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Timing of Conditioned Eyeblink Responses Is Impaired in
Cerebellar Patients
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In the present study, timing of conditioned eyeblink responses (CRs) was investigated in cerebellar patients and age-matched controls
using a standard delay paradigm. Findings were compared with previously published data of CR incidences in the same patient popula-
tion (Gerwig et al., 2003; Timmann et al., 2005). Sixteen patients with pure cortical cerebellar degeneration (spinocerebellar ataxia type 6
and idiopathic cerebellar ataxia), 14 patients with lesions within the territory of the superior cerebellar artery, and 13 patients with
infarctions within the territory of the posterior inferior cerebellar artery were included. The affected cerebellar lobules and possible
involvement of cerebellar nuclei were determined by three-dimensional magnetic resonance imaging (MRI) in patients with focal lesions
(n = 27). Based on a voxel-by-voxel analysis, MRI lesion data were related to eyeblink conditioning data. CR incidence was significantly
reduced, and CRs occurred significantly earlier in patients with cortical cerebellar degeneration and lesions of the superior cerebellum
compared with controls. Incidence and timing of CRs was not impaired in patients with lesions restricted to the posterior and inferior
cerebellum. Voxel-based MRI analysis revealed that cortical areas within the anterior lobe (Larsell lobule HV) were most significantly
related to timing deficits, whereas reduced CR incidences were related to more caudal parts (lobule HVI) of the superior cerebellar cortex.
The present data suggest that different parts of the superior cerebellar cortex may be involved in the formation of the stimulus association
and appropriate timing of conditioned eyeblink responses in humans. Extracerebellar premotoneuronal disinhibition, however, is

another possible explanation for changes in CR timing.
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Introduction

Eyeblink conditioning is one important model to study neural
substrates involved in motor learning and memory. Numerous
animal studies, most of them in the rabbit, provide evidence that
cerebellar structures are important for conditioning of the exter-
nal eyelid blink and the nictitating membrane response (for re-
view, see Bloedel and Bracha, 1995; Thompson et al., 1997; Yeo
and Hesslow, 1998). There is equal evidence that the human cer-
ebellum plays a role in eyeblink conditioning (Daum et al., 1993;
Topka et al., 1993; Woodruff-Pak et al., 1996; Ramnani et al.,
2000; Gerwig et al., 2003).

Extensive research has been performed to elucidate the differ-
ent contributions of deep cerebellar nuclei and cerebellar cortex
in the acquisition, retention, and expression of conditioned eye-
blink responses (for review, see Woodruff-Pak and Steinmetz,
2000; Linden, 2003). One aspect centers on temporal processing
capabilities of the cerebellar cortex in eyeblink conditioning (for
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review, see Mauk et al., 2000). In a classic paper, Perrett et al.
(1993) investigated the timing of conditioned responses (CRs)
after cortical cerebellar lesions using a temporal discrimination
paradigm in rabbits. After cortical cerebellar lesions, including
the anterior lobe, onset of conditioned responses occurred at a
fixed short time interval, indicating a disruption of learned tim-
ing. Shortened CR latencies have also been reported by Thomp-
son and coworkers after extended cortical lesions (McCormick
and Thompson, 1984; Christian et al., 2004).

In addition, disturbed CR timing of various degrees has been
demonstrated after reversible pharmacological disconnection of
the cerebellar cortex output to the interposed nucleus (Garcia
and Mauk, 1998; Bao et al., 2002; Aksenov et al., 2004) and in
mice mutants with deficient long-term depression (LTD) at the
parallel fiber Purkinje cell synapse (Koekkoek et al., 2003).

In contrast, Yeo et al. (1984, 1985b) found an increased vari-
ability but no shortening of CR latencies in remaining condi-
tioned responses after cortical lesions of lobule HVI. Likewise,
after pharmacological block of input pathways to cortical lobule
HVI, onset and peak time latencies were not found to be short-
ened (Attwell et al., 2002).

Early behavioral studies (Boneau, 1958; Ebel and Prokasy,
1963) have shown that appropriate timing is equally important
for the acquisition of conditioned eyeblink responses in healthy
human subjects. After repeated presentation of conditioned [CS
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(e.g., tone)] and unconditioned [US (e.g., air puff)] stimuli, sub-
jects learn to close the eye before onset of the US so that the eye is
closed when the air puff is delivered. Evidence that the human
cerebellum may be involved in conditioned eyeblink timing
comes from dual-task studies (Ivry and Keele, 1989). A selective
interference was found between timed-interval tapping and delay
eyeblink conditioning in healthy subjects (Papka et al., 1995;
Woodruff-Pak and Jaeger, 1998). Only two studies tried to assess
timing parameters of conditioned eyeblink responses in patients
with cerebellar disorders. In contrast to animal studies cited
above, both reported a tendency of conditioned responses to be
delayed (Topka et al., 1993; Woodruff-Pak et al., 1996).

The aim of the present study was to analyze timing parameters
of conditioned eyeblink responses in a larger group of patients
with focal cerebellar lesions. In addition, patients with pure cer-
ebellar cortical degeneration were investigated. Timing of condi-
tioned responses was expected to be altered in patients with cor-
tical degenerative disorders, as well as in patients with focal
lesions, including superior parts of the cerebellar cortex. In the
group of patients with focal cerebellar lesions, voxel-based mag-
netic resonance imaging (MRI) analysis (Bates et al., 2003) was
used to compare cerebellar areas related to CR timing and, based
on previously published data on CR incidences in the same pa-
tients (Gerwig et al., 2003), related to stimulus association.

Materials and Methods

Subjects. In the present study, a total of 43 patients with cerebellar disor-
ders (28 male, 15 female; mean age, 55.1 * 11.6 years; range, 24—75
years) and 45 age- and sex-matched healthy controls (22 male, 23 female;
mean age, 53.1 = 13.0 years; range, 2476 years) were included.

