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Abstract
Huntington’s disease (HD) is caused by progressive loss of striatal medium spiny neurons (MSN).
The molecular trigger of HD is a polyglutamine expansion in the Huntingtin protein (Htt). The mutant
Htt protein forms insoluble nuclear aggregates which have been proposed to play a key role in causing
neuronal cell death in HD. Other lines of investigation suggest that expression of mutant Htt facilitates
activity of the NR2B subtype of NMDA receptors and the type 1 inositol 1,4,5-trisphosphate receptors
(InsP3R1), and that disturbed calcium (Ca2+) signaling causes apoptosis of MSNs in HD. The
YAC128 transgenic HD mouse model expresses the full-length human Htt protein with 120Q CAG
repeat expansion and displays age-dependent loss of striatal neurons as seen in human HD brain. In
contrast, the shortstop mice express an amino-terminal fragment of the mutant Htt protein (exons 1
and 2) and display no behavioral abnormalities or striatal neurodegeneration despite widespread
formation of neuronal inclusions. Here we compared Ca2+ signals in primary MSN neuronal cultures
derived from YAC128 and shortstop mice to their wild type non-transgenic littermates. Repetitive
application of glutamate results in supranormal Ca2+ responses in YAC128 MSNs, but not in
shortstop MSNs. In addition, while currents mediated by the NR2B subtype of NMDA receptors
were increased in YAC128 MSNs, currents in SS MSNs were found to be similar to WT. Furthermore,
YAC128 MSNs were sensitized to glutamate-induced apoptosis. Consistent with these findings, we
found that application of glutamate induced rapid loss of mitochondrial membrane potential in
YAC128 MSNs. In contrast, SS MSNs do not show increased cell death post glutamate treatment
nor cause loss of mitochondrial membrane potential. Glutamate-induced loss of mitochondrial
membrane potential in YAC128 MSNs could be prevented by inhibitors of NR2B NMDA receptors
and mGluR1/5 receptors. Our results are consistent with the hypothesis that disturbed neuronal
Ca2+ signaling plays a significant role in the degeneration of MSN containing full length mutant
Httexp. Furthermore, the results obtained with neurons from shortstop mice provide additional
evidence that not all fragments of mutant Httexp are toxic to neurons.
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Introduction
Huntington’s disease (HD) has onset usually between 35 and 50 years with chorea and
psychiatric disturbances and gradual but inexorable intellectual decline to death after 15–20
years (Vonsattel and DiFiglia, 1998). Neuropathological analysis reveals selective and
progressive neuronal loss in the striatum (Vonsattel and DiFiglia, 1998), particularly affecting
the GABAergic medium spiny striatal neurons (MSN). At the molecular level, the cause of
HD is a polyglutamine (polyQ) expansion (exp) in the amino-terminus of huntingtin (Htt), a
350 kDa ubiquitously expressed cytoplasmic protein (The. et al., 1993). The cellular
mechanisms that link the Httexp mutation with the disease are under intense investigation
(Tobin and Signer, 2000). The mutant Httexp protein forms insoluble nuclear aggregates which
have been proposed to play a key role in causing neuronal cell death in HD (Cooper et al.,
1998; Ross, 2002). A number of laboratories are focused on screening for compounds which
are able to inhibit the formation of Htt aggregates (Heiser et al., 2002; Apostol et al., 2003;
Zhang et al., 2005; Hockly et al., 2006). A decrease in nuclear inclusion formation has been
interpreted as a positive outcome in preclinical therapeutic trials with HD mouse models (Smith
et al., 2001; Ferrante et al., 2002; Tanaka et al., 2004). However, more recent evidence
suggested that Htt-formed nuclear inclusions may not be toxic and may even protect MSN
neurons from cell death (Kuemmerle et al., 1999; Arrasate et al., 2004).

Several lines of evidence indicate that glutamate-mediated excitotoxicity plays a role in
neurodegeneration of HD MSNs (DiFiglia, 1990). Striatal injection of kainic acid induced
death of MSNs and yielded one of the first animal models of HD (Coyle and Schwarcz,
1976; McGeer and McGeer, 1976). More direct evidence for an involvement of NMDAR was
obtained when HD-like lesions were observed following striatal injection of the NMDAR
agonist quinolinic acid (Beal et al., 1986; Hantraye et al., 1990; Beal et al., 1991). It has been
reported that Httexp facilitates activity of the NR2B subtype of NMDA receptors (Chen et al.,
1999; Sun et al., 2001; Zeron et al., 2002; Zeron et al., 2004; Fan et al., 2007) and the type 1
inositol 1,4,5-trisphosphate receptors (InsP3R1) (Tang et al., 2003). Moreover, elevated
Ca2+ signals have been directly linked to the cell death of striatal MSNs cultured from HD
mouse models (Zeron et al., 2004; Tang et al., 2005; Shehadeh et al., 2006). These studies
suggested that excitotoxicity and abnormal neuronal Ca2+ signaling plays an important role in
HD pathogenesis (Bezprozvanny and Hayden, 2004).

