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Increased Cognitive Functioning in Symptomatic
Huntington’s Disease As Revealed by Behavioral and Event-
Related Potential Indices of Auditory Sensory Memory and
Attention
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Cognitive functions are thought to deteriorate globally in late stages of various neurodegenerative disorders. Here we describe that this
general assumption is not justified and fails in Huntington’s disease (HD). Presymptomatic gene mutation carriers (pHDs) and healthy
controls performed worse compared with symptomatic HDs in an auditory signal detection task. During task performance, behavioral
data and event-related potentials (ERPs) [i.e., MMN (mismatch negativity), P3a, and RON (reorienting negativity)] were recorded. Not
only behavioral performance but also neurophysiological correlates of auditory sensory memory and attentional reorientation indicate
enhanced performance occurring primal in late stages of a neurodegenerative disorder. Increased activity of the NMDA-receptor system,
an assumed pathogenic mechanism in HD, might facilitate signal propagation at striatal level that enables more efficient task execution
through a winner-take-all process. The results challenge the view that late stage neurodegeneration is necessarily related to a global
decline in cognitive abilities in HD. In contrast, selectively enhanced cognitive functioning can emerge together with otherwise impaired
cognitive functioning.
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Introduction
Huntington’s disease (HD) is an autosomal dominant neuropsy-
chiatric disorder caused by CAG repeat expansion on chromo-
some 4, which is accompanied by severe motor disturbances. The
pathologic process in HD is characterized by severe neuronal loss
in the striatum, although neocortical areas are also affected to a
lesser degree. Several pathogenic mechanisms are discussed for
HD (Beal and Ferrante, 2004), among them excitotoxicity (Beal
and Ferrante, 2004). Excitotoxicity describes cell death that re-
sults from the activation of excitatory amino acid receptors. In
HD, voltage-dependent NMDA receptors are assumed to be
more receptive to endogenous levels of glutamate (Beal and Fer-
rante, 2004); thus glutamatergic neurotransmission is increased,
leading to excitotoxic cell death.

NMDA-receptor mediated neural activity is important for
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various cognitive functions, e.g., sensory memory. The so-called
mismatch negativity (MMN) (Néétanen et al., 1978, 2007; Kujala
et al., 2007) is assumed to be a reliable marker for auditory sen-
sory memory. It is defined as a phasic negativity of the event-
related potential (ERP) of the EEG evoked by rare deviant stimuli
in a sequence of stimuli and may reflect the recognition of rare
events deviating from frequent background events by the audi-
tory system.

Studies examining neurochemical mechanisms underlying
the MMN, systematically found that the MMN is modulated by
NMDA receptors (for review, see Kujala et al., 2007; Néitinen et
al., 2007). Consequently, the MMN is abolished after administra-
tion of NMDA-antagonists (Javitt et al., 1996; Kreitschmann-
Andermahr et al., 2001; Umbricht et al., 2002). The dopaminer-
gic, cholinergic, GABAergic or serotonergic receptor system,
which are also affected in HD (Yohrling and Cha, 2002), have less
consistently been reported to modulate the MMN (Kujala et al.,
2007). Given a possible selective sensitivity of the MMN to the
NMDA system, and based on an increased receptiveness to en-
dogenous levels of glutamate in HD, one may expect that the
MMN and hence sensory memory is enhanced in HD. This would
sharply contrast with other cognitive functions, which are de-
clined in HD (Craufurd and Snowden, 2002) and would more
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Table 1. Demographic, dlinical, and neuropsychological data

Beste et al. e Auditory Sensory Memory in Huntington’s Disease

Test/parameter HD pHD Control HD versus pHD HD versus control pHD versus control
1Q (MWT-B) 109 (5.3) 110 (11.1) 113 (8.7) ns ns ns
Stroop test (UHDRS)

Color naming 49.6 (18.1) 79.6 (3.9) 81.1(3.6) *Hx - ns

Color reading 69.6 (15.8) 94.2(8.0) 93.7 (5.1) *rx - ns

Interference 29.2(13.0) 49.9 (4.6) 521(3.5) i hE ns
Symbol-Digit test (WAIS) 38.8(13.9) 53.7 (5.5) 55.3 (3.4) ok #x ns
Word fluency (Benton) 24.3(103) 43.1(13.6) 46.2 (9.6) xR - ns
Digit span (WMS-R)