Sixteen patients presented with degenerative cerebellar disorders:
spinocerebellar ataxia type 6 (SCA6) in 12 cases and idiopathic cerebellar
ataxia (IDCA) in four cases (nine male, seven female; mean age, 55.3 =
10.6 years; range, 35—74 years). SCA6 and IDCA are thought to constitute
forms of “pure cerebellar ataxia” (Manto and Pandolfo, 2002). The cer-
ebellar cortex appears to be primarily affected. Additional involvements
from the peripheral sensory nerves and the corticospinal tract may be
present but are commonly of a mild degree. In the degenerative group,
mean duration of the disease was 9.0 * 6.5 years.

Twenty-seven patients presented with focal cerebellar lesions (19
male, 8 female; mean age, 54.9 = 12.2 years; range, 2475 years). Thir-
teen patients presented with infarcts restricted to the territory of the
posterior inferior cerebellar artery (PICA); in 12 of them, lesions were
unilateral. Eleven PICA patients were male, and two were female (mean
age, 54.4 = 9.4 years; range, 36—67 years). Fourteen patients with lesions
including the territory of the superior cerebellar artery (SCA) were in-
vestigated; in 10 of them, lesions were unilateral. Eight SCA patients were
male, and six were female (mean age, 55.5 = 14.9 years; range, 2475
years). Eight patients presented with infarcts restricted to the SCA terri-
tory, and three had infarcts within the SCA and PICA territory. Time
since infarct varied between 0.5 and 38 months. Three patients of the
SCA group suffered from cerebellar angioma, surgical lesion after astro-
cytoma, and cerebellar agenesis.

The neurological examination according to the ataxia rating scale of
Trouillas et al. (1997) revealed mild signs of cerebellar ataxia (total ataxia
score, <10 of 100) in two degenerative patients, moderate signs of cere-
bellar ataxia (total ataxia score, 10-20) in one patient, and moderate to
severe signs (total ataxia score, >20 of 100) in 13 degenerative patients.
Seventeen of the patients with focal cerebellar lesions showed mild signs
of ataxia, eight patients moderate signs, and two patients showed severe
signs of cerebellar ataxia.

None of the patients with focal lesions showed brainstem or extracer-
ebellar neurological signs based on neurological examination. In the de-
generative group, mild hyperreflexia was present in 11 or 16 patients and
reduced pallesthesia in 9 of 16 patients. None of the control subjects
presented with a history of neurological diseases or revealed neurological
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signs. None of the cerebellar patients and control subjects received any
centrally acting medication or revealed clinical signs of disordered visual
or reduced hearing capacities.

Table 1 summarizes the clinical data of the patients. Informed consent
was obtained from all subjects, and the study was approved by the local
ethics committee of the University of Duisburg-Essen.

MR imaging. Methodological details of brain imaging procedures in
the patients with focal cerebellar lesions have been reported previously
(Gerwig et al,, 2003) and are repeated in brief. Individual three-
dimensional (3D) MRI data sets were acquired by a FLASH (fast low-
angle shot) sequence on a Siemens (Munich, Germany) Sonata 1.5 tesla
MR scanner. Cerebellar lesions were manually traced and saved as re-
gions of interest (ROIs) using MRIcro software (Rorden and Brett, 2000).
Data sets were spatially normalized to standard stereotaxic brain space
(MNI 152 space) using SPM99 software (Wellcome Department of Cog-
nitive Neurology, London, UK) according to the Montreal Neurologic
Institute (MNI) protocol and presented within a Talairach grid (Evans et
al., 1994). MNI coordinates of individual cerebellar lesions were deter-
mined in horizontal, sagittal, and vertical directions. The 3D MRI atlas of
the human cerebellum of Schmahmann et al. (2000) was used to identify
affected lobules, and the 3D MRI atlas of cerebellar nuclei introduced by
Dimitrova et al. (2002) was used to identify affected cerebellar nuclei.
Throughout Results and Discussion, the term affected cerebellar nuclei is
used to indicate damage to the interposed nucleus. Eight SCA patients
presented with involvement of the interposed nucleus; in six, the inter-
posed nucleus was not affected. In all of the PICA patients, the interposed
nuclei were spared. Extent of individual lesions is summarized in Table 1.

Voxel-based lesion-symptom mapping (VLSM version 1.3) software
based on Matlab (MathWorks, Natick, MA) functions was used to ana-
lyze MRI lesion and blink reflex behavioral data (Bates et al., 2003).
VLSM analysis was performed using the ROIs described above. VLSM is
atechnique for statistical analysis of the relationship between tissue dam-
age and behavior on a voxel-by-voxel basis, which does not demand
patients to be grouped by either lesion site or behavioral cutoff. A ¢ test is
conducted at each voxel comparing the behavioral scores of the intact
and lesioned patients on the parameter of interest. The generated VLSM
map displays the f scores calculated by the ¢ test in which, by convention,
high positive ¢ scores indicate that lesions to these voxels have a highly
significant effect on behavior (that is, lesioned patients were worse than
the intact patients), and high negative ¢ scores show regions in which the
presence of a lesion has relatively little impact on the behavioral data.
Right-sighted cerebellar lesions were flipped to the left. t values between
0and 3.5 and 0 and —3.5 were calculated for CR incidence and CR onset
latencies before the US in patients with unilateral lesions. CR incidences
were normalized to the unaffected side (affected/unaffected side). Data
sets were superimposed on MR images of the cerebellum of a healthy
subject, which was normalized to MNI space.

In all but three of the patients with focal cerebellar lesions, 3D MRI
data sets were available. Additional axial and sagittal 2D T2-weighted
cranial MR images were acquired and inspected for possible brainstem
involvement or other extracerebellar lesions.

In patients with cerebellar degeneration, diagnostic MR images were
available in all cases. Extent of cortical atrophy was defined as mild,
moderate, and severe.