A number of transgenic HD mouse models have been generated which reproduce some features
of the disease (Menalled and Chesselet, 2002; Rubinsztein, 2002). However, none of the
previously generated HD mouse models reproduced selective MSN degeneration, which is a
hallmark of HD. Recently, a yeast artificial chromosome (YAC) mouse model of HD has been
generated (YAC128) (Slow et al., 2003). In this model, the full-length human Htt protein with
120Q expansion is expressed under the control of the endogenous promoter and regulatory
elements. The early-onset motor deficit, and striatal neuronal loss observed in the YAC128
mouse model accurately recapitulate the progression of HD (Slow et al., 2003). Thus, the
YAC128 mouse model is ideal for understanding cellular mechanisms that lead to
neurodegeneration in HD, as well as for validating potential therapeutic agents. Our laboratory
have been extensively using the YAC128 HD mouse model in studies of HD pathogenesis and
in the testing of potential HD therapeutic agents (Tang et al., 2005; Wu et al., 2006; Tang et
al., 2007).

Zhang et al. Page 2

Neurobiol Dis. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In the process of generating the YAC128 HD mouse model, a mouse expressing a short
fragment (exons 1 and 2 of 67) of human Htt with 120 CAG repeat expansion was
serendipitously established (shortstop mouse) (Slow et al., 2005). Analysis of the shortstop
mice revealed widespread Htt nuclear inclusions. However, despite widespread inclusion
burden, these mice do not manifest a behavioral, HD-related phenotype as assessed by rotarod
or decreases in brain weight, striatal volume, and striatal neuronal count at 12 or 18 months of
age (Slow et al., 2005). The shortstop mouse therefore illustrated in vivo the inability of Htt
inclusions to have a toxic effect over the lifespan of an organism, clearly demonstrating that
Htt nuclear inclusions are not toxic.

Here we took an advantage of the YAC128 and shortstop HD mouse models to further evaluate
the importance of Ca2+ signaling in HD pathogenesis. The results obtained are consistent with
the hypothesis that disturbed neuronal Ca2+ signaling plays a significant role in the
degeneration of MSNs containing full length mutant Httexp. Furthermore, the results derived
from our analysis of SS MSNs support the premise that not all fragments of mutant Httexp are
toxic to neurons.

Materials and Methods
Materials

Propidium iodide (PI), Fura-2 acetoxymethyl ester (Fura-2 AM) and tetramethylrhodamine
methyl ester (TMRM+) were obtained from Molecular Probes. Glutamate, NMDA,
CNQX,TTX, MPEP, CPCCOEt, (+)-MK801 maleate, and ifenprodil were purchased from
Tocris. Cell culture reagents were all from Life Technologies. All other reagents were from
Sigma.

Primary neuronal cultures
Generation and characterization of YAC128 and shortstop mice has been previously described
(Slow et al., 2003; Slow et al., 2005). In our experiments heterozygous male YAC128 (line
53) or shortstop (SS) mice were crossed with the wild-type (WT) female mice and resulting
litters were collected at postnatal days 1–2. The pups were genotyped by PCR with primers
specific for exons 44 and 45 of human Htt gene for YAC128 mice (Tang et al., 2005), and with
primers specific for intron 1 and exon 2 of human Htt gene for the shortstop mice. The wild
type littermates of YAC128 are indicated as WT. The wild type littermates of shortstop mice
are indicated as ss-WT. The medium spiny neuronal (MSN) cultures of WT, YAC128,
shortstop and ss-WT mice were established from P1-P2 pups and maintained in culture
according to published procedures (Mao and Wang, 2001; Tang et al., 2005).

Ca2+ Imaging Experiments
Fura-2 Ca2+ imaging experiments with 13–14 DIV MSN cultures were performed as previously
described (Tang et al., 2005; Tang et al., 2007). Briefly, the cells were maintained in artificial
cerebrospinal fluid (aCSF) (140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM
Hepes, pH 7.3) at 37°C during measurements (PH1 heater, Warner Instruments, Hamden, CT).
Fura-2 340/380 ratio images were collected every 6 sec for the duration of the experiment using
a DeltaRAM illuminator, an IC-300 camera, and IMAGEMASTER PRO software (all from
PTI, South Brunswick, NJ). Baseline (1–3 min) measurements were obtained before first pulse
of glutamate. The 20 µM glutamate solution was dissolved in aCSF and 1-min pulses of 37°C
glutamate solution (SH-27B in-line solution heater, Warner Instruments) were applied by using
a valve controller (VC-6, Warner Instruments) driven by a square-pulse electrical waveform
generator (Model 148A, Wavetek, San Diego).
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TUNEL Staining Experiments
The TUNEL staining experiments have been performed as previously described (Tang et al.,
2005; Wu et al., 2006; Tang et al., 2007). Briefly, 13–14 DIV MSN were exposed for 8 h to a
range of glutamate concentrations (0, 100 µM, 250 µM) added to the culture medium. During
exposure to glutamate, the cells were maintained in a cell culture incubator (humidified 5%
CO2, 37°C). Immediately after exposure to glutamate, neurons were fixed for 30 min in 4%
paraformaldehyde plus 4% sucrose in PBS (pH 7.4), permeabilized for 5 min in 0.25% Triton
X-100, treated with RNase for 30 min, then stained by using the DeadEnd Fluorometric
TUNEL System (Promega) according to the manufacturer's instructions. Nuclei were
counterstained with 5 µM propidium iodide (PI). Coverslips were extensively washed with
PBS and mounted in Mowiol 4–88 (Polysciences). FITC- and PI-fluorescent images were
collected with an Olympus IX70 microscope with x40 objectives, using a Cascade:650 camera
(Roper Scientific) and METAFLUOR software (Universal Imaging, Downingtown, PA). Four
to six randomly chosen microscopic fields containing 100–200 MSN were captured, and the
numbers of TUNEL-positive neuronal nuclei were calculated as a fraction of PI-positive
neuronal nuclei in each microscopic field. Nuclei of glial cells, identified by large size and
weak PI staining, were not counted in the analysis.

