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Neurobiology of Disease

Neuroprotective Effects of Synaptic Modulation in
Huntington’s Disease R6/2 Mice
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Huntington’s disease (HD) is an autosomal dominant inherited neurodegenerative disorder in which the neostriatum degenerates early
and most severely, with involvement of other brain regions. There is significant evidence that excitotoxicity may play a role in striatal
degeneration through altered afferent corticostriatal and nigrostriatal projections that may modulate synaptically released striatal
glutamate. Glutamate is a central tenant in provoking excitotoxic cell death in striatal neurons already weakened by the collective
molecular events occurring in HD. In addition, transcriptional suppression of trophic factors occurs in human and transgenic mouse
models of HD, suggesting that a loss of trophic support might contribute to degeneration. Since anti-glutamate approaches have been
effective in improving disease phenotype in HD mice, we examined whether deafferentation of the corticostriatal and nigrostriatal
pathways may mitigate striatal stress and neurodegeneration. Both surgical and chemical lesions of the corticostriatal and nigrostriatal
pathways, respectively, improved the behavioral, neuropathological, and biochemical phenotype in R6/2 transgenic mice and extended
survival. Decortication ameliorated hindlimb clasping, striatal neuron atrophy, and huntingtin-positive aggregates, improved N-acetyl
aspartate/creatine levels, reduced oxidative stress, and significantly lowered striatal glutamate levels. In addition, 6-hydroxydopamine
lesioned mice showed extended survival along with a significant reduction in striatal glutamate. These results suggest that synaptic stress
is likely to contribute to neurodegeneration in HD, whereas transsynaptic trophic influences may not be as salient. Thus, modulation of
synaptic influences continues to have therapeutic potential in HD.
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that the polyglutamine expansion and subsequent protein aggre-
gation may result in impaired mitochondrial function (Panov et
al., 2002). The latter contributes to cell death in HD by causing
increased vulnerability to endogenous concentrations of gluta-
mate, which then results in excitotoxic cell death (Albin and
Greenamyre, 1992; Beal, 1992; Ferrante et al., 1993).

Although systemic administration of glutamate linking neu-
rotoxicity to the overactivation of excitatory amino acid recep-
tors had been reported previously (Lucas and Newhouse, 1957),
the initial observation suggesting that excitotoxicity may play a
role in HD was made by the McGeers (McGeer and McGeer,
1976) and Coyle and Schwarcz (1976). Both sets of investigators
showed that injections of the excitatory glutamate-type neuro-

Introduction

Huntington’s disease (HD) is a progressive and fatal neurological
disorder caused by an expanded CAG repeat in the gene coding
for the protein huntingtin (Huntington’s Disease Collaborative
Research Group, 1993). Despite great progress, a direct causative
pathway from the HD gene mutation to neuronal dysfunction
and death has not yet been established. Recent interest has fo-
cused on significant alterations in transcriptional activity medi-
ated by mutant huntingtin (mHtt) (Luthi-Carter et al., 2002;
Ferrante et al., 2003; Sugars and Rubinsztein, 2003; Ryu et al.,
2005, 2006; Stack et al., 2007). There is also substantial evidence
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toxin kainic acid produced degeneration of striatal GABAergic
projection neurons with preservation of striatal afferents, resem-
bling the neuropathological sequelae observed in HD. Subse-
quently, others and we demonstrated that intrastriatal injection
of quinolinic acid, an endogenous intermediate in the kynure-
nine pathway of tryptophan metabolism, produced a more accu-
rate model of HD (Beal et al., 1986; Ferrante et al., 1993). Quino-
linic acid damaged both GABAergic and substance P-containing
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neurons, with relative sparing of NADPH-diaphorase and cho-
linergic neurons, which are known to be spared in HD (Ferrante
etal., 1985, 1987). Although NMDA receptor overactivation had
been speculated to contribute to the selective neuronal death in
HD, it has been proposed that excessive polyglutamines may in-
duce the potentiation of NMDA receptor activity, leading to en-
hanced neuronal susceptibility (Cha and Dure, 1994).