Eyeblink conditioning. Eyeblink conditioning and recording tech-
niques have been described in an accompanying study (Gerwig et al.,
2003) and are repeated briefly. An air puff (duration, 100 ms; intensity,
400 kPa at source, 110 kPa at nozzle) served as the US and was directed
through a nozzle near the outer canthus of the eye at a distance of ~10
mm. The CS consisted of a 1 kHz tone [70 dB sound pressure level (SPL)]
presented ipsilaterally and coterminating with the air puff. To mask en-
vironmental noise, all subjects wore headsets. In addition, the CS was
superimposed on a continuous noise of 60 dB SPL applied bilaterally.

In all cerebellar patients and control subjects, a short CS-US interval of
440 ms was used (short CS-US interval condition). Tone duration was
540 ms. In all patients with focal cerebellar lesions and in 27 control
subjects, the right and the left sides were investigated on 2 separate days.
In addition, a 150 ms longer CS-US interval (590 ms) was tested in eight
of the degenerative cerebellar patients (Table 1, cer-36 to cer-43) and
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Table 1. Characteristics of cerebellar subjects
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MRI findings

Disorder Affected hemispheral lobules Affected nuclei Age Sex Duration Ataxia

PICA group
cer-01 PICAI Crus I, VIIB, VIIIA N.A. 38 F m 0
cer-02 PICAT Crus I, VIIB, VIIIA/B, IX N.A. 56 M 2m 3
cer-03 PICAI VIIIA/B, IX N.A. 57 M 2m 9
cer-04 PICATY Crus I, VIIB, VIIIA/B N.A. 64 M 0.5m 3
cer-05 PICAT VIIIA/B, IX N.A. 63 M 3m 0
cer-06 PICAY VIIB, VIIIA/B Dentate® 51 M 3m 7
cer-07 PICAI Crus I, VIIB, VIIIA/B Dentate® 62 M 23y 1
cer-08 PICAI Crus|, Crus I, VIIIA/B Dentate® 49 M Tm 5
cer-09 PICAI Crus |, Crus I, VIIB, VIIIA/B Dentate® 57 M 9m 1"
cer-10 PICAI Crus I/11, VIIB, VIIIA/B, IX Dentate® 36 M 0.25m 2
cer-11 PICAD I, VIIB, VIIIA; r, VIIB, VIIIA N.A. 57 M 0.5m 0
cer-12 PICAI * 50 F 0.5m 7
cer-13 PICAI * 67 M 1.5m 14

SCA group
cer-14 SCAI V, VI, Crus | N.A. 50 F 15m 4
cer-15 SCAI V, Vi N.A. 53 F 3y 3
cer-16 SCAI (A N.A. 65 M 2m 3
cer-17 SCAI Il N.A. 75 F 0.5m 31
cer-18 SCA/PICAI IV,V, Crus I/11, VIIB,VIIIA/B Dentate 73 F 2y 13
cer-19 SCAI L IV, V, VI Interposed 45 M 0.25m 10
cer-20 SCAI IV, V, VI, Crus | Interposed 67 M m 8
cer-21 SCAr IV, V, VI, Crus | Interposed, dentate 56 M 5m 12
cer-22 SCA/PICA Y IV, V, Crus I/11, VIIB,VIIIA/B Interposed, dentate 38 M 25y 1
cer-23 SCAb I, Crus 11, V, VI, Crus| Interposed, dentate r 39 M Tm 46
cer-24 Angioma b I,V VI, Crus I;r, V, VI Interposed, dentate b 24 M 3y 1
cer-25 Astrocytoma b I, VI, Crus I/11, VIIA/B; x, IV, V, VI, Crusl/I1XI Interposed, dentate b 68 F Ky 14
cer-26 Cer. Agenesis ** 59 F 59y 20
cer-27 SCAr * 65 M 27y 3

Degree of cerebellar atrophy

Degenerative group
cer-28 SCA6 Mild 48 M 10y 19
cer-29 SCA6 Moderate 58 F 2y 23
cer-30 SCA6 Moderate 51 F 9y 39
cer-31 SCA6 Moderate 61 M 6y 26
cer-32 SCA6 Moderate 55 F 4y 37
cer-33 SCA6 Moderate 74 F 1y 62
cer-34 SCA6 Moderate to severe 72 M 7y Al
cer-35 SCA6 Mild to moderate 65 F 6y 35
cer-36 SCA6 Severe 60 M >20y 56
cer-37 SCA6 Mild to moderate 45 M 3y 5
cer-38 SCA6 Mild 67 F 5y 25
cer-39 SCA6 Mild 48 M 5y 3
cer-40 IDCA Moderate to severe 47 M 20y 51
cer-41 IDCA Moderate to severe 35 F 6y 21
cer-42 IDCA Moderate 52 M 6y 23
cer-43 IDCA Mild 48 M 23y 30

Affected cerebellar lobules are named according to Schmahmann et al. (2000). Ataxia, Total ataxia score based on Cooperative Ataxia Rating Scale (Trouillas et al., 1997) (maximum total score, 100); Duration, duration of disease/time since
lesion; m, months; y, years; dentate®, posterolateral parts of dentate nucleus; M, male; F, female; r, right; |, left; b, bilateral; N.A., not applicable.

* No 3D MRI data were available; **, complete absence of the cerebellum.

eight of the control subjects (long CS-US interval condition). In the
latter, tone duration was 690 ms. The long CS-US interval condition was
tested 1 week after the short CS-US interval condition.

Five CS-alone trials and five US-alone trials were presented at the
beginning of the experiment in an unpaired and random sequence. This
was followed by 100 paired CS-US trials. At the end of the experiment, 10
CS-alone trials were presented as extinction trials. Throughout the experi-
ment, the interstimulus interval varied randomly between 20 and 35 s.

Surface EMG recordings were taken from orbicularis oculi muscles
bilaterally with electrodes fixed to the lower eyelid and to the nasion.
Signals were fed to EMG amplifiers (sampling rate, 1000 Hz; bandpass
filter frequency between 100 Hz and 2 kHz), full-wave rectified, and
further filtered off-line (100 Hz).