Electrophysiology for NMDA currents
Whole-cell patch-clamp recordings of currents in cultured DIV9–10 MSN were performed
according to published procedures (Zeron et al., 2002; Fan et al., 2007). The MSNs were easily
distinguished from the large-sized cells based on morphological identification and membrane
capacitance ranging from 2–10 pF. A multibarrel perfusion system (“sewer pipe”) was
employed to achieve a rapid exchange of extracellular solutions during recordings. All drugs
were prepared according to the specifications of the manufacturers and applied with a gravity-
fed "sewer pipe" capillary array. Whole-cell currents were recorded using Axopatch 200B
amplifiers (Axon Instruments). Data were filtered at 2 kHz and digitized at 5 Hz using a
Digidata 1200 DAC unit (Axon Instruments). The online acquisition was done using pCLAMP
software (Version 8, Axon Instruments). For NMDA current recordings the MSN were
clamped at VH = −60 mV membrane potential. The extracellular solution contained 140 mM
NaCl, 5 mM KCl, 2.0 mM CaCl2, 10 mM HEPES (pH 7.4; 320 to ~330 mOsm). The pipette
solution contained 135 mM CsMeSO4, 10 mM HEPES, 5 mM 1,2-bis(2-aminophenoxy)ethane
N,N,N′,N′-tetraacetic acid, 3 mM MgATP, 1 mM MgCl2, 0.3 mM GTP-tris. In all experiments,
50 µM glycine was added to both control and NMDA-containing extracellular solutions. 10
µM CNQX and 0.1 µM TTX were added to the extracellular recording solution immediately
before each experiment to block AMPA/kainate-type glutamate receptors and voltage-gated
sodium currents, respectively.

Mitochondrial membrane potential (∆ψm) measurement
The procedure for mitochondrial membrane potential measurements was adapted from
(Oliveira et al., 2006). Briefly, DIV13–14 MSN were loaded with 25 nM TMRM in Tyrode
solution (150 mM NaCl, 4 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM glucose, 10 mM
Hepes, pH 7.4) at room temperate for 30 min, and during the whole image process, 25 nM
TMRM present in all the solution. Cells were stimulated with 100 µM glutamate at room
temperature. For the inhibitor experiments, 20 µM ifenprodil, 20 µM MPEM, 50 µM CPCCOEt
and /or 10 µM (+) MK801 were added at the loading buffer and image buffer as indicated in
the text. The images were collected by confocal Zeiss LS800 microscope using 543 nm laser
line for TMRM+ excitation (emission, > 560 nm). The mitochondria puncta within neuronal
cell soma was chosen randomly as a region of interest (ROI). The initial TMRM+ fluorescence
intensity in the ROI was defined as F0. The TMRM+ fluorescence intensity in the same ROI
was measured each 10 sec as a function of time, yielding F(t). To compare results from different
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experiments F(t) was normalized to F0 for each puncta (F/F0) and the data from multiple cells
were averaged together. For quantitative analysis we measured the time for F(t) to reach
0.8F0, defined as t0.8. For the puncta that did not reach 0.8F0 by the end of the experiment,
then total recording time (typically 800 sec) was used as t0.8.

Statistical analysis
Statistical comparison of results obtained in experiments with YAC128 and WT cultures and
shortstop and ss-WT cultures was performed by Student’s unpaired t-test. The p values are
indicated in the text and figure legends as appropriate. The differences between control and
experimental groups were determined to be non-significant in cases where p > 0.05.

