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Corticostriatal synaptic function in mouse models of
Huntington’s disease: early effects of huntingtin repeat
length and protein load

Austen J. Milnerwood1,2 and Lynn A. Raymond1,2

1Department of Psychiatry, 2Brain Research Centre, University of British Columbia, Vancouver, Canada V6T 1Z3

Huntington’s disease (HD) is an autosomal dominant, late onset, neurodegenerative disease

characterized by motor deficits and dementia that is caused by expansion of a CAG repeat

in the HD gene. Clinical manifestations result from selective neuronal degeneration of

predominantly GABAergic striatal medium-sized spiny neurons (MSNs). A growing number

of studies demonstrate that personality, mood and cognitive disturbances are some of the

earliest signs of HD and may reflect synaptic dysfunction prior to neuronal loss. Previous studies

in striatal MSNs demonstrated early alterations in NMDA-type glutamate receptor currents in

several HD mouse models, as well as evidence for presynaptic dysfunction prior to disease

manifestations in the R6/2 HD fragment mouse model. We have compared corticostriatal

synaptic function in full-length, human HD gene-carrying YAC transgenic mice expressing

a non-pathogenic CAG repeat (YAC18; control) with three increasingly severe variants of

pathogenic HD gene-expressing mice (YAC72 and two different lines of YAC128), at ages that

precede any detectable disease phenotype. We report presynaptic dysfunction and a propensity

towards synaptic depression in YAC72 and YAC128 compared to YAC18 mice, and, in the most

severe model, we also observed altered AMPA receptor function. When normalized to evoked

AMPAR currents, postsynaptic NMDAR currents are augmented in all three pathogenic HD

YAC variants. These findings demonstrate multiple perturbations to corticostriatal synaptic

function in HD mice, furthering our understanding of the early effects of the HD mutation that

may contribute to cognitive dysfunction, mood disorders and later development of more serious

dysfunction. Furthermore, this study provides a set of neurophysiological sequelae against which

to test and compare other mouse models and potential therapies in HD.
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Huntington’s disease (HD) is an autosomal dominant,
neurodegenerative disease. The HD gene includes a CAG
repeat (HDCRG, 1993) encoding a polyglutamine tract
(polyQ) in the protein huntingtin (htt). Repeat length
> 35 is inversely correlated with age of HD onset,
and juvenile onset generally occurs with > 70 repeats
(Duyao et al. 1993). HD is characterized by disorders
of movement, mood and cognition associated with
prominent degeneration of GABAergic medium-sized
spiny neurones (MSNs) in the striatum, which receive
glutamatergic input from all cortical areas (Vonsattel et al.
1985).

The ubiquitously expressed htt protein is involved in
protein and organelle transport (DiFiglia et al. 1995).
Mutant huntingtin (mhtt) is expressed, and appears to
localize, similarly to the normal protein (Aronin et al.

1995; Landwehrmeyer et al. 1995), and biochemical studies
indicate it interferes with axonal transport and alters
presynaptic vesicle release (Li et al. 2001; Gunawardena
et al. 2003; Szebenyi et al. 2003; Trushina et al.
2004). Additionally, enhanced activity of NMDA-type
glutamate receptors (NMDARs) which can kill neurons
by excitotoxicity (reviewed in Beal, 1992; Choi, 1992),
in MSNs may contribute to HD pathology (reviewed in
Yohrling & Cha, 2002; Fan & Raymond, 2007). However,
NMDARs also play a critical role in activity-dependent
neuronal signalling, including synaptic plasticity, gene
transcription, and cell survival (reviewed in Bliss &
Collingridge, 1993; Plátenı́k et al. 2000; Hardingham,
2006).

Notably, recent evidence suggests neuronal dysfunction
occurs prior to manifest disease in humans and mouse

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society DOI: 10.1113/jphysiol.2007.142448



818 A. J. Milnerwood and L. A. Raymond J Physiol 585.3

models (Usdin et al. 1999; Lawrence et al. 2000; Berrios
et al. 2002; Li et al. 2004; Mazarakis et al. 2005; Cummings
et al. 2006; Milnerwood et al. 2006a; Paulsen et al. 2006b;
Cummings et al. 2007; Duff et al. 2007; Solomon et al.
2007). Some of the earliest changes in HD mice include
altered NMDAR-dependent plasticity (Usdin et al. 1999;
Murphy et al. 2000; Milnerwood et al. 2006a; Lynch et al.
2007), augmented NMDAR current (Levine et al. 1999;
Cepeda et al. 2001; Li et al. 2004; Starling et al. 2005; Andre
et al. 2006; Fan et al. 2007) and increased sensitivity to
NMDAR toxicity (Zeron et al. 2001, 2002, 2004; Shehadeh
et al. 2006). Additionally, altered glutamate release at
the corticostriatal synapse develops just before motor
signs in the R6/2 HD fragment model (Cepeda et al.
2003). Thus, early perturbations of NMDAR signalling,
as well as glutamate release, at the corticostriatal synapse
may be responsible for initial cognitive and emotional
disturbances (Paulsen et al. 2006a), in addition to driving
more severe pathological changes over time.

We have demonstrated specifically increased synaptic
NMDAR current in YAC72 HD mouse MSNs relative
to wild-type (WT) controls (Li et al. 2004). However,
expression of exogenous full-length htt may in itself have
effects, regardless of the mutation. Moreover, it is of
interest to determine if similar changes, and possibly
additional synaptic dysfunction, are observed in more
severe HD models. Therefore, we recorded cortico-
striatal transmission in acute slices from yeast artificial
chromosome (YAC) HD mice (Hodgson et al. 1999; Slow
et al. 2003; Graham et al. 2006). These animals express
full-length human htt, with polyQ corresponding to: (i)
non-pathogenic (YAC18), (ii) high (YAC72), and (iii) very
high (YAC128) repeat lengths. Additionally, we compared
low (line 55) and high (line 53) htt-expressing variants of
the YAC128 model. Recordings were made 1 month prior
to detection of cognitive dysfunction in the most severe
model, YAC128(53) (Van Raamsdonk et al. 2005), and
prior to detection of motor deficits in any genotype, which
are first seen at 2.5 and 7 months for YAC128(53) and
YAC72, respectively (Hodgson et al. 1999; Van Raamsdonk
et al. 2005; Graham et al. 2006). Our findings confirm
previous studies indicating mhtt increases NMDAR
current relative to that mediated by AMPARs. Additionally,
we observed presynaptic dysfunction and, in the most
severe model, YAC128(53), AMPAR current alterations in
mhtt-expressing mouse corticostriatal synapses.