Forward 4.6 (0.8) 9.3(1.2) 9.1(1.1) *Hx . ns

Backward 26(1.0) 8.1(1.6) 8.0(0.9) *ax - ns
Block span (WMS-R)

Forward 3.6(0.8) 8.1(1.5) 8.7(0.9) ns

Backward 3.3(0.6) 7.5(1.6) 7.9(0.9) *ax - ns
Benton test (visual memory) 8.1(23) 13.6 (0.8) 13.5(0.9) >k - ns
American Verbal Learning Test (AVLT)“

[ German equivalent was used (VLMT)]

Immediate word span 3.7(0.8) 7.3(1.1) 7.6 (1.4) *xx >k ns

Final acquisition level 7.2(1.7) 13.6(1.3) 13.7(0.8) >k *xx ns

Interference test 33(08) 8.0(1.9) 8.1(0.9) *xx - ns

Postinterference recall | 6.2(1.5) 126(1.7) 12.1(13) *xx >k ns

Postinterference recall Il 5.9(2.1) 12.7(1.6) 11.7(1.1) rHX *Hx ns
Mini Mental Status Examination (MMSE) 27.1(2.1) 29.4(0.5) 30 ex ex ns
Beck Depression Inventory (BDI) 3.6(0.7) 5.6 (0.6) 5.1(0.6) ns ns ns
Young Mania Rating Scale (YMRS) 3.5(0.4) 3.1(0.4) 3.6 (0.4) ns ns ns

The table describes and compares performance in standard neuropsychological testing. Also a test revealing the affected status of all groups is given. For all tests and subtests, the performance of each group is given (mean =+ SEM).
Bonferroni-corrected significances are given one-tailed (***p << 0.001; **p = 0.01; ns, not significant). In all tests of standard neuropsychological assessment, the symptomatic HD group revealed significantly weaker performance than
the presymptomatic and control groups. The latter groups did not differ from each other. The groups did not differ with respect to their premorbid IQ and the affective status (as revealed by BDI and YMRS). MWTB, Mehrfachlwahl

Wortschatztest; WAIS, Wechsler Intelligence Scale; WMS-R, Wechsler Memory Scale (Revised).
“German equivalent was used [Verbaler Lern- und Merkfahigkeitstest (VLMT)].

generally challenge the view that late-stage, severe neurodegen-
eration is necessarily related to a global decline in cognitive
abilities.

The MMN is usually followed by the P3a, which likely reflects
a shift/switch of attention (Escera and Corral, 2007). Some other
recent studies further describe an additional negativity after the
P3a (Schroger and Wolff, 1998; Berti and Schroger, 2001), which
is proposed to reflect neural processing in the context of reori-
enting of attention toward task-relevant aspects of stimulation
after attention has been directed to a perturbating distractor
(Schroger et al., 2000): the reorienting negativity (RON). For
these functions a dependence on the NMDA-receptor system has
not been described, yet.

Materials and Methods

Participants. In total, 26 right-handed HD gene mutation carriers (n =
26) participated in the study. Thirteen of them were right-handed, un-
medicated patients (n = 13) from 26 to 57 years of age [mean (M) = 37.6;
SD =9.5] (CAG: M = 47.3; SD = 5.2) with manifest symptoms [Unified
HD Rating Scale (UHDRS) motor score: M = 25.3; SD = 10.6].

In addition to those, a group of 13 right-handed presymptomatic gene
mutation carriers (# = 13), defined by a positive gene test (CAG: mean =
42.5; SD = 1.6) and absence of specific motor symptoms (pHD) (UH-
DRS motor score = 0) from 24 to 56 years of age (M = 37.07; SD = 9.1)
were recruited. The mean estimated age of onset [calculated by the
formula of Ranen et al. (1995)] was 46.73 (SD = 3.9). All symptom-
atic patients and pHDs accepted to be videotaped to document their
neurological status. Neurological assessment of the pHD group re-
vealed no symptoms specific for HD.