Results
Ca2+ signaling is destabilized in YAC128 MSNs but not in shortstop MSNs

In the first series of experiments we compared Ca2+ responses induced by glutamate application
to YAC128 and shortstop (ss) MSNs at 13–14 DIV. The corresponding wild type littermate
cultures (WT and ss-WT) were used as an internal control in these experiments. In our studies
we adapted an experimental paradigm that we used previously in studies of Ca2+ signals in
YAC128 MSNs (Tang et al., 2005; Tang et al., 2007). To mimic physiological conditions more
closely, we applied repetitive pulses of 20 µM glutamate 1 min in duration, followed by a 1-
min washout. The intracellular Ca2+ concentration in these experiments was continuously
monitored by Fura-2 imaging, and the data were presented as average 340/380 ratios for each
group of cells (Figs 1A–1D). On average, the basal Ca2+ levels before glutamate application
were not significantly different between all four cultures (Fig 1E). Consistent with our previous
findings (Tang et al., 2005; Tang et al., 2007), repetitive pulses of glutamate caused large
elevation of Ca2+ levels in the YAC128 MSNs (Fig 1B), but much smaller Ca2+ increases in
the littermate WT MSNs cultures (Fig 1A). In contrast, glutamate evoked similar Ca2+

responses in shortstop MSNs (Fig 1D) and ss-WT littermate MSNs cultures (Fig 1C). On
average, Ca2+ levels after 20 pulses of glutamate were not significantly different between
shortstop MSNs and their WT littermates (ss-WT), but were statistically higher in YAC128
MSNs (p < 0.01) when compared with their WT littermates (Fig 1E). This evidence
demonstrates that Ca2+ signaling is destabilized in YAC128 MSNs but not in shortstop MSNs.

YAC128 MSN, but not shortstop MSN are sensitized to glutamate-induced apoptosis
In the next series of experiments we utilized a previously developed “in vitro HD” assay (Tang
et al., 2005; Wu et al., 2006; Tang et al., 2007) to compare sensitivity of YAC128 and shortstop
MSNs to glutamate-induced apoptosis. As in the Ca2+ imaging experiments described above,
wild type littermate cultures (WT and ss-WT) were used as an internal control in these
experiments. The 13–14 DIV MSN cultures were challenged by an 8 hour application of
glutamate (0, 100 µM and 250 µM) as previously described (Tang et al., 2005; Wu et al.,
2006; Tang et al., 2007). After exposure to glutamate, the MSNs were fixed, permeabilized,
and scored for apoptotic cell death by TUNEL staining with propidium iodide counterstaining
(Fig 2). We determined that in basal conditions (no glutamate added), approximately 10% of
MSNs in all four experimental groups were apoptotic (TUNEL-positive) (Fig 2A and 2B, first
row). As previously described (Tang et al., 2005; Wu et al., 2006), addition of 100 µM or 250
µM glutamate increased apoptotic cell death to 60–70% for YAC128 MSNs, but only to 30–
40% for WT MSNs (Fig 2A, second and third rows). In contrast, addition of 100 µM or 250
µM glutamate to SS MSNs resulted in a similar level of apoptotic cell death as observed for
wild type cultures (Fig 2B, second and third rows). On average, the fraction of apoptotic cells
following 100 µM or 250 µM glutamate stimulation was not significantly different between
shortstop MSNs and their ss-WT littermates. However, it was much higher in YAC128 MSNs
(p < 0.05) when compared with their WT littermates (Fig 2C). Thus, we concluded that
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YAC128 MSNs, but not shortstop MSNs are sensitized to glutamate-induced apoptosis. This
conclusion is consistent with the previous in vitro and in vivo analysis of NMDA-induced
excitotoxicity in YAC128 and shortstop MSNs (Slow et al., 2005; Graham et al., 2006b).
Importantly, both YAC128 and SS MSN express endogenous mouse Huntingtin, and therefore
observed differences in apoptotic cell death (Fig 2) must be due to different nature of transgenes
expressed in these cells (full-length vs truncated Htt-128Q).

Activity of NR2B NMDA receptors is enhanced in YAC128 MSNs, but not in shortstop MSNs
Previous studies indicated that activity of NMDA receptors is enhanced in MSNs from the
YAC72 HD mouse model (Cepeda et al., 2001; Zeron et al., 2002; Li et al., 2004; Zeron et al.,
2004; Fan et al., 2007). Surprisingly, a recent report indicated that NMDAR activity was not
potentiated in MSNs from YAC128 line 55 (Fernandes et al., 2007). The analysis of NMDAR
currents in YAC128 line 53 MSNs or shortstop MSNs has not been previously reported. Thus,
in the next series of experiments we used whole-cell patch clamp recording technique to
measure the size of the NMDA-evoked current in DIV9–10 MSN cultures from YAC128 mice
(line 53), shortstop mice and corresponding wild type littermates (WT and ss-WT). The MSNs
in these experiments were voltage-clamped at −60 mV and the currents were evoked by local
and rapid application of 1 mM NMDA using multibarrel perfusion system (“sewer pipe”). We
found that NMDA induced much larger currents (p<0.01) in YAC128 MSNs than in the WT
littermate cultures (Fig 3A). In contrast, the size of the NMDA-evoked current was similar in
shortstop and ss-WT MSNs (Fig 3A). To compare the results from different experiments, we
normalized the peak amplitude of NMDA-evoked currents to capacitance of each cell and
averaged data from multiple experiments (min 6 independent cultures established from
YAC128, WT, shortstop and ss-WT mice). Cell capacitance for most cells in these experiments
was less than 10 pF which was not significantly different between the four groups tested. We
found that the normalized size of NMDA-evoked peak currents was significantly (p < 0.01)
higher in YAC128 MSNs than in WT MSNs, but that the size of normalized NMDA-evoked
peak current was not significantly different between shortstop and ss-WT MSNs (Fig 3B). To
investigate which subtype of NMDA receptors is upregulated in YAC128 MSNs we repeated
NMDA application in the presence of 10 µM ifenprodil, a NR2B-specific antagonist. We found
that ifenprodil inhibited a substantial fraction of the NMDA-evoked currents in all four groups
of cells (Fig 3A). To quantitatively compare the results from different experiments, the size of
ifenprodil-resistant component of the peak NMDA current (mediated by NR1/NR2A subtypes
of NMDAR) was normalized to the MSN cell capacitance, and the data were averaged for each
group of cells. We found that the average size of ifenprodil-resistant NMDA currents was not
significantly different between YAC128 and WT MSNs and between shortstop and ss-WT
MSNs (Fig 3B). This data suggests that potentiation of NMDA-evoked currents in YAC128
MSNs is largely due to an increase in NR2B current density, consistent with the previous
findings in MSN from the YAC72 mice (Cepeda et al., 2001; Zeron et al., 2002; Li et al.,
2004; Zeron et al., 2004; Fan et al., 2007).