Methods

Transgenic mice and brain slice preparation

Transgenic YAC18, YAC72 (line 2511), YAC128 (line 55)
and YAC128 (line 53) mice (Hodgson et al. 1999; Slow
et al. 2003), expressing full-length human huntingtin
containing 18, 72 or 128 CAG repeats were bred on

an FVB/N background at the UBC Medicine Animal
Resource Unit, and maintained according to Canadian
Council on Animal Care regulations. All experiments
were conducted on mice aged between postnatal days
21 and 30 (26.1 mean ± s.e.m. 0.3 days). To eliminate
possible bias introduced by postnatal age, care was taken to
ensure that mean age was 26 ± < 1 in all groups, and that
there were no significant age differences (P > 0.8) between
genotypes. Acute corticostriatal slices were prepared: in
accordance with the UBC Animal Care Committee and
the Canadian Council on Animal Care, to minimize
suffering mice were killed by decapitation following deep
halothane vapour anaesthesia. The brain was rapidly
removed and immersed in oxygenated (95% O2–5% CO2),
chilled (∼ +4◦C) artificial cerebrospinal fluid (ACSF,
containing (mm): 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25
NaH2PO4, 2 MgCl2, 2 CaCl2, 25 glucose, pH 7.3–7.4,
300–310 mosmol l−1). Coronal slices 300 μm thick were
cut on a vibratome (Leica VT1000) and placed in a holding
chamber containing ACSF at room temperature (RT)
for > 1 h prior to recording. Slices were transferred to
a submersion recording chamber, on a DIC-IR micro-
scope (Axioskop, Zeiss), and held in a known orientation
with a standard harp. The chamber was continuously
perfused (∼2 ml min−1) with oxygenated ACSF + 100 μm

picrotoxin (PTX, Tocris Bioscience, MO, USA) at RT.
Slices were left to equilibrate for ∼20 min prior to electro-
physiological recording.

Electrophysiology

Cells were visualized using a water-immersion objective
lens (Achroplan ×60) attached to a video camera and
monitor. MSNs were identified by somatic size (8–20 μm),
morphology and location, with target cells located in the
centre of caudate putamen (CPu) at ∼50–150 μm beneath
the slice surface. Data were acquired with a MultiClamp
700A amplifier and Clampex10 software interfaced to a
Digidata 1322A acquisition board. Signals were filtered
at 2 kHz, digitized at 10 kHz and analysed in Clampfit10
(Axon Instruments, CA, USA). Whole cell patch-clamp
recording was performed in voltage clamp mode. Pipette
resistance (Rp) was 3–6 M� (mean 5.4 ± 0.04 M�)
when filled with solution containing (mm): 130 caesium
methanesulphonate, 5 CsCl, 4 NaCl, 1 MgCl2, 5 EGTA,
10 Hepes, 5 QX-314, 0.5 GTP, 10 Na2-phosphocreatine,
and 5 MgATP, pH 7.3, 280–290 mosmol l−1. Series
resistances (Rs) were < 25 M� (mean 16.9 ± 0.65 M�)
and uncompensated; experiments were discontinued
and rejected if Rs changed by > 25% (mean change,
�Rs = 3.65 ± 2.3%). There were no significant differences
in Rp, Rs or �Rs between genotypes. Initial membrane
properties were assessed soon after whole-cell (WC)
configuration, with hyperpolarizing voltage steps (10 mV)
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and the integrated membrane test function in Clampex10,
which reports membrane capacitance, input resistance and
time constants (a further measure for MSN identification).
Recording stability and Rs were regularly monitored in this
way, in addition to hyperpolarizing deflections (10 mV)
and manual off-line calculation of membrane properties
within each evoked current trace. Cell viability was assessed
first by the smooth surface of the somatic membrane,
as well as by the presence of fast sodium (typically
> 2000 pA, first occurring at approximately −50 mV)
and slow, delayed calcium (> 500 pA, first occurring
at approximately −20 mV) currents within a passive
current–voltage relationship (I–V), produced by a series of
depolarizing voltage steps (holding potential V h −70 mV,
500 ms, −60 to 0 mV, 0.066 Hz), which were recorded
soon after establishing WC configuration (∼1 min, prior
to complete intracellular perfusion of the use-dependent
sodium channel blocker QX-314). These values are typical
of MSNs when Cs-based internal solution is used (C.
Cepeda, personal communication).

Recordings were made in the presence of 100 μm PTX to
block GABAA-mediated inhibition, with the further bath
application of 10 μm 6-cyano-2,3-dihydroxy-7-nitro-
quinoxaline (CNQX) or 50 μm d-(–)-2-amino-5-
phosphonopentanoic acid (d-AP5) where stated (Tocris
Bioscience, MO, USA). Spontaneous postsynaptic EPSCs
(sEPSCs) were isolated and analysed using the Clampfit10
event analysis function with a detection threshold set
at 8 pA (typically 2–3 times root mean square noise).
All events were checked by eye with experimenter blind
to genotype, and events with non-unitary baseline,
peak or decay were suppressed from all analysis other
than mean cell frequency (Hz). For kinetic analysis
events were aligned and averaged for each cell, and
genotype cell means were compared. For amplitude and
interevent interval cumulative probability plots, all
isolated sEPSCs were included from 2 min continuous
recording periods, commencing 2–3 min after
establishment of WC configuration and following
passive I–V . Individual cell cumulative probability
plots were constructed and genotype mean ± s.e.m.