Additionally, a group of 12 right-handed, healthy controls was recruited
(n = 12). The mean age was 37.9 (SD = 10.1). All recruited groups had a
comparable educational background. Test scores of neuropsychological and
affective testing of all groups are given and compared in Table 1.

All participants gave written informed consent. The study was ap-
proved by the ethics committee of the University of Bochum.

Stimuli and procedure. Subjects performed a distraction paradigm (see
also Schroger and Wolff, 1998) in which tones at three different frequen-
cies (1000 Hz, 1100 Hz, 900 Hz) were presented at two different lengths
(400 ms, 200 ms). The standard tone (1000 Hz) occurred with a probability
of 80%, the deviant tones (1100 Hz, 900 Hz) occurred with 10% probability
each. Each of the tones could be equally probably of long or short duration
(400 ms, 200 ms). The subjects had to react with one of the thumbs to
indicate whether the tone was long (left response key) or short (right re-
sponse key), regardless of tone frequency which was task irrelevant. Thus, the
deviant tones served as distraction from this task-relevant responding.

Data processing. EEG was recorded from 28 Ag-AgCl electrodes (Fpz,
Fpl, Fp2, Fz, F3, F4, F7, F8, FCz, FC3, FC4, FC5, FC6, Cz, C3, C4, C7, C8,
Pz, P3, P4, P7, P8, Oz, O1, O,, left mastoid, M1; right mastoid, M2)
against a reference electrode located on Cz. Additionally, eye movements
were monitored and recorded by means of two lateral and four vertical
EOG electrodes. Electrode impedances were kept <5 k(). The EEG was
filtered with a bandpass from 0.05-80 Hz and sampled with a rate of 500
Hz. The EEG was re-referenced off-line to linked mastoids. Artifact re-
jection procedures were applied twice: automatically, with an amplitude
threshold of = 80 wV, and visually by rejecting all trials contaminated by
technical artifacts. Horizontal and vertical eye movements preserved in
the accepted trials were corrected by means of a linear regression method
for EOG correction (Gratton et al., 1983). The MMN was measured in
the difference waveshapes of deviant minus standard ERPs (Kujala et al.,
2007). In the difference wave the MMN was defined as the most negative
peak at 100—250 ms. The P3a as the most positive peak between 300 and
500 ms, and the RON as the most negative peak between 400 and 600 ms,
from change onset. The amplitudes and latencies of all three components
were measured at the electrodes F3, Fz, F4, FC3, FCz, FC4, C3, Cz, C4.
This electrode grid was analyzed using the factors “laterality” (left, cen-
tral, right) and “row” (F-row, FC-Row, C-row).

Statistical analysis. All variables included into analysis were normal
distributed as indicated by the Kolmogorov—Smirnov test (Z < 0.88; p >
.420). Reaction times (RTs) and error rates were analyzed in separate
repeated measures ANOVAs using “trial type” (standard or deviant) as
within-subject factor and “group” (symptomatic HD, presymptomatic
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Figure1. Behavioral data. A, Mean reaction time (error bars indicate SEM) of the control, the

presymptomatic (pHD), and the symptomatic (HD) group for the standard and deviant stimuli.
B, Mean error rates (error bars indicate SEM) of the control, the presymptomatic (pHD), and the
symptomatic (HD) group for the standard and deviant stimuli.

HD, controls) as between-subject factor. Amplitudes of the MMN, P3a
and RON were analyzed in a repeated measures ANOVA using “lateral-
ity” (left, central, right) and “row” (frontal, fronto-central, central) as
within-subject factors and “group” (symptomatic HD, presymptomatic
HD, controls) as between-subject factor. The degrees of freedom were
adjusted using Greenhouse—Geisser correction when appropriate. Sig-
nificances are given one-tailed. All post hoc tests including pairwise com-
parisons were calculated using the Bonferroni correction. For the de-
scriptive data, means and SEM are given.