Glutamate induces rapid loss of mitochondrial membrane potential in YAC128 MSNs, but not
in shortstop MSNs

It has been proposed that mitochondrial dysfunction plays an important role in HD pathogenesis
(Albin and Greenamyre, 1992; Beal, 1992; Jenkins et al., 1993; Sawa et al., 1999; Panov et al.,
2002; Choo et al., 2004; Tang et al., 2005; Oliveira et al., 2006; Shehadeh et al., 2006;
Fernandes et al., 2007; Oliveira et al., 2007; Trushina and McMurray, 2007). To determine
whether mitochondrial dysfunction plays a role in the enhanced sensitivity of YAC128 to
glutamate-induced apoptosis, in the next series of experiments we compared glutamate-
induced changes in mitochondrial membrane potential in YAC128, shortstop, WT and ss-WT
MSNs at 13–14 DIV. The mitochondrial membrane potential in these experiments was
determined by confocal microscopy using a TMRM imaging dye as described in Methods. In
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control experiments we confirmed that TMRM+ signal co-localized with the signal from
mitochondrial marker MitoTracker Green (data not shown). We determined that the
TMRM+ fluorescence was concentrated in individual puncta, most likely corresponding to
mitochondrial clusters (Fig 4A). In our experiments the TMRM+ fluorescence intensity was
determined for individual puncta at the beginning of the experiment (time = 0 sec) and defined
as F0. The TMRM+ fluorescence intensity for the same puncta was measured as a function of
time F(t) with 10 sec interval. In all experiments the neuronal cultures were stimulated with
100 µM glutamate at time = 100 sec from the start of the imaging session. We found that
addition of 100 µM glutamate resulted in much more rapid loss of TMRM+ fluorescence in
YAC128 MSNs when compared to WT MSNs (Fig 4A). In contrast, TMRM+ fluorescence
changes were similar in ss-WT and shortstop MSNs (Fig 4B).

For quantitative analysis individual mitochondria puncta within neuronal cell soma were
chosen randomly as a region of interest (ROI). Each of these puncta most likely corresponds
to a separate “mitochondrial cluster”. The TMRM+ fluorescence intensity in the same ROI was
measured each 10 sec as a function of time, yielding F(t). To compare results obtained with
different puncta, the F(t) was normalized to F0 value recorded for the same puncta at the
beginning of the imaging session (t = 0). The time course of TMRM+ signal changes was highly
heterogeneous when analyzed at the single puncta level in all 4 MSN cultures. The responses
of individual puncta could be classified into 3 categories: (i) soma puncta did not show any
significant response to addition of glutamate; (ii) soma puncta responded by a slow reduction
in TMRM+ fluorescence (corresponding to a slow mitochondrial depolarization); (iii) some
puncta displayed very rapid loss of TMRM+ fluorescence (most likely corresponding to rapid
loss of mitochondrial membrane potential due to opening of mitochondrial permeability
transition pore). Although all 3 kinds of responses could be observed in all 4 MSN cultures
(Figs 4C, 4D, 4E, 4F), it was apparent that a fraction of “rapid responders” is higher in the
YAC128 MSNs cultures (Fig 4D) than in WT cultures (Fig 4C). Thus, we concluded that
addition of glutamate induces opening of the mitochondrial permeability transition pore more
easily in YAC128 MSNs than in WT MSNs. In contrast, shortstop and ss-WT cultures had
similar fraction of “rapid responders” (Figs 4E and 4F), indicating that opening of
mitochondrial permeability transition pore is induced with similar frequency in these two
cultures.