In patients with unilateral cerebellar lesions, the affected side was
tested first. In patients with cerebellar degeneration, only one side was

investigated. In case of a side difference in degree of ataxia, the more
affected side was tested, otherwise the right side.

Using a commercial software (Axograph V4 for Macintosh, Axon In-
struments, Union City, CA) EMG recordings in paired and extinction
trials were analyzed on a trial-by-trial basis. EMG activity lasting at least
50 ms or merging into superimposed unconditioned response (UR) of at
least twice the amplitude of mean EMG baseline activity and clear rising
slope was defined as CR. The time window for detection of CR was from
150 ms after CS onset to the onset of the US.

In our previous studies on CR acquisition in the same patient popula-
tion, responses occurring within the 150 ms interval after CS onset were
considered as reflexive responses to the tone (i.e., alpha responses) and
not conditioned responses (Gerwig et al., 2003; Timmann et al., 2005).
The criterion of 150 ms was chosen based on previous work by
Woodruff-Pak et al. (1996). Conditioned responses as short as 60 —80 ms
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have been reported in previous animal cerebellar lesion studies (Perrett et
al., 1993) and hence may be excluded from analysis. Alpha responses
using the 150 ms criterion, however, were not significantly increased in
the cerebellar subgroups compared with controls (see Results). The 150
ms criterion was therefore maintained in the present study.

Trials with spontaneous blinks occurring before CS onset were ex-
cluded from the analysis (Bracha et al., 2000). The number of condi-
tioned responses in paired trials was expressed as the percentage of trials
containing responses with respect to each block of 10 trials (percentage
CR incidence) and the total number of trials (total percentage CR inci-
dence). In extinction trials, the absolute number of conditioned re-
sponses was calculated.

Onset and peak time latencies of conditioned eyeblink responses
within the CS-US interval were visually identified. Onset was expressed
as time of CR onset before onset of the air puff (US) and time-to-peak as
time of maximum amplitude observed before onset of the air puff. The
time of the air puff was set as 0 ms. CR onset was marked at the earliest
point at which EMG activity began to rise from the pre-CS EMG baseline
level. In the case of multiple peaks, the latency of the peak with the largest
amplitude was defined. Data analysis was performed by the same expe-
rienced technician (Beate Brol), who was blinded for the subjects’ diag-
nosis. She was also not aware of the purpose of the study at the time CR
onsets were determined.

Because conditioned responses were followed and partially superim-
posed by unconditioned eyeblink responses, it was not possible to deter-
mine the end of the EMG burst in paired trials, i.e., duration and total
burst area of conditioned responses. Instead, EMG integral was mea-
sured in a fixed interval of 75 ms from onset of the conditioned response
avoiding interference with the unconditioned response in most cases. In
patients with unilateral cerebellar lesions and control subjects, amplitude
parameters of the side tested first (i.e., affected in patients) were normal-
ized to the mean values of the second tested side (i.e., unaffected in
patients) set as 100%. This made it possible to compare amplitude values
between subjects and groups.

The frequency of spontaneous blinks was estimated by counting re-
sponses within the 310 ms time interval before CS onset in each trial, and
the average rate of spontaneous blinks was calculated across the experi-
ment as blinks per minute. No significant group differences were found
comparing spontaneous blinks in SCA and PICA patients with control
subjects (short CS-US interval, first tested side, SCA, 18.2 * 9.6 blinks/
min; PICA, 18.7 = 9.2 blinks/min; controls, 19.2 £ 15 blinks/min; all p
values >0.5). In the degenerative patients, spontaneous blinks tended to
be less (short CS-US interval, degenerative patients, 10.7 = 9.0 blinks/
min; p = 0.039).

Results

Short CS-US interval

Incidence of conditioned eyeblink responses

Results of CR incidences in the patients with focal lesions and
eight of the 16 patients with degenerative disorders have been
reported previously (Gerwig et al., 2003; Timmann et al., 2005).

In the group of all cerebellar patients (n = 43), CR incidences
were significantly reduced compared with the group of all control
subjects (n = 45) (Fig. 1A). Both control subjects and patients
showed an increase of CR incidences across the 10 blocks of 10
CS-US trials each (i.e., learning). The amount of learning, how-
ever, was significantly less in the cerebellar patients compared
with controls. ANOVA with repeated measures showed signifi-
cant group (control subjects vs cerebellar patients; p < 0.001),
block (10 blocks of 10 CS-US trials; p < 0.001), and block by
group interaction ( p < 0.001) effects.

Reduction of learning was most prominent in the SCA (n =
14) and degenerative (n = 16) patients and less in the PICA
patients (n = 13) (Fig. 1B). A detailed comparison of CR inci-
dences in the SCA and PICA patients has been reported by Ger-
wig et al. (2003). In brief, it was found that lesions including the
common territory of the SCA (that is, Crus I and above), but not
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lesions affecting the common territory of the PICA (that is, Crus
II and below) significantly reduce eyeblink conditioning in
humans.

Comparing the three subgroups of cerebellar patients with the
control group showed significant block ( p values <0.001) and
group ( p values <0.05) effects. Group by block interaction ef-
fects were significant comparing controls and SCA and degener-
ative patients ( p values <0.05) but not comparing controls and
PICA patients (p = 0.36). Post hoc analysis separately in each
patient subgroup showed significant effects of learning (i.e.,
block effects) in PICA patients ( p = 0.051). Although inspection
of Figure 1B suggest a small amount of learning across the 10
blocks in SCA and degenerative patients, ANOVA revealed no
significant block effects (SCA, p = 0.27; degenerative patients,
p = 0.67).

Timing of conditioned eyeblink responses

Conditioned responses occurred on average earlier in cerebellar
patients compared with controls (Fig. 2A, B). Both CR onset and
peak time were significantly reduced comparing all patients (n =
43) and controls (n = 45) ( p values <0.05; two-tailed unpaired ¢
test). Mean group differences, however, were small (A CR onset,
19.0 ms; A CR peak time, 20.2 ms).