Results

Behavioral data

RTs and error rates for standard and deviant trials are reported
(Fig. 1). RTs were longer in the deviant (624.1 = 8.5), compared
with the standard trials (571.6 = 8.2) (F(, 35, = 51.29; p < 0.001).
This effect was not further modulated by the factor group, as
indicated by the nonsignificant interaction “condition X group”
(F235 = 0.51; p = 0.601). Yet, the main effect group was signif-
icant (F(, 35 = 35.01; p < 0.001): The symptomatic HD group
showed faster RTs (mean = 508.9; SEM = 12.9) than the pHD
(645.7 = 12.9) and control group (638.8 * 13.4) (p < 0.001)
(Fig. L A). The latter groups did not differ from each other (F <
1). Additionally, we examined effects of involuntary attentional
switching by comparing RTs between standard trials after a devi-
ant and standard trials after a standard trial. There was a switch-
ing effect (F, 55y = 8.91; p = 0.005), indicating prolonged RTs
after switching (579.1 * 10.4), compared with nonswitching
(552.9 = 9.07). This effect was similar across all groups, as the
nonsignificant interactions reveal (F, 35 = 0.03; p > 0.9). How-
ever, there was a main effect group (F, 35 = 25.88; p < 0.001),
showing that HDs (478.0 = 14.9) responded faster than controls
(607.7 £ 15.5) and pHDs (612.3 £ 14.9). The latter groups did
not differ from each other ( p > 0.9).
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For the error rates (Fig. 1 B), the repeated-measures ANOVA
revealed that errors were twice as frequent in the deviant (14.43 =
0.85), compared with standard trials (7.85 * 0.28) (F(, 35 =
56.11; p < 0.001). Overall the HD group committed less errors
(7.38 = 0.78) than the pHD (12.82 = 0.77) ( p < 0.001) and the
control group (13.22 = 0.81) (p < 0.001) (F, 35 = 16.88; p <
0.001). “Condition” and “group” interacted (F, 35 = 6.55; p =
0.004). Post hoc tests revealed that the HD group showed less
errors (8.46 = 1.45) on deviant trials than the pHDs (16.92 =+
1.45) and the control group (17.91 * 1.51) (F(, 35 = 18.70; p <
0.001). On the standard trials the groups showed a similar pat-
tern; i.e., the HD group showed less errors (6.31 = 0.48) than the
pHDs (8.71 * 0.47) and the control group (8.54 = = 0.53)
(Fa35 = 7.59; p < 0.002). In summary, the behavioral data
showed better performance for the symptomatic HD group com-
pared with the pHD and control group.

Electrophysiological data

Difference waves (deviant minus standard) are shown in Figure 2.
MMN, P3aand RON are well seen in all subjects. The maps of the
components are shown in Figure 3.

Mismatch negativity

The MMN was analyzed in a repeated measures ANOVA, means
and SEM are given. The repeated measures ANOVA of the am-
plitudes revealed a significant main effect of “row” (F, ;o) =
33.07; p < 0.001). Bonferroni-corrected post hoc tests showed
that the amplitudes were larger at frontal (—6.42 = = 0.33) and
fronto-central (—6.89 * 0.41) sites than at central (—4.37 *=
0.42) sites (p < 0.001). The main effect of “laterality” was not
significant (F, ;o) = 1.30; p = 0.277), but there was a significant
interaction “laterality X group” (F, ;o) = 6.57; p < 0.001). Sub-
sequent univariate ANOVAS revealed that the groups did not
differ at left-sided (F, 35y = 0.94; p = 0.400) and central leads
(Fa,35) = 0.55; p = 0.552), but on right-sided leads (F(, 55, =
16.48; p < 0.001). Here the symptomatic group showed higher
amplitudes (—9.50 £ 0.68) than the pHDs (—4.55 £ 0.68) and
the controls (—4.77 = 0.72). In addition the factor “group” itself
was significant (F(, 35y = 5.00; p = 0.012). Post hoc tests showed
that the symptomatic group showed overall larger amplitudes
(—7.44 £ 0.59) ( p <0.030) than the control (—5.10 = 0.61) and
pHD group (—5.14 = 0.59). All other possible interaction effects
did not reach significance (all F values <0.95; p > 0.2).

The repeated-measures ANOVA of the latencies revealed a
significant main effect of “row” (F, .9 = 17.09; p < 0.001).
Bonferroni-corrected post hoc tests showed shorter latencies at
frontal (144.45 * 3.14) and fronto-central sites (146.50 = 3.25)
than at central (158.56 * 3.09) sites ( p < 0.001). There was also
a significant main effect of group (F, 35 = 16.87; p < 0.001): the
symptomatic HD group revealed shorter latencies (127.40 =*
4.75) than the pHDs (157.42 * 4.75) and controls (164.69 =+
4.95) (p < 0.001). All other main or interaction effects were not
significant (all F values <0.55; p > 0.762).