are shown. For analysis of sEPSC occurrence frequency
by amplitude bin, the number of cells analysed per
genotype were randomly reduced to match the smallest
group, in order to eliminate any bias in the absolute
number of occurrences. Additionally, for this analysis
(but not others) the number of events per cell was
limited to the first 100, yielding 800–1000 events per
genotype. EPSCs were also evoked (eEPSCs) by intra-
striatal electrical stimulation (200 μs, 10–800 μA) of
cortical afferent fibres via a glass micropipette filled
with ACSF (2–5 M�) placed 150–200 μm dorsally
toward the corpus callosum. For some pharmacological
experiments concomitant field recording was performed;
field electrodes were the same as patch electrodes (but

filled with ACSF) and were placed at the same tissue
depth within 50–100 μm of the target cell. Evoked AMPA
and NMDA receptor-mediated currents were averages of
at least three evoked responses (evoked at 0.066 Hz) and
kinetics were assessed by single and double exponential
fits and reported as τ or τ weighted (τW), respectively
(τW = [I f/(I f + I s)]τ f + [I s/(I f + I s)]τ s, where τ f = tau
fast, τ s = tau slow), as previously described (Stocca &
Vicini, 1998). For NMDA : AMPA ratios AMPA currents
were recorded at V h = −70 mV, cells then held at +60 mV,
CNQX (10 μm) added to the perfusate, and responses
evoked at 0.016 Hz to track AMPA receptor blockade.
After 5 min, CNQX had abolished all AMPAR current,
leaving only NMDAR-mediated current, as evidenced by
the ablation of the field potential and slowing of the eEPSC
rise time. Results are mean ± s.e.m. Statistical significance
was tested by one-way and non-repeated measures
two-way ANOVA and direct comparison by Student’s
t test (unless stated otherwise) with Kruskal–Wallis and
Welch corrections where stated using Prism (Graphpad
Software, CA, USA) and Excel (Microsoft Corp., CA,
USA).

Results

AMPA receptor-mediated spontaneous excitatory
postsynaptic currents

Putatively healthy MSNs in the central area of the
CPu were identified by somatic morphology and size,
and stimulating and recording electrodes were placed
under high power (×60) visual guidance. In the
presence of the GABAA antagonist picrotoxin (100 μm),
spontaneous activity recorded from striatal MSNs
(clamped at −70 mV) is the result of glutamate release and
consequent AMPA receptor (AMPAR)-mediated current.
Spontaneous EPSCs (sEPSCs) recorded in this manner
are a mixed sample of action potential-mediated and
miniature EPSCs (mEPSCs); of these, we find that
the majority (∼80%) are mEPSCs, in agreement with
others (Wu N et al. 2007). Traditionally, the frequency of
mEPSCs is regarded as indicative of presynaptic release
probability (Pr), and thus presynaptic release efficacy
(Thomson, 2000; reviewed in Sudhof, 2004; Zucker,
2005), whereas mEPSC kinetics are thought to reflect
postsynaptic AMPAR subunit composition. Although
mEPSC amplitude is generally taken to be representative
of postsynaptic AMPAR numbers (reviewed in Lisman,
2003), a recent study reported quantal size (mEPSC
amplitude) varies predominantly as a function of vesicular
glutamate concentration (Wu XS et al. 2007).

Analysis of sEPSCs in MSNs is shown in Fig. 1. Despite a
trend towards lower frequency in YAC128 MSNs, one-way
ANOVA demonstrated no significant effects of genotype
(P = 0.7, F3,66 = 0.5) upon mean cell frequency (Fig. 1B).
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However, it was noted that the maximum frequency
observed in YAC128(55) and YAC128(53) cells was 3.82
and 3.90 Hz, respectively, whereas 22 and 27% of YAC18
and YAC72 cells, respectively, had mean frequencies above
the observed YAC128 maximum. Mean cell interevent
intervals (IEIs) were also not significantly different by
ANOVA, but there were highly significant differences in
the variance of both YAC128 group IEIs, with respect to

Figure 1. Spontaneous glutamatergic transmission and AMPAR function
A: top, a typical example of AMPAR-mediated spontaneous EPSCs (sEPSCs) obtained by WC recording of striatal
MSNs in the absence of GABAA transmission (100 μM PTX, Vh −70 mV, YAC18); bottom, average peak-scaled
events, for clarity only three genotypes are shown. B, sEPSC mean cell frequencies are not significantly altered
across genotypes. C, sEPSC interevent intervals were also not significantly different, although a trend is apparent, in
YAC128(53) MSNs with respect to YAC18. D, sEPSC decay kinetics are significantly faster in YAC128(53) MSNs than
YAC18 (also see A). E, sEPSC mean cell amplitudes are not significantly different between genotypes (inset), whereas
mean YAC128(53) sEPSC amplitude cumulative probability plots demonstrate a significantly higher proportion of
smaller events with respect to YAC18. F, sEPSC amplitude bins similarly demonstrate a higher frequency of smaller
AMPAR-mediated events, in addition to a lower frequency of medium-sized events in YAC128(53) MSNs with
respect to YAC18. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

YAC18 (F test, P < 0.003). Two-way ANOVA of mean IEI
cumulative probabilities also demonstrated no significant
effect of genotype; however, whilst YAC18 and YAC72
cumulative probability plots were indistinguishable, there
was a strong trend towards longer intervals between
sEPSC events in YAC128(53) MSNs (Fig. 1C, for clarity
data shown only for YAC18 and YAC128(53)). The
YAC128(55) IEI plot lay between those of YAC18 (and
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YAC72) and YAC128(53). Together the data suggest that
in the most severe models mhtt expression results in subtle
alterations in Pr that may reflect presynaptic dysfunction.
Alternatively, differences in the number of functional
synapses may contribute to the subtle alterations in event
frequency.