It is well established that striatal excitotoxic lesions depend on
corticostriatal glutamatergic inputs (McGeer et al., 1978; Biziere
and Coyle, 1979). There is also a substantial body of evidence
indicating that striatal excitotoxic lesions are dependent on do-
paminergic inputs from the substantia nigra (McGeer et al., 1978;
Biziere and Coyle, 1979; Meldrum et al., 2001). Nigrostriatal do-
paminergic neurotransmission is altered in HD based on early
and dramatic changes in related receptors and may contribute to
striatal vulnerability in HD. More directly, released dopamine
can be a stressor to striatal neurons through oxidative mecha-
nisms, as well as modulation of glutamate release (Maragos et al.,
1998; Reynolds et al., 1998; Jakel and Maragos, 2000). It is possi-
ble that both cortical and nigral afferent inputs may be responsi-
ble for the regional selectivity of neuronal degeneration that is
observed in HD. As such, we therefore examined whether decor-
tication or 6-hydroxydopamine (6-OHDA) lesions of the sub-
stantia nigra would significantly attenuate the neuropathological
and clinical phenotype in the R6/2 transgenic model of HD.

Materials and Methods

Animals. A stable colony of R6/2 HD mice has been maintained at the
Bedford Veterans Affairs Medical Center Laboratories, with founders
originally from the The Jackson Laboratory (Bar Harbor, ME). Male
R6/2 mice were bred with females from their background strain (B6
CBAFI/]). The progeny were genotyped via PCR assay on DNA isolated
from tail biopsy. The length of the CAG repeat was monitored by the
Core Sequencing Facility at Boston University. All mice used in this study
had CAG repeats in the range of 148153, with corresponding base pairs
of 500550, as determined by PCR. Cohort homogeneity is essential in
assessing pathogenic mechanisms in murine models of disease. Minimiz-
ing measurement variability increases the power to detect differences.
We have standardized criteria to ensure homogeneity of the experimen-
tal mice and the cohorts within the testing groups (Hersch and Ferrante,
2004). Because others and we have not observed gender differences in
survival in the R6/2 transgenic HD mouse model, female mice were used
in the experimental paradigms. A total of 175 female mice were used in
these experimental studies. Mice were housed five per cage under stan-
dard conditions with ad libitum access to food and water. The mice were
handled under the same conditions by one investigator blinded (by the
preclinical technical staff) to the genotype of the mice and the type of
lesion administered. Enrichment conditions were not applied to any
cages because this is considered a therapeutic treatment that may con-
found the mouse trials (Smith et al., 2006). All animal experiments were
performed in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Lesion surgery. Mice were operated on under isoflurane anesthesia. For
decorticate mice, unilateral cortical aspiration lesions targeting the pri-
mary motor cortex were performed at 4 weeks (presymptomatic disease)
and 6 weeks (manifest disease) of age in R6/2 (n = 28 mice per group)
and wild-type control mice (n = 10 mice per group). Surgery was per-
formed with a David Kopf Instruments (Tujunga, CA) stereotaxic appa-
ratus equipped with a mouse adaptor. A sterile 0.45 mm curved blunt-
tipped 25 gauge needle connected to a vacuum line was used for
aspiration. Coordinates for the cortical aspiration lesion with respect to
interaural zero were as follows: anteroposterior (AP), 5.22-2.22 mm;
mediolateral (ML), 0.8—1.5 mm; dorsoventral (DV), 4.1 mm [from the
atlas of Franklin and Paxinos (2000)]. This cortical area corresponded to
the primary motor cortex, at the border of M1 and M2. Sham control
experiments (n = 3 wild-type and 3 R6/2 mice) were performed by