To compare results from multiple experiments, we plotted an average F/F0 ratio as a fraction
of time for WT, YAC128, ss-WT and shortstop MSNs. These averaging procedure resulted in
a smooth time-dependent curves (Figs 5A and 5B) with reflects a weighted average of 3 types
of responses described above. These data further confirmed that addition of 100 µM glutamate
causes rapid loss of TMRM+ fluorescence in YAC128 MSNs, but not in WT ss-WT or shortstop
MSNs (Figs 5A and 5B). For each puncta we determined a time (t0.8) necessary for F(t) to
become equal to 0.8 of F0. We determined that average t0.8 values are significantly reduced in
experiments with YAC128 MSNs when compared to WT MSNs (Fig 5F). In contrast, we did
not observe significant difference in average t0.8 values for ss-WT and shortstop MSNs (Fig
5F). Thus, we concluded that glutamate specifically promotes mitochondrial depolarization in
YAC128 MSNs, but not in shortstop MSNs.

In the next series of experiments we utilized a similar paradigm to determine which signaling
pathways induce loss of mitochondrial membrane potential in YAC128 MSNs. By using
known MPTP inhibitor bongkrekic acid (BkA) we confirmed that addition of 10 µM BkA
caused significant delay in glutamate-induced mitochondrial membrane potential
depolarization in YAC128 MSN (Supplementary Fig 1). These results are consistent with our
interpretation of t0.8 values as quantitative measure of intrinsic apoptotic pathway activation
in cultured MSN. We further determined that mixture of NMDA and mGluR1/5 inhibitors (20
µM MPEP, 50 µM CPCCOEt, and 10 µM(+)MK801) (MCM) completely prevented
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glutamate-induced mitochondrial membrane depolarization in both WT and YAC128 MSNs
(Fig 5C, 5F). The remaining reduction in TMRM+ fluorescence was due to continuous dye
photo bleaching. Addition of 20 µM of NR2B-specific antagonist of ifenprodil (IFN) also
prevented glutamate-induced loss of mitochondrial membrane potential in WT and YAC128
MSNs (Fig 5D, 5F). Interestingly, addition of mGluR1/5 inhibitors (20 µM MPEP, 50 µM
CPCCOEt) (MC) had no significant effect on glutamate-induced mitochondrial depolarization
in WT MSNs, but abolished the difference between WT and YAC128 MSNs (Fig 5E, 5F).
These data are consistent with our previous findings that inhibitors of NMDA receptors ((+)
MK801 or ifenprodil) or inhibitors of mGluR1/5 receptors (MPEP and CPCCOEt) protect
YAC128 MSNs from glutamate-induced apoptosis (Tang et al., 2005). These data further
indicate that NR2B-mediated Ca2+ influx plays a major role in inducing mitochondrial
membrane depolarization in MSNs neurons, consistent with the previous findings (Shehadeh
et al., 2006). Furthermore, it appears that activation of mGluR1/5 receptors and resulting
InsP3R1-mediated Ca2+ release may play an important role in loss of mitochondrial membrane
potential in HD MSNs, in agreement with our earlier hypothesis (Tang et al., 2003; Tang et
al., 2005).

Discussion
The shortstop mouse, which expresses a short fragment (exons 1 and 2) of human mutant
Httexp with 120 CAG repeat expansion was serendipitously established (Slow et al., 2005).
The striatal and cortical neurons in the shortstop mice accumulate abundant Htt nuclear
aggregates. However, these mice do not manifest a behavioral phenotype or striatal neuronal
loss (Slow et al., 2005). These results are in contrast to the full-length YAC128 mouse
generated on identical FVB/N background, which displays early-onset motor deficits and
MSNs loss (Slow et al., 2003). Moreover, YAC128 MSNs, but not shortstop MSNs, have been
shown to be sensitized to NMDA-induced excitotoxicity in vivo and in vitro (Slow et al.,
2005). To explain these findings, we performed a series of experiments with primary MSN
cultures established form YAC128 and shortstop mice. The MSN cultures form wild type
littermates (WT and ss-WT, respectively) were used as an internal control in all experiments.
As a result of these experiments we determined: (1) repetitive application of glutamate causes
supernormal Ca2+ signals in YAC128 MSNs, but not in shortstop MSNs (Fig 1); (2) addition
of glutamate causes apoptosis of YAC128 MSNs, but not shortstop MSNs (Fig 2); (3) NR2B-
supported NMDA currents are enhanced in YAC128 MSNs, but not in shortstop MSNs (Fig
3); (4) addition of glutamate causes rapid loss of mitochondrial membrane potential in YAC128
MSNs, but not in shortstop MSNs (Fig 4 and Fig 5). In general, these results indicate that
cytosolic and mitochondrial Ca2+ signaling is abnormal in YAC128 MSNs, but not in shortstop
MSNs. A possible explanation of these findings is that rapid nuclear translocation and/or
aggregation of the Htt-120 amino-terminal fragment in shortstop mice MSNs prevents
pathological association of this fragment with the InsP3R1 (Tang et al., 2003), impairs its ability
to affect NMDAR currents (Cepeda et al., 2001; Zeron et al., 2002; Zeron et al., 2004; Fan et
al., 2007) and mitochondrial Ca2+ handling (Panov et al., 2002; Choo et al., 2004). Further
studies are required to determine if SS-MSNs demonstrate accelerated inclusions formation
in vitro.