Eyeblink conditioning was significantly reduced in the cere-
bellar patients. To improve reliability of findings, analysis was
repeated in the cerebellar patients (n = 23) and control subjects
(n = 41) who showed at least 10 conditioned responses (Fig.
2C,D). A similar reduction of CR onset and peak time was ob-
served in the subgroup of cerebellar patients (at least 10 CRs; A
CR onset, 16.9 ms; A CR peak time, 16.7 ms; p values <0.05).

Additional analysis showed that conditioned responses oc-
curred earlier in patients with lesions including the superior cer-
ebellum, that is, SCA patients (CR onset, p = 0.031; CR peak
time, p = 0.022) and patients with degenerative cerebellar disor-
ders (CR onset, p = 0.031; CR peak time, p = 0.06) (Fig. 2A,B)
but not in patients with lesions restricted to the posterior and
inferior cerebellum (PICA patients; p values >0.5). Findings
were most prominent in the SCA patients (n = 5) with pure
cortical cerebellar lesions.

Similar differences were observed comparing SCA patients
and control subjects (CR onset, p = 0.034; CR peak time, p =
0.059) but not PICA patients and control subjects ( p values
>0.5) who showed at least 10 CRs (Fig. 2C,D). Comparing de-
generative patients and controls did not reach significance, likely
attributable to the small number of degenerative patients with at



Gerwig et al. e Conditioned Response Timing in Cerebellar Patients

All CRs

Onset

-50 A1
-50 1

100
@
£ 100

[ms]

-150 1

-150+
-200
W scAall

[C] SCA cortical
B SCA+nuclei

-250

Time to peak

J. Neurosci., April 13,2005 - 25(15):3919-3931 » 3923

Table 1, cer-25) and an SCAG6 patient (Fig.
4D, cer-34), CRs occurred significantly
earlier compared with a control subject
(Fig. 4A). In contrast, the onset and peak
time of conditioned responses on the af-
fected side in a PICA patient were similar
to the control (Fig. 4B, cer-05).

Finally, CR onset and peak time laten-
cies were compared on the affected and
unaffected sides in patients with unilateral
focal lesions. EMG recordings of two char-
acteristic SCA patients (Table 1, cer-20,

cer-18) show significantly shorter CR on-
E ARSI set on the affected compared with the un-
W SCAsnuclol affected side (Fig. 5C,D). In contrast, no
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in control subjects (n = 27) show similar
results (Fig. 6A,B). In all SCA patients
(n = 10), CRs occurred earlier on the af-
fected side [—166.6 *= 29.2 ms, mean *
SD; latencies expressed in time before US
(air puff) onset set as 0 ms] than on the
unaffected side (—141.3 * 30.7 ms). The
side effect was close to significance (p =
0.08; ANOVA). Peak time latencies in all
SCA patients were significantly shorter on
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least 10 CRs (n = 4). A summary of group means and statistical
analysis is given in Table 2, top.

To exclude that the small group differences were caused by
findings in few patients only, individual data were examined in
more detail. Figure 3 shows mean and SDs of CR onset and peak
time in all individual PICA (A, D), SCA (B, E), and degenerative
(C, F) patients compared with all individual control subjects.
Data of individual subjects in each group are shown in ascending
order. Despite considerable intrasubject and intersubject vari-
ability, individual mean CR onset and peak time latencies were
clearly separated in the degenerative and SCA patients from the
controls but overlapped in controls and PICA patients.

Inspection of individual SDs in Figure 3 indicates that the
variability of CR onset and peak time latencies tended to be larger
in cerebellar patients compared with controls. Group differences
were significant or reached significance comparing all cerebellar
patients and SCA patients, who showed at least 10 CRs, and con-
trols (SD CR onset, p values = 0.049 and 0.07; SD CR peak time,
p values = 0.053 and 0.076) and PICA patients and controls (SD
CR onset, p = 0.052). A summary of group mean SDs and statis-
tical analysis is given in Table 2, bottom.

Group data are further illustrated by showing examples of
individual cerebellar patients. In both an SCA patient (Fig. 4C;

Control Cerebellar PICA

Timing parameters of conditioned eyeblink responses. Group mean == SD values of the affected (controls; first
tested) side shown for CR onset (4, €), and time-to-peak (B, D) latencies expressed in time (milliseconds) before US (air puff) onset
setas 0 ms. Mean values are shown considering all subjects in each group (4, B) and the subjects who presented with at least 10

the affected side (—128.4 = 35.0 ms) com-
pared with the unaffected side (—93.2 *
30.0 ms; p = 0.035).

Comparing CR onset and peak time la-
tencies in SCA patients, who showed at
least 10 CRs on both the affected and un-
affected sides, revealed earlier conditioned
responses on the affected (onset,
—151.85 % 19.34 ms; peak time, —110.78 = 21.87 ms) compared
with the unaffected (onset, —140.80 = 27.6 ms; peak time,
—89.15 * 24.76 ms) side. Side differences, however, were not
significant (onset, p = 0.27; peak time, p = 0.097), possibly be-
cause of the smaller number of patients (n = 7). Similarly, com-
parison of timing parameters of the affected and unaffected sides
in SCA patients with pure cortical lesions (n = 5) and SCA pa-
tients with involvement of cerebellar nuclei (n = 5) did not reveal
significant differences ( p values = 0.28 and 0.34 for CR onset and
0.42 and 0.08 for peak time latency).