For kinetic analysis, events were isolated and an average
cell event produced (average sEPSCs shown in Fig. 1A).
Analyses of genotype means were then conducted on
these cell averages. As shown in Fig. 1D, there is a poly-
glutamine length-dependent trend towards faster decay
kinetics. One-way ANOVA demonstrated a significant
effect of genotype (P < 0.04, F3,67 = 3.10) upon sEPSC
decay; direct comparisons revealed that mean AMPAR
current decay was significantly faster in YAC128(53)
than in YAC18 MSNs (YAC18, 6.59 ± 0.23 ms, n = 23;
YAC128(53), 5.34 ± 0.29 ms, n = 9, P < 0.02). The data
indicate that the expression of mhtt results in alterations
to AMPAR function and/or subunit composition, which
manifests as faster decay kinetics.

Differences were also observed between YAC18
and YAC128(53) MSNs in AMPAR sEPSC amplitude
distributions (Fig. 1E and F), although one-way ANOVA
demonstrated no significant effect of genotype upon
the cell mean event amplitudes (Fig. 1E, inset, P > 0.7).
Mean cell cumulative probability plots for all sEPSC
amplitudes, shown in Fig. 1E, demonstrated a significant
interaction between genotype and amplitude (P < 0.0001,
F129,2795 = 1.914 by two-way ANOVA). Bonferroini post
hoc analysis revealed the distribution of amplitudes to be
significantly different i.e. generally smaller YAC128(53)
sEPSCs, as demonstrated by higher cumulative fractions
in the 11, 12, 13 (P < 0.001) and 14 pA (P < 0.05)
range than YAC18 sEPSCs. Cumulative probability plots
for YAC18 and YAC72 sEPSCs were indistinguishable,
while the YAC128(55) plot lay between that of YAC18
and YAC128(53) (for clarity not shown in Fig. 1E).
In order to further investigate the relative frequencies
of different-sized events, limited event numbers (see
Methods) from individual cells were separated into
amplitude bins to create a genotype mean ± s.e.m.

across the spectrum of amplitudes (Fig. 1F). Statistical
comparisons were made between pairs of genotypes for
all bins using two-way ANOVA. By this analysis there
were no significant differences between YAC18 and YAC72
or YAC128(55) event amplitude bins, but there was a
significant interaction between genotype and amplitude
(P < 0.006, F8,126 = 2.9) for YAC18 and YAC128(53).
sEPSC counts were significantly higher in YAC128(53)
than YAC18 MSNs in the 5–10 pA amplitude range
(YAC18, 2.125 ± 0.3, n = 8; YAC128(53) 9.88 ± 1.03,
n = 8, P < 0.01 by t test). There were also significantly
less frequent medium-sized events in YAC128(53) MSNs,
relative to YAC18 in the 15–20 (YAC18, 27.5 ± 1.1, n = 8;

YAC128(53) 20.25 ± 1.14, n = 8, P < 0.05) and 20–25 pA
amplitude bins (YAC18, 12.25 ± 0.8, n = 8; YAC128(53)
6.25 ± 1.03, n = 8, P < 0.02). Thus, whilst the mean cell
amplitude of sEPSCs in the modal range (10–15 pA) is not
significantly different between genotypes, the distribution
around the mode is significantly altered in YAC128(53)
MSNs.

Taken together, analyses of sEPSCs demonstrate that
presynaptic release is subtly perturbed and that AMPAR
subunit composition and/or number is altered in the most
severe model (YAC128(53)). Similar changes may have
begun to occur in the YAC128 model with lower HD
transgene expression (line 55), although any differences
are apparent only as trends at this age. On the other hand,
no differences in sEPSC amplitudes or frequencies were
apparent between YAC18 and YAC72 MSNs, suggesting Pr

for spontaneous glutamate release is not greatly affected
and that postsynaptic AMPAR numbers are equivalent.
Importantly, there were no significant differences between
genotypes in the occurrence of larger (> 40 pA) sEPSCs
(Fig. 1F), arguing that the increased proportion of smaller
sEPSCs in YAC128(53) cells is not simply attributable to
loss of larger (presumably action potential-dependent)
spontaneous currents, due to reduced cortical cell
firing.

eEPSC paired-pulse facilitation

To further investigate whether presynaptic release efficacy
is altered at mhtt-expressing corticostriatal synapses, we
turned to stimulus-evoked synaptic current. An increase
or decrease in the relative amplitude of an evoked EPSC
(eEPSC) that is the second of two stimulus-evoked
pulses (separated by tens, or a few hundreds, of milli-
seconds; referred to as paired pulses) is believed to
be indicative of presynaptic release probability (Zucker,
1973) with low paired-pulse facilitation ratio reflecting
a high (initial) probability of presynaptic release (Pr)
and vice versa. As shown in Fig. 2, at an interstimulus
interval of 100 ms (150 μA stimulation intensity) the
paired-pulse ratio of YAC18 corticostriatal synapses
is mildly facilitatory (7.8 ± 2.1% greater than initial,
n = 23). One-way ANOVA of paired-pulse facilitation
(PPF) ratios demonstrated a significant effect of genotype
(P < 0.03, F3,70 = 3.3); direct comparisons revealed that
PPF was significantly greater in YAC72, YAC128(55)
and YAC128(53) synapses, relative to YAC18 (YAC72
14.9 ± 2.7%, n = 26, P < 0.03; YAC128(55) 15.5 ± 4.5%,
n = 14, P < 0.05; and YAC128(55) 24.1 ± 5.6%, n = 8,
P < 0.001). The data demonstrate an early deficit
in evoked glutamate release at the corticostriatal
synapse in all expanded mhtt-expressing mice, with the
greatest change occurring in the most severe model
(YAC128(53)).
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Figure 2. Altered paired-pulse facilitation (PPF)
Left, representative examples (traces are averages of 3 sweeps). Pairing two evoked EPSCs (interstimulus interval
100 ms) results in facilitation of the second response. Right: the degree of facilitation is significantly greater at
all three mhtt-expressing mouse corticostriatal synapses, suggesting decreased probability of initial presynaptic
release (∗P < 0.05, ∗∗∗P < 0.001).