In summary, the MMN was larger and occurred earlier for the
symptomatic HD group compared with the pHD and control
group, the amplitude effect being restricted to the right side.

P3a

The P3a at the different electrode sites is also given in Figure 2.
The repeated-measures ANOVA of the amplitudes revealed no
main or interaction effect (all F values <1.67; p > 0.110). Also
there was no main effect or interaction for the latencies (all F
values <2.32; p > 0.112).
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Figure 2.  Neurophysiological data (difference waves). 4, Time course of the ERPs. For all electrodes shown, the time course from 200 ms before tone onset (twice) until 1100 ms beyond tone
presentation is given. Red lines denote the ERP time course of the HD group, orange lines of the pHD group, and green lines of the control group. B, The scalp topography pattern of the different ERP
components (i.e., MMN, P3a, and RON). These are separated for the HD, pHD, and control groups. Note the different scaling of the scalp topography maps.

Reorienting negativity tudes revealed a significant main effect “row” (F(, ;, = 8.09; p =
The RON is defined as the negative deflection in the difference ~ 0.001). Post hoc tests showed that the amplitudes were larger at
waves between 400 and 600 ms after tone onset (Fig. 2). Means  frontal (—4.60 = 0.25) and fronto-central (—4.34 * 0.19), than
and SEM are given. The repeated-measure ANOVA of theampli-  at central sites (—3.29 = 0.39) (p < 0.001). The main effect
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“laterality” was not significant (F, .o, = 1.39; p = 0.256), but
there was a significant interaction “laterality X group” (F, ;o) =
5.02; p = 0.001). Subsequent univariate ANOVAS revealed that
the groups did not differ at right-sided leads (F, 35y = 0.75; p =
0.478), but on central (F, 35, = 12.94; p < 0.001) and left-sided
leads (F(, 55) = 74.55; p < 0.001). On central and left-sided leads,
the symptomatic HD group showed higher amplitudes than the
other groups ( p < 0.001), which did not differ from each other
(p > 0.9) [left-sided leads: controls (—2.29 * 0.30), pHD
(=2.21 £ 0.29), HD (—6.68 = 0.29); central leads: controls
(—=3.70 = 0.40), pHD (—3.19 £ 0.39), HD (—5.84 £ 0.39)]. In
addition, the factor “group” itself was significant (F, 35, = 17.12;
p < 0.001). Post hoc tests revealed that the symptomatic group
showed larger amplitudes (—5.83 = 0.36) than the control
(—3.01 = 0.36) and pHD group (—3.04 = 0.36) ( p < 0.001). All
other possible interaction effects did not reach the level of signif-
icance (all F values <1.37; p > 0.252).

The repeated-measures ANOVA of the latencies revealed no
significant main or interaction effect (all F values < 1.33; p >
0.270). In summary, the RON was larger for the symptomatic HD
group than for the other groups at left-sided and midline leads.

Original ERPs

With respect to be MMN it may be important to examine
whether the MMN is partly modulated by the N1 (Schroger et al.,
2007). To account for this we analyzed the N1 at electrode FC3
and FC4 (Fig. 3A) as the MMN was largest at these electrodes,

Neurophysiological data (original ERPs). A, ERPs on deviant and standard trials at electrodes FC3 and FC4. As can be
seen, the N1, which contributes to the modulations of the MMN, does not differ between groups on standard trials, but on deviant
trials. Here this was especially the case for the HD-group at electrode FC4, where the MMN was also maximal. B, ERPs on standard
trials at electrodes Fzand FCZ. A N2 with clear topography is seen that was stronger in HDs, compared with the other groups. Note
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FC4 depending on groups. For the N1 we

