenotype at this age, but the HET
mice, which have one copy of mHtt and one copy
of WT Hitt, do not, demonstrating mHtt dose depen-
dence of induced resistance. This would be consistent

with previous hypotheses that mHtt aggregates may
activate cellular mechanisms that can protect neurons
from apoptosis (reviewed in [52]) and findings show-
ing that resistance to NMDA toxicity correlates with
the appearance of nuclear inclusions [32].

HD mouse models differ in the development of
pathology. The time of nuclear localization, the time
of aggregation, and the extent of mHtt expression
varies with both genetic model and strain background
[26]. Brooks et al. [53] summarized the onset of mHtt
aggregation and the formation of nuclear inclusions
in several mouse models that have varying degrees
of susceptibility (see introduction for comparisons).
Howeyver, the use of different HD mouse models to
correlated aggregation with susceptibility to excitotox-
icity may be confounded by different models’ unique
disease progression profiles and appearance of aggre-
gates, which may not be comparable across models.

More work is needed to fully understand how the
different soluble, oligomer and aggregate forms of
mHtt impact the cellular environment. Mutant Htt can
be cleaved, producing an N-terminal fragment that is
toxic, and the appearance of this fragment corresponds
with behavioral and neurological dysfunction in mouse
models of HD [1, 46, 54]. It has been proposed that
aggregated mHitt is less toxic than oligomeric forms of
this mutant protein and there is evidence that aggre-
gates can protect cells from death [45]. However, the
role of the protein in cell survival is complex, as there
are potentially several oligomeric forms that differen-
tially contribute to neurotoxicity [55].

Possible mechanisms underlying age-dependent
resistance

The mechanisms that underlie the development of
resistance are currently unclear. The evidence pre-
sented here together with other reports suggests that
vulnerability is specified by several factors. Identifica-
tion of these factors could inform future therapeutic
approaches and efforts are in progress to examine
possible mechanisms, including altered expression of
genes that promote survival versus excitotoxic cell
death. A microarray analysis comparing expression
patterns in FVB.CAG140 mice and WT controls at
different ages did not reveal genes that show unique
expression patterns in the aged resistant FVB.CAG140
HOM mice compared to all three of their vulnerable
counterparts (manuscript in preparation). The analy-
sis did reveal changes in gene networks, however, that
occur with aging as well as in the HD mice compared
to the WT littermates. For example, at 12 months,
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the pathways that differ between the HD and wild
type mice are: N-terminal amino acid modification,
regulation of homeostatic process, and apoptotic mito-
chondrial changes that could account for the increased
survival in the FVB.CAG140 mice.

Additional mechanisms for the development of
resistance could also involve alterations in synaptic
signaling in CAG140 mice [23, 56, 57]. Neurons in
HD mouse striatum do have altered synaptic function
[58,59] (and reviewed in [60]), which could contribute
to altered susceptibility to excitotoxicity. Changes in
mitochondrial function with age might also contribute
to develop of resistance. Further studies are needed to
examine the effect of strain background on synapses,
and how that might influence excitotoxic susceptibility
in the FVB.CAG140 mice.

Mutant Htt influences multiple molecular pathways
[61]. For example, mHtt regulates levels and activity
of a protein called striatal-enriched protein tyrosine
phosphatases (STEP). The STEP pathway is down reg-
ulated in the presence of mHtt, and when this pathway
is down-regulated, it could contribute to induction of
compensatory mechanisms leading to the resistance
of excitotoxicity [62]. Disruption of STEP also attenu-
ates cell death due to excitotoxicity in the hippocampus
[63]. In addition, mHtt affects cellular processes such
as transcription, transport, metabolism, and protein
degradation, any of which might lead to age-dependent
resistance described here.

Susceptibility to excitotoxicity is unlikely to be
cell-autonomous in HD and may involve interactions
between multiple cell types. A very recent study uses
chimeric mice with cells of both resistant and vulner-
able strain background to show that resistant neurons
become more vulnerable in the presence of cells (both
neurons and glial cells) from a more vulnerable strain
background, and vice versa, but the intrinsic phenotype
couldn’t be completely switched [64]. Here, GFAP
staining, which monitors astrocyte activity, showed a
larger area of GFAP reactivity remaining, even though
there was a reduction in the QUIN lesion in the
FVB.CAG140 HOM mice. This could indicate that
although there is no QUIN-induced striatal neurode-
generation in these mice, there is neuronal distress to
which the astrocytes are responding. It is also pos-
sible that they contribute to the resistance seen after
excitotoxic lesion.

Induced resistance is not unique to the striatum

In FVB.CAG140 mice, resistance extends to other
types of excitotoxic neurodegeneration. Our results

reveal that aged FVB.CAG140 mice are also resistant
to excitotoxic cell death due to KA-induced seizures,
and not just QUIN. Because these mice have resistance
to multiple types of excitotoxicity, the mechanism
underlying resistance is likely downstream of the
particular post synaptic receptor activated by the exci-
totoxin. The age-dependent development of striking
resistance in FVB.CAG140 mice provides a unique
setting in which to investigate the cellular and molecu-
lar factors influencing vulnerability to excitotoxic cell
death.
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