Evoked NMDA and AMPA receptor-mediated
excitatory postsynaptic currents

Initial experiments, designed to assess full input/output
curves for evoked AMPAR- and NMDAR-mediated
currents, suggested that activity-dependent reduction of
evoked currents had occurred. Furthermore, the extent
of this reduction appeared to be genotype dependent. In
order to investigate this, currents were evoked (50–150 μA,
−70 mV) at 0.1 Hz for 10 min (Fig. 3A).

This pattern of synaptic activity resulted in a small
but significant (P < 0.05) decrease in YAC18 peak
current amplitude over time (Fig. 3B, last 5 shocks
compared to first 5; −4.92 ± 3.2%). Significant reductions
(P < 0.001) were also observed in YAC72 and YAC128(53)
MSNs (−14.18 ± 3.5% and −25.99 ± 6.6%, n = 6 and
3, respectively). One-way ANOVA demonstrated a
significant effect of genotype (P < 0.02, F2,11 = 7.14);
direct comparisons revealed that the reductions observed

Figure 3. Reduction of evoked current magnitude is elevated in mhtt-expressing MSNs
A, 10 min of afferent stimulation resulted in a reduction in the amplitude of eEPSCs over time. Representative
example (top) and grouped data (bottom) demonstrating that YAC72 MSN AMPAR-mediated current (Vh −70 mV)
reduced with repetitive stimulation, in the absence of any alteration to access resistance (Ra). B, these reductions
were significant (∗P < 0.05, ∗∗∗P < 0.001) in YAC18 MSNs (although modest) and both YAC72 and YAC128(53)
MSNs. eEPSC amplitude reductions were significantly greater in YAC72 and YAC128(53) MSNs than those in
YAC18 MSNs (†P < 0.05, ††P < 0.01).

in YAC72 and YAC128(53) currents were significantly
greater than those observed in YAC18 (P < 0.05 and
P < 0.01, respectively). This appeared to occur after
∼6 min of stimulation (after 30–50 shocks since
commencement of WC recording). In light of this
observation, in all subsequent experiments the number
of stimuli was minimized (∼20); consequently only two
stimulation intensities were investigated (50 and 150 μA;
corresponding to approximately 30 and 80% of maximum
eEPSC, respectively).

MSNs were held at −70 mV, and responses were evoked
at the two stimulus intensities. At this holding voltage
the vast majority of current generated in response to
afferent stimulation is AMPAR-mediated, as evidenced
by ablation of current and loss of field potential in the
presence (< 5 min) of the AMPAR antagonist CNXQ
(not shown). AMPAR eEPSC peak amplitudes are shown
in Fig. 4A. Two-way ANOVA demonstrated a significant
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Figure 4. Stimulus-evoked currents and altered NMDAR transmission in mhtt-expressing MSNs
Representative traces of predominantly AMPAR-mediated eEPSCs (IAMPA) produced by 50 and 150 μA stimulation
in YAC mice are shown (top, averages of 3 sweeps Vh −70 mV). A, at near-maximal stimulation, AMPAR-mediated
eEPSC amplitudes are significantly reduced in YAC72 and YAC128(53) MSNs. B, eEPSC AMPAR current decay
kinetics are not significantly different across genotypes. C, isolated NMDAR eEPSC amplitudes are similar across
genotypes (inset, same cells as shown for IAMPA, Vh +60 mV, 10 μM CNQX). D, the ratio of isolated NMDAR eEPSC
peak amplitude to AMPAR eEPSC peak amplitude is significantly higher in all mhtt-expressing MSNs than that
observed in YAC18 (inset, NMDAR currents shown in C peak scaled to IAMPA peak amplitudes, above respective
genotypes). E, isolated NMDAR eEPSC slow component decay time constants are significantly longer in YAC128(53)
than YAC18 MSNs. F, normalized current–voltage relationships demonstrate that Mg2+ sensitivity is equivalent
across genotypes. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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effect of genotype (P < 0.02, F3,94 = 3.71); Bonferroni
post hoc analysis demonstrated at a stimulus intensity
of 150 μA, IAMPA peaks were significantly smaller in
YAC72 and YAC128(53) MSNs than those recorded
in YAC18 MSNs (YAC72, 1059.8 ± 146.3 pA, n = 19,
P < 0.05; YAC128(53), 768.4 ± 124.8 pA, n = 7, P < 0.01;
YAC18, 1542.5 ± 246.8 pA, n = 11). A similar trend was
observed at the 50 μA stimulation intensity, although
differences were not significant (Fig. 4A), nor were there
any significant differences in IAMPA decay rates by ANOVA
(Fig. 4B). The data suggest that AMPAR current peaks
are similar across genotypes at lower stimulus intensities,
but that high levels of stimulation reveal reduced
AMPAR-mediated eEPSC amplitudes in mhtt-expressing
mice. The lack of any alteration in AMPAR sEPSC
amplitudes (Fig. 1), together with reduced Pr (Fig. 2),
observed in YAC72 MSNs, suggests that smaller AMPAR
eEPSCs found in these neurons are wholly attributable to
presynaptic dysfunction, and not AMPAR alterations. On
the other hand, the further reduction in AMPAR eEPSC
amplitudes in YAC128(53) MSNs is probably attributable
to a combination of reduced Pr (Fig. 2) and altered AMPAR
number and/or subunit composition (Fig. 1).

To assess NMDAR-mediated current, cells were voltage-
clamped at +60 mV to relieve voltage-dependent Mg2+

block of the NMDAR pore, and dual AMPAR/NMDAR
eEPSCs were evoked (150 μA stimulation). In initial
experiments, concomitant field recordings were utilized to
assay drug delivery efficacy and current characterization.
The majority of current recorded under these conditions
is NMDAR-mediated; addition of the NMDAR antagonist
d-AP5 had no discernable effect upon the predominantly
AMPAR/population spike-mediated field potential or
sEPSCs; however, the slow NMDAR-mediated component
of dual currents was entirely abolished in < 5 min (not
shown). Addition of the AMPAR antagonist CNQX
effectively silenced AMPAR-mediated transmission,
leaving pharmacologically isolated NMDAR currents
(Fig. 4C, inset).