In PICA patients (n = 12), CR onset was not significantly
different comparing the affected (—130.7 £ 24.7 ms) and the
unaffected (—142.3 = 44.6 ms; p = 0.417) sides. This was also
true for peak time latencies in PICA patients on the affected side
(—92.1 £ 29.3 ms) compared with the unaffected side (—98.3 =
45.8 ms; p = 0.684). In control subjects, no significant side effects
were found for CR onset latencies comparing the first (—135.4 =
31.5ms) and second (—130.0 * 34.8 ms; p = 0.51) tested side and
for peak time latencies between the first (—93.5 = 34.5 ms) and
second (—84.5 £ 37.9 ms; p = 0.30) tested side. Likewise, com-
parisons of the affected (or first) and unaffected (or second) side
revealed no significant differences in the PICA patients (n = 9)

T T
SCA  SCAe/
IDCA
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Table 2. Summary of group mean averages = SD (top) and variability (mean = SD) (bottom) of CR onset and peak time latencies in the control group compared with all

cerebellar patients and cerebellar subgroups

(R onset, all CRs

(R peak time, all (Rs

(R onset, at least 10 (Rs (R peak time, at least 10 CRs

Group mean averages
Controls —132.0 £37.8 —90.6 = 39.0
(n = 45/41%)
All patients —151.1 £ 395 —110.8 = 41.9
(n=43/03) p=10023 p=10022
Degenerative —157.8 = 456 —113.9 = 495
(n=16/4) p=0.031 p =0.061
SCA —157.8 £ 384 —185=*372
(n=14/9) p=0.031 p=10.022
SCA cortical —178.0 £ 20.1 —136.2 = 31.6
(n=503) p=00M p=10015
SCA nuclear —1483 = 45.0 —110.7 = 40.1
(n=28/5) p=028 p=018
PICA —1357 £29.7 —98.5 * 36.5
(n=13/10) p=075 p =051

Group mean SDs
Control subjects 62.3 = 188 61.6 = 218
(n = 45/41%)
All patients 69.1 = 26.9 66.6 = 25.2
(n = 43/23) p=0.16 p=1032
Degenerative 62.0 = 36.9 60.5 = 323
(n=16/4) p=1097 p=1087
SCA 715138 69.7 =159
(n=14/9) p =0.095 p=1020
SCA cortical 673+ 123 70.0 = 141
(n=5/3) p=0.56 p=0.40
SCA nuclear 740 = 15.8 69.2 = 189
(n=8/5) p=1010 p=1036
PICA 746 = 22.8 710 =238
(n = 13/10) p=0.052 p=0.18

—126.6 == 32.24 —84.8 £33.7
—143.5 = 26.1 —101.5 £ 26.2
p =10.036 p = 0.045
—150.6 = 29.3 —110.1 = 269
p=10.16 p=10.15
—151.7 = 25.0 —107.7 = 22.7
p=10.034 p = 0.059
—165.5 = 10.6 —118.7 £ 24.1
p = 0.046 p = 0.097
—147.1 = 30.7 —1042 = 239
p=0.18 p=1022
—133.4 =249 —92.5+ 286
p=054 p =051

62.1+ 189 60.6 = 22.0

70.1 =126 69.7 = 145
p = 0.049 p =0.053

66.5 £ 6.2 68.5 =122
p=0.64 p =048

745+ 138 745+ 119
p =10.070 p=10.076

623 = 13.6 67.1 =87
p=1099 p =061

823 +10.0 794 +13.2
p =0.025 p=0.071

67.5 = 13.2 658 = 17.3
p =040 p =049

Two-tailed unpaired t test were performed for group comparisons. n, Number of all subjects in each group/number of subjects who revealed at least 10 CRs.

and control subjects (n = 23) with at least 10 CRs on both sides
(all p values <0.09).

VLSM
Voxel-based lesion-symptom mapping was performed to reveal
areas within the cerebellum that are related to changes in CR
incidence and CR onset latencies in patients with focal unilateral
lesions (n = 22) in the short CS-US interval condition.
Relating cerebellar lesion sites (that is, ROls; see Materials and
Methods) with CR incidences normalized to the unaffected side
revealed highest positive t values (that is, lowest CR incidences)
primarily within hemispheral lobule VI (Larsell HVI) extending
to posterior parts of adjacent lobule V [Figure 7A, dark yellow;
x-coordinates, left from anterior to posterior commissure (AC—
PC) line, from —16 to —46 mm; y-coordinates, behind AC line,
from —50 to —70 mm; z-coordinates, below AC-PC line, from
—24 to —32 mm]. Regarding the relationship of lesion sites and
CR onset latencies, highest positive ¢ values (that is, shortest CR
onsets) were found within hemispheral lobule V (Larsell HV)
extending to adjacent lobules HIV and anterior parts of HVI (Fig.
7B, yellow; x-coordinates from —16 to —40 mm; y-coordinates
from —30 to —62 mm; z-coordinates from —20 to —32 mm).
Similar findings were observed considering only those patients
with unilateral lesions (n = 16) who showed at least 10 CRs.

Long CS-US interval

Incidence of conditioned eyeblink responses

Eight control subjects and eight patients with degenerative cerebellar
disorders were tested using a short and a long CS-US interval 1 week
apart. The short CS-US interval was always tested first.

On the first day of testing (short CS-US interval), control
subjects, but not cerebellar patients, showed a significant increase
of mean CR incidences across the 10 blocks of ten CS-US trials
(Fig. 8A). In controls, mean CR incidence was similar comparing
the last block on the first and the first block of the second day
(long CS-US interval) of testing, that is, controls showed effects
of retention. There was, however, no additional increase of con-
ditioned responses across the 10 blocks in the long CS-US con-
dition (Fig. 8 B). Cerebellar patients showed a small increase of
total CR incidences between the 2 d of testing. CR incidences
remained significantly reduced compared with the controls and
showed no significant increase across blocks.

ANOVA with CR incidence as dependent variable showed
significant block (10 blocks of 10 CS-US trials; p = 0.016), con-
dition (short vs long CS-US interval; p = 0.036), and group
(controls vs patients; p = 0.005) effects. The condition by block
by group interaction effect reached significance (p = 0.077).
Condition by group ( p = 0.63), block by group ( p = 0.18), and
condition by block (p = 0.12) interaction effects were not
significant.

Please note that one patient (Table 1, cer-42) only (vs six control
subjects) presented with at least 10 CRs in the short CS-US interval
condition, and three patients (cer-38, cer-41, and cer-42) and six
control subjects in the long CS-US interval condition.