J. Neurosci., November 21, 2007 « 27(47):12908 12915 * 12909

anesthetizing and creating a burr hole in the calvarium, with subsequent
closure of the wound. Unilateral cerebellar aspiration lesions (n = 10 per
group; wild-type and R6/2 mice) were also performed using a sterile 0.45
mm curved blunt-tipped 25 gauge needle. The coordinates for cerebellar
lesions, with respect to interaural zero, were as follows: AP, 2.20 mm; ML,
0.8 mm; DV, 3.5 mm. The cannula was inserted with the curve oriented
anterior. Once lowered into the cerebellum, the cannula was rotated
counterclockwise to aspirate the cerebellum. At 6 weeks of age, substantia
nigra (SN) lesions were induced in R6/2 mice and littermate control mice
(n = 20 mice) by a 6-OHDA infusion via a Hamilton microsyringe
directly into the SN. Control injections were performed using saline. The
coordinates for SN lesions with respect to interaural zero were as follows:
AP, 0.88 mm; ML, 1.1 mm; DV, 1.3 mm. 6-OHDA-HCI (Sigma, St.
Louis, MO) was prepared in 0.02% ascorbic acid/saline. 6-OHDA was
injected 3 min after cannula insertion at a rate of 0.2 ul/min over 5 min.
The cannula was left in place for an additional 5 min after infusion to
allow for adequate diffusion of the perfusate. All animals were closely
monitored for 24 h after surgery for any complications, and their body
temperature was maintained using a homeothermic pad designed to con-
stantly heat the animal body at a fixed 37°C. All mice were held in a
temperature-controlled room that was maintained under a 12 h light/
dark cycle and had access to food and water ad libitum.

Survival. Mice were observed twice daily. The criteria for killing the
animals was the point in time when mice could no longer right them-
selves after 30 s when placed on their side. This was confirmed by two
separate observers and considered the time of death (R.J.F. and J.LK.K.). A
few deaths (n = 2) occurred within the first day from surgical
complications.

Behavioral assessment. Mice were observed daily throughout the entire
experimental period. Clasping behavior was assessed through analysis of
video capture of mice suspended by the tail for 24 s at 42, 56, and 70 d of
age as described previously (Stack et al., 2005). Presence or absence of
hindlimb clasping was quantified through slow-speed video by personnel
blind to the experimental status and mouse genetic status (R.J.F. and
J.KK.).

Neuropathological evaluation. At 70 d of age, mice from each experi-
mental group (n = 10) were deeply anesthetized and transcardially per-
fused with 4% buffered paraformaldehyde (100 ml). Brains were re-
moved and postfixed in the perfusate for 2 h and cryoprotected in a
graded series of 10 and 20% glycerol/2% DMSO. Frozen serial sections
were cut at 50 um and stained for Nissl substance with cresyl violet or
processed for immunohistochemical detection of mutant huntingtin (1:
500; Chemicon, Temecula, CA) or dopamine transporter (1:5000;
Chemicon). Antibody complexes were visualized using diaminobenzi-
dine using previously described methods (Stack et al., 2005).

Neuronal aggregate and area measurement. Huntingtin aggregates
(=1.0 wm) were counted from an unbiased selection of serial sections in
a defined volume of the neostriatum using Neurolucida Stereo Investi-
gator software (MicroBrightField, Colchester, VT). Counting occurred
within the dorsolateral aspect of the striatum, with the corpus callosum
forming the lateral and dorsal border. The ventral border began at the
level of the claustrum and extended medially, whereas the medial border
was established 2.5 mm lateral of the lateral ventricle. Striatal neuron
areas were analyzed by microscopic video capture using Optimas (Bio-
scan, Washington, DC). All computer-identified cell profiles were man-
ually verified as neurons (Stack et al., 2005).

HPLC analysis. Identification of glutamate and dopamine was per-
formed on striata rapidly dissected and quenched at —80°C. Detection of
each compound was performed with a 16-electrochemical array as de-
scribed previously (Andreassen et al., 2001). Identification of 8-hydroxy-
2-deoxyguanosine (80H,dG) was performed in striata from mice eutha-
nized at 70 d of age by decapitation. Brains were immediately removed,
quartered with selective dissection of the striatum, and immediately flash
frozen at —80°C. An HPLC method with electrochemical detection was
used for analysis of 80H,dG levels, as described in detail previously
(Bogdanov et al, 1999). The levels were standardized to
2-deoxyguanosine levels within each sample and were measured in pico-
grams per milligram creatinine.