INMDA quantification is shown in Fig. 4C. Two-way
ANOVA demonstrated no significant effect of genotype
upon NMDAR-mediated current amplitude (P > 0.05).
However, the magnitude of currents generated by a
known intensity of afferent stimulation is affected
by several factors other than postsynaptic receptor
number. Aside from alterations in Pr, another major
factor is the number of afferents activated, which is
dependent upon variables such as electrode placement
and slice viability. Therefore, measures of evoked current
amplitude alone are not necessarily a good means to
compare postsynaptic responsiveness. With this in mind,
AMPAR-mediated eEPSCs (V h −70 mV) were compared
with pharmacologically isolated evoked NMDAR currents
from the same cell (and stimulation) in order to calculate
an NMDAR : AMPAR current ratio for each individual

neurone. This provides a measure of NMDAR activity
relative to that of AMPAR activity (and thus glutamatergic
input), regardless of the number of presynaptic afferents
recruited or Pr.

The calculated NMDAR- to AMPAR-mediated
current ratio demonstrates an increased NMDAR
contribution to synaptic transmission relative to AMPAR
current in mhtt-expressing MSNs (Fig. 4D). One-way
ANOVA demonstrated a significant effect of genotype
(P < 0.03, H = 9.01); direct comparisons revealed that
the NMDAR : AMPAR ratio was significantly greater
in YAC72 (1.15 ± 0.13, n = 19, P < 0.01), YAC128(55)
(1.19 ± 0.17, n = 16, P < 0.05), and YAC128(53)
(1.22 ± 0.09, n = 7, P < 0.001) MSNs, than that observed
in YAC18 (0.71 ± 0.07, n = 11). The results demonstrate
an increase in the relative number of NMDARs at the
postsynaptic locale in mhtt-expressing MSNs, with respect
to AMPAR for any given degree of glutamate release.
The lack of any difference in AMPAR sEPSC amplitudes
(Fig. 1), together with the an elevated NMDAR : AMPAR
current ratio (Fig. 4) suggests specifically increased
NMDAR numbers in YAC72 and YAC128(55) MSNs,
whereas reductions in AMPAR numbers/kinetics may
also contribute to the altered ratio in YAC128(53)
MSNs.

The kinetics of NMDAR currents are determined by
receptor subunit composition (reviewed in Dingledine
et al. 1999), notably NR2B/C/D-subunit containing
receptors exhibit slower decay rates than those containing
NR2A-subunits (Vicini et al. 1998). Therefore, we
analysed the decay kinetics of INMDA, with a double
exponential fit placed from peak to 2000 ms (Fig. 4E).
One-way ANOVA demonstrated no significant (P = 0.9)
difference in weighted decay constant (τW) between
genotypes; however, there was a significant effect of
both genotype, and genotype–τ interaction by two-way
ANOVA of the ‘fast’ decay constant (τ f) and ‘slow’
decay time constants (τ s) which underlie τW (interaction,
P < 0.02, F3,52 = 3.9). Bonferroni post hoc analysis
demonstrated highly significant (P < 0.001) increases in
τ s for YAC128(53) MSNs relative to YAC18. Additionally,
we noted that the percentage of peak fit by the fast and
slow time constants (τ s = 69 ± 0.04, 69 ± 0.02, 66 ± 0.04,
58 ± 0.08% for YAC18, 72, 128(55) and 128(53),
respectively) also showed a trend towards difference
(P = 0.08 for greater percentage τ f in YAC128(53)), an
observation that accounts for the lack of significant change
in τW. Together the data suggest that mhtt-expressing
MSNs exhibit polyQ length-dependent alterations in
kinetics that may reflect a shift in subunit composition;
although, we have previously reported that NMDAR
currents in WT and YAC72 MSNs are entirely insensitive
to the NR1/2B-subunit-selective antagonist ifenprodil (Li
et al. 2004), as are those in YAC128 MSNs (not shown).
Alternatively, this slowing may be attributable to the
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activation of a larger proportion of peri-/extra-synaptic
receptors in mhtt-expressing MSNs (see Discussion).

The contribution of NMDARs to corticostriatal
transmission at physiologically hyperpolarized membrane
potentials is regulated by sensitivity to voltage-dependent
Mg2+ block in the pore, notably, altered NMDAR
sensitivity to Mg2+ in striatal MSNs, as has been
demonstrated elsewhere in other (early symptomatic)
transgenic mouse models of HD (Starling et al. 2005;
Andre et al. 2006). In contrast, analysis of the NMDAR
component of eEPSCs at varying V h in YAC transgenic
mice (normalized to maximum negative current)
demonstrated no alteration in Mg2+ sensitivity across
genotypes at this presymptomatic age (Fig. 4F).

Discussion

Previous studies documented altered NMDAR function
and toxicity in striatal MSNs in HD mouse models
(Levine et al. 1999; Cepeda et al. 2001; Hansson et al.
2001; Laforet et al. 2001; Zeron et al. 2002; Li et al.
2004; Starling et al. 2005; Shehadeh et al. 2006; Fan
et al. 2007), while others reported alterations in synaptic
transmission within the corticostriatal pathway in the
R6/2 mouse model (Cepeda et al. 2003, 2007). Although
many of these studies have focused on the role of such
changes in striatal neuronal loss in HD, altered cortico-
striatal transmission may contribute to early deficits in
cognition and mood, which are commonly observed prior
to motor onset of HD (Lawrence et al. 2000; Berrios
et al. 2002; Paulsen et al. 2006a). Here, we report electro-
physiological disturbances at the corticostriatal synapse
in YAC HD mouse models, which occur prior to motor
deficits and show increasing severity with increasing mhtt
expression level and polyQ length. YAC72 and YAC128(55)
synapses exhibited specifically increased NMDAR current
relative to AMPAR current, in addition to reduced Pr, when
compared to YAC18. The most severe model, YAC128(53),
exhibited similarly altered NMDAR current and Pr, in
addition to AMPAR alterations. Separately, we also found
significant polyQ length-dependent depression of synaptic
transmission. These findings demonstrate multiple
premanifest perturbations to corticostriatal function in
HD mice, and further our understanding of the early effects
of the HD mutation.