found a main effect of “trial type” (F(, 5
= 27.62; p < 0.001) showing that the N1
was larger on deviant (—3.71 = 0.15) than
on standard trials (—4.81 * 0.11). Fur-
thermore, there was a main effect “group”
(F35 = 6.35 p = 0.004). The HDs
showed the largest N1 (—4.70 = 0.15) dif-
fering from the pHD (—4.11 = 0.13) and
controls (—3.97 = 0.10) ( p < 0.028). Ad-
ditionally there was a interaction “elec-
trode X group” (F,35 = 59.48 p <
0.001). Bonferroni-corrected post hoc test
showed that the groups did not differ at
electrode FC3 (F(, 35y = 1.41; p = 0.258),
but at electrode FC4 (F(, 35, = 16.15; p <
0.001). Here it is shown that controls
(—3.92 £ 0.17) and pHDs (—3.89 = 0.16)
did not differ from each other (p > 0.9)
but both differed from the HDs showing
the largest N1 (—5.07 = 0.16). This effect
was further modulated by the factor “trial
type” as revealed in the interaction “trial
type X electrode X group” (Fs5 =
50.23; p < 0.001). This interaction is due
to the fact that the largest difference be-
tween the electrode sites (FC3, FC4) was
observed in the deviant condition, selec-
tively for the HD group (standard:
—4.70 * 0.19; deviant: —6.41 *= 0.22)
(n = 0.77). For the other groups and
trial types, the difference between the
electrodes sites were smaller (all m val-
ues < 0.31).

The behavioral data show that overall,
HDs had faster RTs than the other groups.
Recent studies indicate a strong relation of RTs and the N2-
latency (Beste et al., 2008; Gajewski et al., 2008). Hence the N2 on
standard trials was analyzed. The N2 was maximal at electrodes
Fz and FCz (Fig. 3B). Amplitudes differed between the groups
(Fa,35) = 22.59; p < 0.001). Here the HD group revealed the
strongest N2 (—4.50 = 0.21) ( p < 0.001), whereas the controls
(—2.79 £ 0.21) and pHDs (—2.69 = 0.20) did not differ from
each other ( p > 0.9). The latencies were shortest in HDs (267.7 =
4.19), compared with pHDs (325.6 * 4.1) and controls (331.8 =
4.36) (p < 0.001) (F(5 35, = 69.36; p < 0.001). The latter groups
did not differ from each other ( p > 0.9). Additionally it is shown
that N2-latencies were found to be related to RTs on standard
trials and overall RT's in the HD group. For the other groups no
such correlations were obtained [Fz: r = 0.718; p = 0.003 (RTs
standard)]; r = 0.734; p = 0.002 (RTs overall) [FCz: r = 0.583;
p =0.018 (RTs standard)]; r = 0.625; p = 0.011 (RTs overall). In
the other groups, no relation was obtained (all r values < 0.3; p >
0.4).

- time (ms)

time {ms)

time (ms)

Discussion

In the current study, we investigated processes of sensory mem-
ory, attentional shifting and reallocation of attention in an audi-
tory distraction paradigm in symptomatic and presymptomatic
Huntington’s patients and healthy controls. The symptomatic
HD group showed higher MMN and RON amplitudes, shorter
latencies and better behavioral performance (lower error rates,
shorter RTs) compared with controls and pHDs. The P3a did not
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differ between the groups. Thus, a combination of behavioral and
electrophysiological measures revealed that symptomatic HD pa-
tients display a clear advantage in a cognitive task.

The results show that specific cognitive functions, namely au-
ditory sensory memory (reflected by the MMN) and reorienta-
tion of attention (reflected by the RON) are not deteriorated and
can even be enhanced in late stage HD. Moreover, the results
suggest that superiority in these functions emerge primal in the
late stage of this disease, because pHDs performed worse. Thus,
enhanced functioning can (1) not be attributed to a compensa-
tory mechanism (Paulsen et al., 2004; Voermans et al., 2004;
Feigin et al., 2006; Beste et al., 2007), which is restricted to the
presymptomatic stage, and (2) not a perseverance of compensa-
tory processes or of an unaffected function. The results are in
sharp contrast to other neurodegenerative disorders, like Parkin-
son’s and Alzheimer’s disease, in which the MMN is reduced
(Pekkonen, 2000). The results are also in sharp contrast to the
usual dysfunctional cognitive abilities in HD (Craufurd and
Snowden, 2002). Our study reveals that the assumption of a gen-
eral cognitive decline during the course of neurodegeneration in
HD has to be modified.