Nuclear magnetic resonance spectroscopy analysis. We performed in vivo
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Figure 1.  Effects of cortical, cerebellar, and nigral lesions on R6/2 survival. A, B, Cortical
lesions performed at 4 or 6 weeks in R6/2 mice significantly extended survival compared with
nonlesioned R6/2 mice by 13.4 and 8.25% (4 weeks, x* = 15.44, p < 0.01; 6 weeks, x> =
16.64, p < 0.01). G, In contrast, cerebellar lesions had no effect on R6/2 survival. D, 6-OHDA
lesions of the substantia nigra also significantly extended survival by 21.29% compared with
sham-treated R6/2 mice (x> = 13.83, p < 0.01).

spectroscopy at 4.7 T (GE Omega CSI; GE Healthcare, Freemont, CA)
using a sinusoidal birdcage coil (diameter, 20 mm). Mice were anesthe-
tized using halothane/O,/N,O anesthesia (1.5% halothane; 2:1 O,/N,0).
Body temperature was maintained using two water blankets surrounding
the body at 37°C. Localized proton spectroscopy was run using a PRESS
sequence (Bottomley, 1987) with an echo time (TE) of 136 ms and a
repetition time (TR) of 2 s. Spectral width was 2 kHz with 1024 complex
points. Six hundred averages were acquired for each spectrum. The trans-
mitter frequency was placed between N-acetyl aspartate (NAA) and cre-
atine (CR) resonances. Voxels were placed symmetrically around both
basal ganglia with an average voxel size of 633.533 mm (63 ml). Spectra
were analyzed using the NMRI1 software program (New Methods Re-
search, Syracuse, NY) and integrated, and the creatinine peak was nor-
malized to the signal-to-noise of a water spectrum run from the same
voxel without water suppression but with a TR/TE of 10,000/20 ms and
eight averages. The NAA values were then taken as a ratio to creatinine
peak.

Statistics. Data are expressed and mean * SEM. Statistical compari-
sons for all interval data were made with ANOVA, followed by Fisher’s
least significant difference when overall significance was detected. For
frequency data, the Fisher’s exact probability test was used. For all anal-
yses, a significance level of p < 0.05 was observed.

Results

Cortical lesions performed at 4 and 6 weeks in R6/2 mice, repre-
senting presymptomatic and manifest disease, significantly ex-
tended survival by 13.4 and 8.25%, respectively (4 weeks, x* =
15.44, p < 0.01; 6 weeks, x> = 16.64, p < 0.01) compared with
nonlesioned R6/2 mice (Fig. 1). In addition, nigrostriatal deaffer-
entation resulting from 6-OHDA lesions of the substantia nigra
also significantly extended survival by 21.29% compared with
sham-treated R6/2 mice (Fig. 1) (x> = 13.83, p < 0.01). In con-
trast, cerebellar aspiration lesions had no effect on R6/2 survival
(p < 0.2) while control lesions in wild-type control mice had no
effect on mortality (data not shown).

Improvements in clasping behavior were also observed.
Whereas untreated and decorticated wild-type mice did not
present with any clasping behavior, nonlesioned R6/2 mice dem-
onstrated a significant age-related increase in total limb clasping
through end-stage disease, as reported previously (Stack et al.,
2005). Cortical lesions in R6/2 mice showed a consistent reduc-
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Figure 2.  Effect of cortical deafferentation on dystonia starting at 6 weeks in R6/2 mice.

Cortical lesions significantly improve clasping of the hindlimbs at 8 and 10 weeks compared
with nonlesioned R6/2 mice, as determined by Fisher’s exact probability test. * p << 0.01.

tion in hindlimb clasping from 6 through 10 weeks of age (Fig. 2).
At both 8 and 10 weeks, corticostriatal deafferentation in R6/2
mice significantly reduced clasping compared with nonlesioned
R6/2 mice ( p < 0.01). Interestingly, decortication caused a com-
plete ipsilateral loss of clasping of both the forelimbs and hind-
limbs in 6 of 26 lesioned R6/2 mice (data not shown). Because
contralateral effects would be expected, this motor phenomenon
was a surprising outcome for which we have no clear understand-
ing. We have no reason to believe that the lesions in these mice are
different from those in mice in which ipsilateral release is not
present.