The enhanced NMDAR-mediated currents have been reported in subpopulations of MSNs
obtained from other HD fragment models, such as R6/2 (Cepeda et al., 2001; Starling et al.,
2005) and HD100 (Laforet et al., 2001). Thus, the Httexp amino-terminal fragment expressed
in the shortstop mice does not affect NMDAR currents as it has been found for the Httexp

amino-terminal fragments expressed in R6/2 and HD100 mice. However, in vivo assessment
of susceptibility to excitotoxic stress has revealed a resistance to QA-mediated toxicity in R6/1,
R6/2, N171-82Q and shortstop fragment models (Hansson et al., 1999; Hickey and Morton,
2000; Morton and Leavens, 2000; Hansson et al., 2001; MacGibbon et al., 2002; Jarabek et
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al., 2004; Slow et al., 2005). No change in QA-induced excitotoxicity was observed in HD100
mouse model (Petersen et al., 2002). In contrast, the YAC128 model demonstrates enhanced
susceptibility to excitotoxic stress both in vtiro and in vivo (Slow et al., 2005; Tang et al.,
2005; Graham et al., 2006b; Graham et al., 2006a; Shehadeh et al., 2006; Fernandes et al.,
2007) (Fig 2, Fig 4, Fig 5). These data suggest that the specific size of the Httexp fragment
plays a critical role in the excitotoxic phenotype and reinforces the importance of the context
dependent nature of a specific, disease relevant, Httexp fragment in the pathogenesis of HD.
Furthermore, comparison of the excitotoxic phenotype in truncated HD models with HD mouse
models which express the full length Httexp protein highlight the link between enhanced
NMDAR currents and HD pathology.

In our experiments we observed an increased NMDAR-mediated currents in the MSN cultured
from YAC128 line 53 full-length model (Fig 3). In contrast, the MSN from YAC128 line 55
homozygous mice show similar NMDAR current densities as WT (Fernandes et al., 2007).
Both YAC128 lines 53 and 55 have been generated using the same transgenic construct and
maintained on identical FVB/N background (Slow et al., 2003). The line 53 express
approximately 2-fold higher levels of transgenic mutant Htt-120 protein that the line 55
(Graham et al., 2006a). The 2-fold difference in Httexp may account for differences observed
between our experiments with line 53 (Fig 3) and the previous experiments with line 55
(Fernandes et al., 2007). Indeed, since many protein kinases and phosphatases, as well as
proteases such as calpains, modulate NMDAR surface expression and activity, there may be
differences in the balance of activities of these enzymes secondary to stress-induced pathways
in these two lines or else induced by culturing technique differences. In general, our recording
conditions are similar to ones used by Fernandes at al (2007), but the average size of the
normalized peak NMDA current induced by application of 1 mM NMDA was 20–30 pA/pF
in our experiments (Fig 3B) and 50–60 pF/pA in experiments by Fernandes at al (2007). The
differences in the size of the NMDA current may reflect differences in the culture conditions,
such as for example variation in cell plating density. In a recent report the MSN NMDA and
AMPA currents were systematically evaluated in acute corticostriatal slices obtained from 25–
27 days old YAC18, YAC72, YAC128 (line 53) and YAC128 (line 55) mice (Milnerwood and
Raymond, 2007). It was discovered that the size of NMDA eEPSC amplitudes was similar
across all genotypes, but that the NMDAR:AMPAR current ratios were significantly enhanced
in YAC72, YAC128 (line 55) and YAC128 (line 53) cortico-striatal synapses when compared
to YAC18 mouse (Milnerwood and Raymond, 2007). Furthermore, the same authors reported
that decay time constant for NMDAR-mediated eEPSC was significantly increased in YAC128
(line 53) MSN when compared to YAC18 MSN (Milnerwood and Raymond, 2007). These
results potentially indicate that NMDAR subunit composition is altered in YAC128 (line 53)
MSN, most likely in favor of NR2B-containing complexes (Milnerwood and Raymond,
2007). The changes in the NMDA eEPSC decay time constant were specific for YAC128 line
53 and were not observed for YAC128 line 55 or for YAC72 MSN (Milnerwood and Raymond,
2007). All these results are consistent with changes of NMDAR function in YAC128 MSN
lines, with changes in YAC128 line 53 being more dramatic than changes in YAC128 line 55.
Consistent with this conclusion, the neurodegenerative phenotype developed significantly
faster in YAC128 line 53 than in YAC128 line 55 (Graham et al., 2006a). Interestingly, cultured
MSNs from both lines show similarly enhanced sensitivity to NMDAR-mediated apoptosis
when compared with WT MSNs (Tang et al., 2005;Graham et al., 2006a;Shehadeh et al.,
2006;Fernandes et al., 2007). Thus, with expression of mutant Httexp with an extreme
expansion of 120 polyQ, it appears that differences in regulation of cell death signaling
downstream of NMDAR activation also play an important role in augmenting apoptosis, as
was previously reported (Fernandes et al., 2007).