If the MMN reflects auditory sensory memory functions
(Nédtinen and Winkler, 1999; Schroger et al., 2004; Kujala et al.,
2007) better performance in this function in HD dissociates from
declined performance in working and long-term memory (Table
1, neuropsychological test data) (Craufurd and Snowden, 2002).
Yet, these latter functions do not primarily rely on NMDA-
receptor mediated neural transmission (Kalueff, 2007). It may
therefore be assumed that the specific dependence of the MMN
on the corticostriatal NMDA system underlies this dissociation of
performance in HD as well as the enhancement and acceleration
of the MMN. The NMDA-receptor system has been found to
modulate the MMN (Javitt et al., 1996; Kreitschmann-
Andermabhr et al., 2001; Umbricht et al., 2002). Supporting this,
conditions like Alzheimer’s disease, stroke, schizophrenia as well
as conditions of normal aging, known to decrease the MMN
(Pekkonen, 2000; Ilvonen et al., 2003; Mager et al., 2005; Ah-
veninen et al., 2006), are accompanied by dysfunctions in the
NMDA-receptor system. Especially the NR2A and NR2B recep-
tor subunits are affected in these conditions (Villmann and
Becker, 2007). In HD, genes coding for these receptor subtypes
were found to modulate age of onset in HD (Arning et al., 2005),
relating to an excitotoxic pathogenic mechanism (Beal and Fer-
rante, 2004). The observed change in lateralization in HDs, com-
pared with pHDs and controls, may be due to degenerative pro-
cesses inducing changes in plasticity that may be expressed by the
crossed lateralization pattern.

However, as the analysis of the N1 shows, it was also larger in
the deviant conditions, which was especially the case for the HD
group. It is often found that attentional (N1) and sensory mem-
ory processes (MMN) may overlap (e.g., Schroger et al., 2007). As
such the increase cannot solely be attributed to sensory memory,
but also partly to attentional processes. However, the N1 also taps
into memory functions (Schroger et al., 2007), but is in contrast
to the MMN less sensitive to small changes in stimulation. Hence,
both processes seem to be enhanced in HDs.

Recent research indicates that theP3a reflects (mainly invol-
untary) attention switching (Escera and Corral, 2007), which ob-
viously did not differ between groups. Thus, the results show a
dissociation of enhanced auditory sensory memory and un-
changed attentional shifting/switching. The latter may be re-
garded to contrast with other results (Aron et al., 2003), but this
study (Aron et al., 2003) focused on voluntary switching between
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different response sets. If the P3a reflects involuntary attentional
switching/shifting widely decoupled from the response level, it
seems that HDs do not have a problem with this type of involun-
tary switching, as induced by rare deviant events. This is substan-
tiated by the finding that behavioral indicators of switching were
not differentially modulated by the groups. The finding of gen-
erally faster RTs in the HD group is reflected in an earlier N2-
latency on standard trials, which was furthermore directly corre-
lated with the RT on standard trials (Beste et al., 2008; Gajewski et
al., 2008).

However, voluntary attentional or task switching may be im-
paired in HD. Further studies should directly compare the differ-
ent types of attention switching with the same HD patients.

The observation that the reorientation of attention (reflected
by the RON) was also increased in the HD group accords with the
enhanced behavioral performance in the relevant task. Because
MMN and RON are similarly modulated in HDs, they may de-
pend on similar neural mechanisms. The finding of a crossed
lateralization pattern of the MMN and RON in HDs opens the
possibility that the neurodegeneration uncovers or induces a
functional asymmetry of the underlying cognitive processes that
are yet unknown.

Although the primary effects of neurodegenerative diseases
like HD might be largely confined to certain cell populations in
restricted areas of the brain, these changes can affect cognitive
and motor systems at multiple levels of the brain. In most cases,
the pathological alterations of neural systems result in a deterio-
ration of cognitive functions. However, as shown in the present
study, a pathogenic increase in responsiveness of a transmitter
system can increase cognitive functions if these functions selec-
tively depend on this neural system, whereas other cognitive
functions (Table 1) are deteriorated. Thus, highly circumscribed
elevations of cognitive functions can be embedded within a pat-
tern of more general decline. However, Landwehrmeyer et al.
(2007) could not ameliorate severeness of HD symptoms [as-
sessed by the UHDRS (Huntington Study Group, 1996)] by drugs
targeting NMDA-mediated neurotransmission. Yet, this study
did not use tests revealing performances in sensory memory and
attentional orientation on target stimuli. We assume that these
functions are especially affected by the NMDA-dependent alter-
ations of intrastriatal dynamics.