Gross anatomical examination revealed the extent of cortical
aspiration lesions in decorticate R6/2 mice (Fig. 3). The lesions
were predominantly restricted to the primary motor cortex, at
the border of M1 and M2, along the rostrocaudal plane. Although
there was slight involvement of the corpus callosum in some cases
at the level of the crossing of the anterior commissure, the hip-
pocampal anatomy was preserved. Additional morphological ex-
amination of the ipsilateral dorsolateral striatum in decorticate
R6/2 mice revealed a select region or island of relative normal
morphology restricted within the subcortical striatal projection
field from M1/M2 (Porter and White, 1986). This area was sur-
rounded by small, angular, shrunken neurons characteristically
observed throughout the striatum in nonlesioned R6/2 mice (Fig.
4). Consistent with a relative preservation of ipsilateral striatal
morphology in decorticate R6/2 mice, there was a significant
amelioration of striatal neuronal area loss in the ipsilateral striatal
M1/M2 projection field (Fig. 4, Table 1). Striatal neuron areas
within the penumbral area (the surrounding peripheral region of
partial pathological involvement) around the M1/M2 projection
field were not significantly different from the striatum in nonle-
sioned R6/2 mice (Table 1).

Huntingtin aggregation is a prominent neuropathological al-
teration observed in the R6/2 mouse. Cortical aspiration signifi-
cantly attenuated huntingtin aggregation in the striatum (Fig. 5,
Table 1). Consistent with improved neuronal area, there was a
marked attenuation of mutant huntingtin aggregation within the
M1/M2 corticostriatal projection field of the dorsomedial stria-
tum, ipsilateral to the cortical lesion (Fig. 5). Quantification re-
vealed a significant reduction in mHtt aggregates within the cor-
ticostriatal projection field of M1/M2 compared with both
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Figure 3.
The lesion is restricted to the primary motor cortex, M1 and M2. Scale bar, 1 mm.

adjacent penumbral areas to the projection field of the ipsilateral
striatum and corresponding nonlesioned R6/2 striatum (Table
1).

In contrast, unilateral 6-OHDA lesions of the substantia nigra
in R6/2 mice had no effect on mutant huntingtin aggregation in
either the ipsilateral or contralateral striatum (Fig. 6). Morpho-
logical examination of the striatum of 6-OHDA lesioned R6/2
mice revealed no difference in mutant huntingtin aggregation
compared with the striatum from nonlesioned R6/2 mice (non-
lesioned R6/2, 5.12 X 10° =+ 1.27; lesioned R6/2, 5.11 X 10% p <
0.15). There was, however, a marked reduction of dopamine
transporter immunoreactivity in the ipsilateral striatum, consis-
tent with 6-OHDA lesions (Fig. 6).

Consonant with altered striatal neuropathology after cortical
deafferentation and 6-OHDA administration, changes were ob-
served in striatal glutamate and dopamine levels. Cortical lesions
resulted in a significant reduction in striatal glutamate levels in
lesioned R6/2 mice compared with the nonlesioned R6/2 mice
(nonlesioned R6/2 mice, 1.004 = 0.078 ug/mg; lesioned R6/2
mice, 0.734 + 0.057 ug/mg; F(, 55, = 8.309, p < 0.01). Similarly,
6-OHDA lesions of the substantia nigra also resulted in a signifi-
cant decrease in striatal glutamate levels (nonlesioned R6/2 mice,
0.761 * 0.146 pg/ug; lesioned R6/2 mice, 0.365 * 0.087 pg/ug;
F5 55 = —4.665, p < 0.05) and dopamine levels (nonlesioned R6/2
mice, 4.159 * 0.439 ng/ug; lesioned R6/2 mice, 0.3767 * 0.187
ng/ug; F5 55 = 36.005, p < 0.01) compared with the nonlesioned
R6/2 mice. Ithaslong been suggested that oxidative stress plays a role
in the pathogenesis of neuronal degeneration in HD, and, as such,
dopamine can be an additional stressor to striatal neurons through
oxidative mechanisms. In addition, and as we reported previously
(Bogdanov et al., 2001; Smith et al., 2006), 80OH,dG levels (a marker
of DNA oxidation) were significantly increased in the striatum of

The extent of gross morphology of the cortical aspiration lesion in a representative decorticate R6/2 mouse (A—K).
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R6/2 mice compared with wild-type litter-
mate control mice (wild-type littermate
control mice, 11.703 * 1.94 pg/ug; nonle-
sioned R6/2 mice, 64.66 = 4.87 pg/uug; F(, 5
= 50.41, p < 0.0001). 8OH,dG levels were
also significantly reduced in the ipsilateral
striata of decorticated R6/2 mice, consistent
with a neuroprotective effect and the relative
preservation of the ipsilateral striata (le-
sioned R6/2 mice, 30.11 * 2.88 pg/ug).