In conclusion, our data provide additional support for the importance of deranged Ca2+

signaling in HD pathology (Bezprozvanny and Hayden, 2004). Ca2+ signaling abnormalities
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observed in YAC128 MSNs neurons in our experiments correlate with the HD-like in vivo
pathology described for this mice (Slow et al., 2003). In contrast, shortstop MSNs display
normal Ca2+ signaling properties, consistent with the lack of neurodegeneration reported for
this mice (Slow et al., 2005). Furthemore, in agreement with our earlier studies (Cepeda et al.,
2001; Zeron et al., 2002; Tang et al., 2003; Zeron et al., 2004; Tang et al., 2005; Shehadeh et
al., 2006; Wu et al., 2006), these latest results (Fig 5D, 5E, 5F) further indicate that NR2B
subtype of NMDA receptors and mGluR1/5 receptors should be considered as potential
therapeutic targets for HD treatment.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Glutamate-induced Ca2+ signals in YAC128 and shortstop MSN
(A–D) Repetitive application of 20 µM glutamate induces Ca2+ signals in MSN from the WT
(A), YAC128 (B), ss-WT (C) and shortstop (D)) mice. Cytosolic Ca2+ levels are presented as
a 340/380 Fura-2 ratio. The traces shown are representative cell traces. (E) The average 340/380
values (mean ± SE) before and after 20 pulses of glutamate are shown for WT (n = 56), YAC128
(n = 79), ss-WT (n=100) and shortstop (n = 100) MSN as indicated. After 20 pulses of glutamate
the Ca2+ levels in YAC128 MSN are significantly (**, p < 0.01) higher than those in WT, but
shortstop MSN do not have significant difference with their littermate ss-WT MSN.
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Figure 2. Glutamate-induced apoptosis of YAC128 and shortstop MSN
(A) DIV13–14 MSN from WT, YAC128, ss-WT and shortstop mice were exposed to a range
of glutamate concentrations for 8 h, fixed, permeabilized, and analyzed by TUNEL staining
(green) and PI counterstaining (red). (B) The fraction of TUNEL-positive MSN nuclei was
determined as shown in panel A and plotted against glutamate concentration for WT (black
square), YAC128 (red square), ss-WT (black circles), and shortstop (red circles). At each
glutamate concentration, the data are shown as mean ± SE for each genotype (n = 4–6
microscopic fields, 100–200 MSN per field). At 100 and 250 µM glutamate, the fraction of
TUNEL-positive MSN is significantly (*, p < 0.05) higher for YAC128 than for WT, ss-WT
or shortstop. Similar results were obtained with 3 independent MSN preparations.
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Figure 3. NMDA-evoked currents in YAC128 and shortstop MSN
(A). Representative traces of currents evoked by application of NMDA to WT, YAC128, ss-
WT and shortstop MSN at DIV8–10. Bar represents application of 1 mM NMDA and
application of 1 mM NMDA in the presence of 10 µM Ifenprodil to the same cell. (B) The peak
of NMDA-evoked current was normalized to cell capacitance and averaged across multiple
experiments obtained with 6 different YAC128 and shortstop cultures. The average normalized
peak current is shown as mean ± SE (n = 17~25 different cells) for WT, YAC128, ss-WT and
shortstop MSN. Peak NMDA-induced current in was significantly larger in YAC128 MSN
than in WT MSN (**, p<0.01). No significant difference was observed for the size of the peak
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NMDA current between ss-WT and shortstop MSN. The size of ifenprodil-resistant peak
NMDA current was similar in all 4 cultures.
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Figure 4. Glutamate-induced mitochondrial depolarization in YAC128 and shortstop MSN
(A, B). TMRM+ confocal images of WT, YAC128, ss-WT and shortstop MSN at DIV13–14.
The images before (0 sec) and after (400 sec and 770 sec) addition of 100 µM glutamate are
shown as indicated. (C, D, E, F) Representative traces for individual puncta are shown for WT
(C), YAC128 (D), ss-WT (E) and shortstop (F) MSNs. 100 µM Glutamate was added to each
MSN culture at t = 100 sec as indicated. The representative data for five individual pucta are
shown as normalized F/F0 traces for each MSN culture.
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Figure 5. Analysis of glutamate-induced mitochondrial depolarization
(A–E). The average normalized F/F0 traces for (A) WT (n=196) and YAC128 (n=160) MSN;
(B) ss-WT (n=73) and shortstop (n=114) MSN; (C) WT (n=54) and YAC128 (n=64) MSN in
the presence of 20 µM MPEP, 50 µM CPCCOEt, and 10 µM(+)MK801; (D) WT (n=87) and
YAC128 (n=74) MSN in the presence of 20 µM ifenprodil; (E) WT (n=79) and YAC128 (n=87)
in the presence of 20 µM MPEP and 50 µM CPCCOEt. (F) The average t0.8 time is shown for
each cell group as mean ± SE (same n as above). The YAC128 MSN mitochondrial membrane
potential depolarize much more readily than in WT cells (**, p<0.01). The difference is
abolished in the presence of NMDAR and mGluR1/5 inhibitors. The mitochondria in shortstop
MSN depolarize at the same rate as mitochondria in MSN form ss-WT littermates.
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