Mutant huntingtin and altered AMPA
receptor-mediated transmission

In YAC128(53) MSNs, evoked AMPAR peaks were
reduced. Although the observed decrease in Pr

probably contributed to smaller evoked amplitudes, the
concomitant shift towards smaller amplitude sEPSCs
demonstrates that postsynaptic AMPAR responsiveness
is lower in YAC128(53) MSNs. Although bias in event

collection (i.e. inclusion of more small events) might
contribute to increased frequency of small amplitude
sEPSCs, a reduced frequency of medium-sized events was
also observed. Additionally, AMPAR decay kinetics were
significantly faster. Together, three lines of evidence suggest
AMPAR number, subunit composition, and/or trafficking
are perturbed at an early age by high expression of mhtt
with a large polyQ expansion.

While AMPAR sEPSC frequencies are reduced in MSNs
of symptomatic R6/2 HD mice, amplitudes and decay
kinetics are unaltered (Cepeda et al. 2003), suggesting
the presymptomatic changes observed in our study
are distinct to full-length mhtt. On the other hand,
R6/2 cortical neurons show decreased AMPAR current
amplitudes and altered cyclothiazide sensitivity, indicating
an increased proportion of ‘flop’ splice variant AMPAR
subunits (Andre et al. 2006). Interestingly, increased
flop expression and accelerated EPSC decay rates occur
developmentally (Koike-Tani et al. 2005) and, in striatal
cells, flop-containing AMPARs are associated with faster
EPSC kinetics (Vorobjev et al. 2000). Furthermore,
increased striatal flop-variant AMPAR subunit mRNA
expression occurs following cortical deafferentation
(Wullner et al. 1994). Thus, faster AMPAR decay kinetics
observed in YAC128(53) mice might reflect increased
flop-containing receptors, a process potentially driven by
reduced corticostriatal signalling.

Synaptic AMPAR numbers are subject to dynamic
regulation through activity-dependent Ca2+ signalling
(Gerdeman et al. 2003; Nicoll, 2003; Sutton et al. 2006;
Thiagarajan et al. 2007) and are therefore likely to change
in the face of altered transmission, including NMDAR
and/or dopamine receptor signalling (Price et al. 1999;
Snyder et al. 2000, 2003; reviewed in Surmeier et al. 2007).
The HD mutation directly disrupts the function of several
htt-interacting proteins, which could potentially lead to
altered receptor function (reviewed in Li & Li, 2004; and
Milnerwood & Raymond, 2006). For example, HIP1 is a
regulator of AMPAR trafficking (Kalchman et al. 1997;
Wanker et al. 1997; Metzler et al. 2001, 2003; Waelter et al.
2001; Rao et al. 2003) and HIP14 (Singaraja et al. 2002)
regulates membrane association of (amongst other targets)
PSD-95 (Ducker et al. 2004; Huang et al. 2004).

Presynaptic dysfunction

We observed significantly increased PPF, indicating
reduced Pr at the mhtt-expressing corticostriatal synapse.
Smaller AMPAR eEPSC amplitudes may partially be a
result of reduced Pr, but it is also possible that smaller
responses generally exhibit a differing Pr; however, there
was no correlation between initial eEPSC amplitude and
PPF (not shown). Furthermore, the PPF ratios measured
for small YAC18 currents were consistently lower than
those of YAC128 currents of equal magnitude.
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Presynaptic dysfunction has also been reported in
symptomatic R6/2 striatum (Klapstein et al. 2001;
Cepeda et al. 2003) and asymptomatic knock-in mouse
hippocampus (Usdin et al. 1999). In contrast to our
findings, and those of Cepeda et al., two investigations
of PPF showed it was reduced, although it was also noted
that greater stimulus intensities were required to generate
EPSPs (Klapstein et al. 2001) and that transmitter release
could not be sustained over time (Usdin et al. 1999) in
these studies (also see penultimate paragraph). Reduced
Pr may be specific to the striatum, as no differences in PPF
are observed in symptomatic R6/2 hippocampus (Murphy
et al. 2000), or in the hippocampus (Milnerwood et al.
2006a) and cortex (Dallerac et al. 2006) of R6/1 mice at
pre- or postsymptomatic stages.

Despite the increased PPF we found, there were
no significant changes in mean interevent intervals or
mean cell event frequencies. It is possible that the
source of disparity is differential presynaptic calcium
signalling between evoked and spontaneous activity
and that the dysfunction is therefore specific to action
potential-dependent release and not mEPSCs, as the two
have been proposed to be mechanistically distinct (Sara
et al. 2005); however, this proposition has recently been
challenged (Groemer & Klingauf, 2007). It is perhaps
more likely that the presynaptic defect is subtle, exists
for both miniature and AP-dependent release, yet is only
readily observed in the large number of synaptic events
that underlie evoked EPSCs. That said, both YAC128
mouse lines had significantly greater variance in mean
IEIs than found for YAC18 or YAC72, and ∼25% of
MSNs in YAC18 and YAC72 slices had mean sEPSC
frequencies greater than the maximum observed in either
YAC128 model. Interestingly, indirect pathway MSNs,
which degenerate first in HD (Glass et al. 2000), exhibit
mEPSC frequencies approximately double that of direct
pathway MSNs (Kreitzer & Malenka, 2007), raising the
possibility that we may have observed reduced mean
frequency in a subset (indirect pathway) of MSNs in our
mixed sample.