We reported previously that nuclear
magnetic resonance spectroscopy analysis
of R6/2 mice shows a significant reduction
in in vivo NAA levels over time, commenc-
ing at 6 weeks of age, and is coincident
with early manifest disease (Jenkins et al.,
2000). Reduced NAA levels are consistent
with neuronal dysfunction in R6/2 mice.
Decortication resulted in significantly im-
proved NAA/Cr levels compared with lit-
termate nondecorticated R6/2 mice (Table
2). These increases in NAA/Cr levels may
reflect measurable improvements in neu-
ronal survival.

Discussion

There is a substantial body of evidence that
implicates excitotoxic mechanisms in the
pathogenesis of Huntington’s disease
(Beal, 1992, 1998; Mattson, 2003; Browne
and Beal, 2006). Excessive activation of ex-
citatory amino acid receptors leads to neu-
ronal death by a process termed excitotoxicity (Olney, 1978).
Decortication significantly reduces excitotoxicity mediated by all
three subtypes of glutamate ionotropic receptors (i.e., AMPA,
kainate, and NMDA receptors), and coinjection of NMDA or
kainate acid with the metabotropic glutamate receptor agonist
quisqualate restores toxicity (Beal et al., 1993). Similarly, coinjec-
tion of NMDA with the specific metabotropic agonist trans-(*)-
1-amino-1,3-cyclopentanedicarboxylic acid also restores toxic-
ity. In addition, decortication prevents kainic acid-induced
striatal excitotoxic lesions, and excitotoxicity can be restored by
coinjection with glutamate (Biziere and Coyle, 1979). Additional
evidence shows that mitochondrial toxins sensitize cells to en-
dogenous levels of glutamate and thereby mediate indirect exci-
totoxic lesions (Beal et al., 1993; Brouillet et al., 1993). Consistent
with this, we previously showed that decortication markedly at-
tenuates striatal lesions produced by 3-nitroproprionic acid (Beal
etal., 1993).

Although it has been reported that both R6/1 and R6/2 mice
are resistant to excitotoxic lesions produced by quinolinic acid
and malonate (Hansson et al., 1999, 2001), it is possible that the
latter may be attributable to a marked reduction in dopamine
levels in the R6/1 mice and R6/2 mice (Hickey et al., 2002; Pe-
tersen et al., 2002a). In the R6/1 mice, extracellular dopamine
levels are reduced by 70% compared with wild-type littermates
and that intrastriatal administration of malonate in these mice
resulted in significantly smaller lesion size (Petersen et al.,
2002b). In contrast, we have showed that R6/2 mice are more
susceptible to the mitochondrial toxin, 3-nitropropionic acid
(Bogdanov et al., 1999). It may well be that differences in the
periodicity of excitotoxin injections and total dosing levels result
in the reported differences in susceptibility.
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Figure4.  Effects of cortical deafferentation on striatal neuron morphology. The normal morphology of wild-type dorsolateral
striatumis shown in A. The morphology of the M1/M2 ipsilateral projection field in the dorsolateral striatumin a decorticated R6/2
mouse is shown in B and as outlined in D with surrounding atrophic neurons. This is a region of relative normal neuronal size. The
remaining neostriatum shows angular, shrunken neurons characteristically observed in nonlesioned R6/2 mice, as shown in € (see
Table 1). Scale bar, 100 pm.

Table 1. Striatal neuron area and Huntingtin aggregation in R6/2 and wild-type mice
R6/2 decorticate mice

R6/2 mice

57 +16.2 um***
503X 10° =133

*p << 0.05 versus R6/2 mice and penumbra; **p << 0.05 versus wild type and lesion.

Penumbra

52 + 18.6 um***
4.86 X 10° = 1.19

Lesion

119 + 26.3 um?
0.88 X 10° = 0.31*

Wild-type mice

Striatal neuron area 131 =102 um?
Huntingtin aggregates ~ N/A

Table 2. Striatal NAA/Cr ratios in R6/2 and wild-type mice

R6/2 decorticate
Wild-type mice R6/2 mice mice
Wild-type mice R6/2mice 0.70 = 0.28* 0.996 = 0.235**

*p < 0.01 versus wild type; **p << 0.05 versus wild-type and R6/2 mice.