Timing of conditioned eyeblink responses

Comparison of the short and long CS-US interval condition re-
vealed that conditioned responses were timed in both the control
and cerebellar groups. In the control subjects and cerebellar pa-
tients, CR onset and peak time occurred later after CS onset in the
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Overall, timing disorders were signifi-
cantly less prominent in this subgroup of
eight cerebellar patients and control sub-
jects compared with the findings in the to-
tal of 43 patients and 45 controls reported
above. In fact, comparing CR onset and
peak time latencies in the eight cerebellar
patients and eight control subjects re-
vealed no significant group differences,
considering neither the short nor the long
CS-US interval ( p values >0.5; unpaired
two-tailed 7 test) (Fig. 94, B).

However, findings in the patients and
control subjects presenting with at least 10

g@;@%@;@g L@gi@é;:i E@;@;@;?@;N CRs showed clear group differences. In the
G et short CS-US condition, CR onset in the
one patient (cer-42) with at least 10 CRs
Time to peak was —187 * 73.4 ms and CR peak time
D PICA E SCA F SCA6/IDCA was —130 * 76.3 ms compared with a
04 mean CR onset of —110.97 = 39.2 ms and
mean CR peak time of —66.22 * 35.71 ms
=607 in the six control subjects [latencies ex-
ey II pressed in time before US (air puff) onset
! H set as 0 ms]. In the long CS-US interval
7-150' L condition, the three patients with at least
g_m_ ] 10 conditioned responses (cer-38, cer-41,
I 1 and cer-42) showed a mean onset latency
-250 1 of —256.21 £ 80.97 ms and mean peak
300 time of 213.51 = 72.6 ms, whereas onset
(—208.45 = 39.25 ms; n = 6) and peak time
-350 PP L LR m R e 2 [—183.06 + 69.26 ms; n = 5 (peak time
0@%"05}‘%*3&%‘?3}‘3‘%‘?“;%‘70 %‘3@23@;‘%7532@?3%‘%%%3%333@5% %*%?ﬁggléﬁﬁ?%@ﬁ?fﬁ% could not be defined in one control because
of multiple peaks)] occurred later in the six

Figure 3.  Timing parameters of conditioned eyeblink responses. Individual mean == SD values shown for CR onset (A-C) and peak

time (D-F ) latencies expressed in time (milliseconds) before US (air puff) onset set as 0 ms. Findings in control subjects (white squares) are
compared with the PICA (4, D), SCA (B, E), and degenerative (C, F) patients (black squares). Data of individual subjects in each group are
shown in ascending order. Patient code according to Table 1. is number of conditioned responses in each individual patient.

controls. Group differences, however, did
not become significant, most likely because
of the small number of subjects and consid-
erable variability ( p values = 0.133—0.255;
unpaired two-tailed ¢ test) (Fig. 9A, B).

A Control B PICA . = o SEEE Group findings are illustrated by individ-
'_0'25' | ] i ual data in cer-42 compared with a control
2.0_20_ ] | | subject (Fig. 10). In both the short and long
8 CS-US interval condition, conditioned re-
% 0181 1 ] ] sponses occurred significantly earlier in the
E ool | ) i cerebellar patient.

g The variability (i.e., individual SDs) of
il 0,05 . \A . . M b\ CR onset and peak time latencies in the
ol Tl T / group of the eight cerebellar patients and
-750 -550 -350 -150 0 250 -750 -550 -350 -150 O 250 -750 -550 -350 -150 O 250 -750 -550 -350 -150 O 250 patients Wlth at least 10 CRS was not Sig—
Time [sec] Time [sec] Time [sec] Time [sec] nificantly different compared with the
controls for both the short and the long

Figure4. Conditioned eyeblink responses in a representative control subject (A), PICA (cer-05; B), SCA (cer-25; €), and SCA6

(cer-34; D) patient. Dotted vertical linesindicate onset of the (S (tone) and the US (air puff). Time scale is presented in milliseconds
before US onset setas 0 ms. Mean values of rectified and filtered (45 Hz) EMG recordings of CRs in paired trials are shown. Note that
this figure and Figure 5 represent mean values of conditioned responses in contrast to statistical analysis based on single trials.
Data were filtered at 45 Hz in this figure and in Figures 5 and 10 but at 100 Hz in data analysis. AU, Arbitrary units.

long (590 ms) compared with the short (440 ms) CS-US interval
condition (Fig. 9). In both groups, however, the average increase
of CR onset and peak time latencies was significantly <150 ms.
Mean average increase of onset latencies was 62.4 * 91.2 ms
(mean * SD) in all cerebellar patients and 56.6 = 36.66 ms in
controls; mean average increase of peak time latencies was
58.10 * 84.28 ms in patients and 67.45 = 35.0 ms in controls.

CS-US interval ( p values >0.3).

Alpha responses

Incidence and onset of alpha responses
(that s, responses occurring within 150 ms
after CS onset) were calculated in paired
trials. In the short CS—US condition compared with the first
tested side in controls (4.33 = 3.4), mean incidences of alpha
blinks did not significantly differ from the affected side in SCA
patients (3.64 = 2.9; p = 0.5; two-tailed unpaired ¢ test) and in
PICA patients (5.46 * 4.15; p = 0.332). In both the short and
long CS-US conditions, alpha responses tended to be less in de-
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generative patients (short CS-US, 2.44 *
1.9, p = 0.043; long CS-US, 1.38 = 1.3,p =
0.032) compared with controls (long
CS-US,3.75 = 2.4).

In the short CS-US condition, mean
onset of alpha responses was not signifi-
cantly different comparing the first tested
side in controls (—380.2 = 23 ms before
air puff onset set at 0 ms) with the affected
side in SCA patients (—370.9 * 25.3 ms;
p = 0.21; two-tailed unpaired ¢ test), in
PICA patients (—381.7 £ 223 ms; p =
0.83), and in degenerative patients
(—378.3 = 24.9 ms; p = 0.24). Mean onset
of alpha responses in the long CS-US in-
terval condition was not significantly dif-
ferent between groups (degenerative pa-
tients, —354.5 * 41.7; controls, —364.6 *
28.7;p = 0.6).