NMDA receptors are found in all basal ganglia nuclei, with the
highest density being present in the striatum (Ravenscroft and
Brotchie, 2000). The vast majority of striatal cells are the
GABAergic medium spiny neurons (MSPs) that carry output to
the globus pallidus and the substantia nigra. MSPs receive mas-
sive glutamatergic cortical input via AMPA and NMDA-
receptors located on the heads of the spines with which their
dendrites are covered (Bolam et al., 2000). Although MSPs create
a dense inhibitory feedback network with their neighbors, these
interactions can be characterized by low amplitude and high fail-
ure rate (Tunstall et al., 2002). Instead, a small number of
GABAergic striatal fast-spiking interneurons seems to mediate
the strong inhibition within the neostriatum in a feedforward
manner (Tepper et al., 2004). These fast-spiking interneurons
also receive glutamatergic cortical input. Together, these two
GABAergic cell populations seem to create a complex “winner-
take-all” network (Plenz, 2003). On cortical activation, fast-
spiking interneurons initially suppress previous striatal network
states, after which the network, through GABAergic lateral con-
nections, establishes a new focus of activity that correlates with
the dominant cortical input (Plenz, 2003). For this new striatal
focus to be established, fast spiking neurons and MSPs have to
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receive massive phasic cortical action potential bursts that switch
an assembly of striatal neurons to an up-state (Calabresi et al.,
2000). Corticostriatal NMDA receptors play a key role in this
switch (Calabresi et al., 2000). MSPs are most affected in HD and
their degeneration occurs progressively whereas fast spiking in-
terneurons are more resistant (Cepeda et al., 2007). The concom-
itant change in the proportions of neuronal striatal populations
could further sharpen the winner-take-all network, elevating the
speed of establishment and the dominance of a winner-assembly
that subsequently defines the striatal output. This last point is
substantiated by the present observation that pHD-subjects had
no increase in task performance although their striatal NMDA-
receptors were probably already more sensitized to glutamate
than those of the healthy controls, but MSP neuron loss is not
that expressed than in HD (Cepeda et al., 2007).

Our task required the subjects to establish the goal state of
differentiating between short and long tones and to ignore the
different frequencies. It is likely that this goal state, requiring
top-down attentional processing to establish, was represented by
neuronal assemblies mostly clustered in the prefrontal cortex
(Miller, 2000; Miller and Cohen, 2001). The striatal output of
these prefrontal units excites fast spiking neurons and MSPs via
AMPA and NMDA receptors (Ravenscroft et al., 2000). If, in
symptomatic HD-patients, striatal NMDA receptors are more
receptive to endogenous levels of glutamate (Beal and Ferrante,
2004), the corticostriatal pathway should represent these goal
states more reliably. As a consequence, intrastriatal winner-take-
all mechanisms will constitute these goal states with high reliabil-
ity. This then should result in faster reaction times and lower
error rates. Concomitantly, ERPs that reflect the process of sen-
sory memory and reorientation to the targets should be increased
because they incorporate the goal state represented at prefrontal
level and transmitted into the striatal system. It is well possible
that an increased MMN could also be observed in passive listen-
ing conditions (when sounds have to be ignored), because the
MMN is comparably modulated regardless whether subjects at-
tend or ignore sound. Such a result argues against the necessity of
a goal state for the MMN (Schroger 2007).

In summary, our results show that a severe neurodegeneration
as in HD is not necessarily related to a global decline of all cogni-
tive abilities. Instead, improved functioning of specific cognitive
processes can emerge together with a deterioration of other cog-
nitive functions in late stages of the disease. It is the altered intra-
striatal neuronal dynamics that probably produces this patch-
work of parallel declines and improvements of cognition
functions.
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