In other studies of R6/2 mice, excitatory postsynaptic poten-
tials show a more prominent component mediated by activation
of NMDA receptors in striatal slices (Cepeda et al., 2001; Klap-
stein et al., 2001). There is a progressive reduction in synaptic
activity in the R6/2 mice starting at 5-7 weeks of age, which
worsens in older mice (Cepeda et al., 2003). There also are abnor-
mally large amplitude synaptic events that are prominent at 5-7
weeks of age. It was proposed that the reduced synaptic activity
might account for the resistance to excitotoxic lesions in the R6/2
mice. The fact, however, that riluzole, a substance with glutamate
antagonist properties, and ramacemide, an NMDA antagonist,
both prolong survival in R6/2 mice further suggests there is an
excitotoxic component (Ferrante et al., 2002; Schiefer et al.,
2002). Another transgenic mouse, which has a longer N-terminal
fragment of huntingtin, shows equal susceptibility to excitotoxic
lesions mediated by quinolinic acid, compared with wild-type
littermate controls (Petersen et al., 2002a).
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Brain slices from YAC72 transgenic
HD mice, which contain human genomic
DNA spanning the full-length huntingtin
gene and all its regulatory elements, show
an increase in the response of medium-
sized striatal neurons to NMDA (Zeron et
al., 2001). It was subsequently reported
that quinolinic acid lesions in YAC72 mice
6 and 10 months old were significantly
greater compared with wild-type mice
(Zeronetal., 2002). The authors also dem-
onstrated enhanced excitotoxicity in cul-
tured neonatal medium spiny neurons ex-
pressing full-length huntingtin with 72
repeats. The increased excitotoxicity was
seen after NMDA, but not AMPA, expo-
sure in culture. The NMDA-induced cell
death was abolished by the NR2B subunit-
specific antagonist ifenprodil. The au-
thors, therefore, hypothesized that re-
gional expression of NR2B subunits may
correlate with the severity of neuronal de-
generation in HD. Interestingly, the levels
of NR2B expression were much lower in
cerebellum, with no difference in vulnera-
bility of wild-type and YAC72 cerebellar
granule cells to NMDA mediated excito-
toxicity. There was, however, NMDA cur-
rent amplitude and caspase 3 activity in
transgenic striatal neurons from YAC72
mice.

There is also significant evidence sug-
gesting that dopamine plays a role in exci-
totoxicity. Striatal lesions produced by
quinolinic acid, NMDA, and kainic acid
are all attenuated after lesions of the nigro-
striatal dopaminergic pathway (McGeer et
al., 1978; Biziere and Coyle, 1979; Chap-
man et al., 1989; Buisson et al., 1991). Stri-
atal lesions produced by the mitochondrial
toxins malonate and 3-nitropropionic acid
are also both markedly attenuated by le-
sions of the nigrostriatal pathway (Mara-
gos et al.,, 1998; Reynolds et al., 1998; Jakel
and Maragos, 2000; Moy et al., 2000; Cala-
bresi et al., 2001). Consistent with a role of

dopamine in toxicity mediated by mitochondrial toxins, dopa-
mine transporter knock-out mice have been shown to be hyper-
sensitive to 3-nitropropionic acid-induced striatal damage (Fer-
nagut etal., 2002). This may be hypothesized to be the result of an
increased release of dopamine into the extracellular space, in
which it may augment reactive oxygen species generation. Mal-
onate has also been showed to induce a 94-fold increase in extra-
cellular striatal dopamine concentrations that is paralleled by an
increase in hydroxyl radicals (Ferger et al., 1999). It is of signifi-
cant interest to note that the unilateral lesioning of the nigrostri-
atal dopaminergic pathway blocks malonate-induced increases in
dopamine concentrations and the generation of hydroxyl radicals
but attenuates striatal lesion volume. More recently, a synergistic
link between dopamine and glutamate release in the striatum was
observed in the YAC128 mouse model of HD (Tang et al., 2007).
This cortical and nigrostriatal synergy resulted in an abnormal
elevation of striatal calcium levels, consistent with the potential
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Figure5. Effect of cortical deafferentation on huntingtin aggregates in the ipsilateral stria-
tum. Huntingtin aggregates are a prominent neuropathological hallmark observed in the R6/2
mouse and HD patients. Cortical deafferentation attenuates huntingtin aggregates in the
M1/M2 projection field of the neostriatum, as indicated by the asterisk (B and Table 1) in
contrast to striatal mutant huntingtin aggregates in R6/2 mice (A). Scale bar, 200 pm.