Alteration of htt protein interactions by polyQ
expansion may directly underlie presynaptic dysfunction
(reviewed in Milnerwood, 2006). For example,
clathrin-mediated vesicular endocytosis (Owen, 2004)
and glutamate release are regulated by HIP1 (Metzler et al.
2001; Li et al. 2003), and the vesicular release proteins
SNAP-25 and synaptotagmin are palmitoylated by HIP14
(Huang et al. 2004); disruption of these interactions by
mhtt is evidence for ‘loss of function’ effects. ‘Gain of
function’ effects may also be important in the HD vesicle
cycle, e.g. htt binding to PACSIN1 (a regulator of vesicle
recovery) is increased proportionally to polyQ repeat
length, and PACSIN1 is abnormally distributed away
from synaptic compartments in HD tissue (Modregger
et al. 2002; DiProspero et al. 2004).

Increased NMDAR signalling

NMDAR : AMPAR current ratios were increased in all
expanded repeat genotypes relative to YAC18, suggesting
mhtt increases postsynaptic NMDAR current. The pre-
synaptic dysfunction observed in mhtt-expressing MSNs
may explain why NMDAR currents were not larger
per se, and why eliminating presynaptic differences by
analysing the NMDAR : AMPAR current ratio revealed
increased postsynaptic NMDAR responsiveness. Although
smaller AMPAR numbers would also affect this ratio,
the similar amplitude of AMPAR sEPSCs in WT, YAC72
and YAC128(55) MSNs indicated that the increased
NMDAR : AMPAR ratio in the latter two mouse lines
reflects increased NMDAR current. In contrast, reduced
AMPAR currents in YAC128(53) MSNs are likely
to further contribute to increased NMDAR : AMPAR
ratio.

MSNs in vivo display characteristic upstate and down-
state shifts, which regulate action potential generation
(Wilson & Kawaguchi, 1996). Highly integrated cortical
input is required for upstate shifting, and modelling
studies suggest NMDAR : AMPAR current ratios critically
regulate transitions; increased NMDAR components result
in the failure of MSNs to entrain to afferent input and
generate action potentials (Wolf et al. 2005). Thus, a
major effect of increased NMDAR current described here
may be reduced striatal output, regardless of excitatory
drive.

We observed significant slowing of the NMDAR EPSC
decay constant slow component in YAC128(53) MSNs.
One possible explanation would be altered NMDAR
subunit composition (reviewed in Dingledine et al.
1999), i.e. a greater contribution of NR2B/C/D-
subunit-containing receptors (Vicini et al. 1998). A lack
of ifenprodil sensitivity in WT, YAC72 (Li et al. 2004)
and YAC128 (not shown) NMDAR currents suggests
that corticostriatal synapses contain triheteromeric
NR1/NR2A/NR2B receptors (ibid.). Although this rules
out an increased contribution of NR2B subunits within
single NMDARs (containing two NR1 and two NR2
subunits) in YAC128(53) MSNs, these triheteromeric
receptors may be proportionally increased with respect
to NR1/NR2A. Alternatively, ongoing studies in our
laboratory suggest that extrasynaptic NMDAR currents,
shown by others to promote cell death (Hardingham
& Bading, 2002), are also greatly enhanced (authors’
unpublished observations and see Milnerwood et al.
2006b; Fan et al. 2007). Thus, slowing of NMDAR
EPSC decay in YAC128 MSNs might reflect activation
of NMDARs located some distance from the release
site (Massey et al. 2004; Scimemi et al. 2004).
Further experiments are required to determine the
mechanism underlying slowing of NMDAR EPSC decay
in YAC128(53) MSNs.
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The HD corticostriatal synapse

Striatal long-term depression (LTD), induced by post-
synaptic Ca2+-triggered endocannabinoid release, is
expressed presynaptically as reduced Pr (Gerdeman et al.
2002; Ronesi et al. 2004; Kreitzer & Malenka, 2005,
2007; Ronesi & Lovinger, 2005). Interestingly, in addition
to elevated NMDAR currents, we observed decreased
presynaptic release in mhtt-expressing YAC MSNs. In
separate experiments, upon prolonged stimulation, we
observed large reductions of eEPSC amplitude over
time in mhtt-expressing YAC MSNs (Fig. 3). Separately,
we also found that YAC72 currents, unlike those
of YAC18 mice, were unable to sustain the 20%
frequency-dependent increase produced throughout 30
shocks delivered at 10 Hz (not shown). Many factors could
contribute to this activity-dependent depression, from
dialysis of cellular contents and/or depletion of critical
intracellular factors, to altered dopaminergic and/or
endocannabinoid signalling, or alterations in sustained
presynaptic release over time; further investigation will
be required to determine the underlying mechanism.
Our findings suggest that the HD corticostriatal synapse
exhibits an increased propensity towards depression.
These data are consistent with reports of impaired
hippocampal (Usdin et al. 1999; Murphy et al. 2000;
Milnerwood et al. 2006a; Lynch et al. 2007) and cortical
(Dallerac et al. 2006) LTP, and reports of increased
hippocampal (Milnerwood et al. 2006a) and cortical
(Cummings et al. 2006) LTD at presymptomatic stages in
other HD mouse models. Taken together, these reports
suggest synaptic transmission in HD is intrinsically
unstable.

Our results suggest attempts to increase AMPAR
signalling (Lynch, 2006; Lynch et al. 2007), or otherwise
reverse the postulated corticostriatal disconnect (Cepeda
et al. 2007) may prove beneficial as therapy in
early HD. One of the perturbations reported here
furthest from phenotypic onset (and seen in MSNs
cultured from birth) – augmented NMDAR signalling
– may be a mechanism by which other disturbances
develop. Unfortunately, as they are critical to many
physiological processes, pharmacological inhibition of
NMDARs has had limited benefits and serious side-effects
(Chen & Lipton, 2006). However, ongoing investigations
concerning mhtt-induced alterations in subcellular
NMDAR trafficking (Milnerwood et al. 2006b; Fan et al.
2007), in what appears to be a tightly regulated system
(reviewed in Prybylowski et al. 2005; Lau & Zukin, 2007),
offer hope for highly specific drug targets.
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