involvement of neuronal calcium in excitotoxicity. Persistent el-
evated dopamine exacerbated both the behavioral and neuro-
pathological YAC128 phenotype. In addition, the dopamine an-
tagonist tetrabenezine ameliorated the observed motor deficits
and reduced striatal neuron loss in these YAC128 mice.

Depletion of striatal dopamine stores using reserpine, in com-
bination with a-methyl-para-tyrosine, has also been reported to
significantly reduce malonate-induced striatal lesions (Xia et al.,
2001). This was accompanied by a reduction in malonate-
induced generation of reactive oxygen species. Systemic admin-
istration of L-3,4-dihydroxyphenylalanine or intrastriatal appli-
cation of dopamine reconstituted malonate toxicity and
increased reactive oxygen species in 6-OHDA lesioned rats. D,
receptor agonists, but not D, receptor agonists, partially restored
malonate toxicity in 6-OHDA lesioned rats. These findings sug-
gest that malonate induced dopamine toxicity in energetically
impaired neurons are mediated by two independent pathways:
(1) dopamine receptor-independent generation of reactive oxy-
gen species and (2) excessive stimulation of D, receptors. Con-
sistent with the latter, protection against malonate lesions has
been reported to be mediated by the D,-specific agonist (Arment-
ero et al., 2002).

Cortical and nigrostriatal afferents are also a primary source of
striatal trophic factors. There is substantial evidence indicating
the presence of trophic factors within the striatum (Radka et al.,
1996; Conner et al., 1997; Yan et al., 1997), although mRNA for
trophic factors has not been shown in the striatum, suggesting an
anterograde transport delivery system (Hofer et al., 1990; Conner
et al., 1997, 1998). There is intense expression of brain-derived
neurotrophic factor (BDNF) mRNA in cortical projection neu-
rons that is widely distributed in nerve terminals within the stri-
atum (Altar et al., 1997). There is also a reported loss of
huntingtin-mediated BDNF gene transcription in HD (Zuccato
etal., 2001). In addition, the reduction in cortical BDNF messen-
ger correlates with the progression of the disease in R6/2 mice
(Zuccato et al., 2005), whereas the function BDNF may play in
disease onset in human HD is less clear (Alberch et al., 2005;
Kishikawa et al., 2006). Given the potential role for trophic fac-
tors in HD (Zuccato and Cattaneo, 2007), it is important to note
that cortical deafferentation significantly reduces striatal BDNF
levels (Altar et al., 1997). That cortical and nigrostriatal deaffer-
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Figure6.  The effects of 6-OHDA lesions of the substantia nigra on huntingtin aggregation in
the striatum. Mutant huntingtin aggregates in the striatum of non-6-OHDA lesioned R6/2 mice
(A) is not altered by unilateral 6-OHDA lesions of the substantia nigra in either the ipsilateral or
contralateral striatum (B, €). There is, however, a marked reduction of dopamine transporter
immunoreactivity in the ipsilateral striatum (D). Scale bar: (in 4) 4, 100 wm; D, 1 mm.
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entation extend survival and ameliorate both the behavioral and
neuropathological phenotype in R6/2 mice suggests that synaptic
influences, in the form of excitotoxicity, are an important patho-
logical mechanism promoting striatal neurodegeneration in HD,
whereas trophic factors may play a less salient role.

Our findings provide additional evidence that excitotoxicity is
involved in HD pathogenesis and are consistent with previous
reports of excitotoxic neuronal degeneration in the striatum. The
present studies suggest that the regional vulnerability of the neos-
triatum may be dependent on both corticostriatal glutamatergic
and substantia nigra dopaminergic input and that synaptic stress
is likely to significantly contribute to striatal neuron death in HD.
Thus, modulation of synaptic influences continues to have ther-
apeutic potential in HD.
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