Amplitudes of conditioned eyeblink
responses in the short CS-US interval
CR amplitudes were analyzed in the pa-
tients with focal unilateral lesions only, be-
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Figure 5.  Individual examples of conditioned eyeblink responses in a control subject (4), a PICA patient (cer-09; B), an SCA
patient with involvement of cerebellar nuclei (cer-20; €), and with a pure cortical lesion (cer-18; D). Rectified and filtered (45 Hz)
EMG recordings are shown of the affected (top) and unaffected (bottom) sides in patients and the first and second tested sides in
the control. Dotted vertical lines indicate onset of the CS (tone) and the US (air puff, 0 ms). Mean values of conditioned eyeblink
responses in paired trials are shown. Amplitudes are normalized to the unaffected side (controls, second tested side) set as 100%.

cause normalization to the unaffected side
set as 100% was possible. Patients with focal
lesions participated in the short CS-US interval condition only.

Inspection of individual EMG data show changes of CR am-
plitudes in the SCA patient with a pure cortical lesion but not in
the SCA patient with nuclear involvement. In cer-18, but not in
cer-20, CR amplitudes on the affected side were significantly en-
larged (Fig. 5C,D). In the PICA patient (cer-09) and in the con-
trol subject, CR amplitudes were not different on the affected and
first tested sides compared with the unaffected and second tested
sides (Fig. 5A, B).

In all unilateral SCA patients, the mean area of the normalized
75 ms EMG interval was enlarged compared with controls
(mean * SE, 271.3 = 81.5% of the unaffected side in SCA pa-
tients; 133.4 * 29.5% of the second tested side in controls).
Group effects were close to significance ( p = 0.053; two-tailed
unpaired ¢ test) (Fig. 11A). In SCA patients with pure cortical
lesions, the area of the 75 ms EMG interval was significantly
enlarged (mean * SE, 319.6 = 133.4%) compared with controls
(p = 0.042). In SCA patients with additional involvement of
cerebellar nuclei (mean = SE, 266.9 = 122.7%), no significant
difference was found compared with controls ( p = 0.142). The
normalized 75 ms EMG integral in unilateral PICA patients
(mean = SE, 134.2 & 18.5%) was not significantly different com-
pared with control subjects ( p = 0.985). The mean SD of the 75
ms EMG integral was significantly increased in all unilateral SCA
patients (mean * SD, 142.4 = 124.2%; p = 0.045) compared
with control subjects (73.2 £ 74.7%) (Fig. 11 B). In the subgroup
of SCA patients with pure cortical lesions (149.3 * 129.7%; p =
0.073) and in SCA patients with additional involvement of cere-
bellar nuclei (162.0 £ 137.8%; p = 0.056), effects were close to
significance. No group differences were found comparing PICA
patients with controls (83.4 £ 66.3%; p = 0.686). Similar find-
ings were observed considering patients and control subjects who
showed at least 10 CRs.

Extinction
Acquisition of conditioned responses was significantly reduced
in SCA and degenerative cerebellar patients who showed disor-

A Onset B Time to peak
0 — 0-
50 1 -50
- —
£, -100 é -1004
150+ -1501
W affected/ first side
["] non-affected/ second side
200 T T T 200 r T T
Controls  PICA SCA Controls  PICA SCA
Figure 6.  Mean onset (A) and time-to-peak (B) of conditioned eyeblink responses in SCA

and PICA patients with unilateral lesions and in control subjects. Mean = SD values are shown
on the affected side in patients and first tested side in controls (black columns) compared with
the unaffected and second tested side (white columns). 0 ms, US (air puff) onset.

dered CR timing. One may argue that the remaining responses
are random but not learned responses. In extinction trials, how-
ever, CRs were present in SCA and degenerative cerebellar pa-
tients. Mean CR incidence was significantly reduced compared
with controls (mean number of CRs in extinction trials, SCA
group, 1.78 = 0.66; degenerative group, 1.43 £ 0.78; controls,
2.82 = 1.7; p values <0.01; unpaired two-tailed t test). There was
no significant difference comparing PICA patients (n = 2.67 *
1.5) and controls ( p = 0.8).

The change of response timing to a later moment in paired
trials in the long compared with the short CS-US interval condi-
tions in degenerative patients (see above) may be taken as addi-
tional evidence of learned responses. However, because the
CS-US interval was prolonged, this could have been a random
effect. To control random effects, timing of responses in extinc-
tion trials in both the short and long CS-US conditions was de-
termined in the same time interval of 150 ms after onset of the CS
to onset of the US in the long CS-US condition. Time of US onset
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VLSMin all patients with unilateral cerebellar lesions. VLSMs related to normalized incidence (A) and onset latencies (B) of conditioned eyeblink responses superimposed on axial slices

of the cerebellum of a healthy subject normalized to MNI space. Right-sided lesions are flipped to the left. Slices are 4 mm apart, with the most caudal slice (z = —52 mm) in the left top corner.
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interval. Three of the eight cerebellar pa-
tients only showed extinction responses.
Incidences were reduced in the cerebellar
patients (short CS-US interval, n = 1.7 =
1.1; long CS-US interval, n = 2.0 = 1.0)
compared with the matched controls
[short CS-US interval (n = 8),n = 3.1 =
1.2; long CS-US interval (n = 6), n =
3.7 = 2.7]. Group differences did not
reach significance (p = 0.11 and 0.33;
two-tailed unpaired  test).
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Figure 8.

patients (black circles).

in the long CS-US condition was set as 0 ms. If responses oc-
curred at random, mean onset and peak time would be expected
to be the same in both conditions. Cerebellar patients showed
earlier extinction responses in the short compared with the long
condition [short CS-US interval, onset (expressed as time before
US onset in the long interstimulus interval, mean * SD),
—319.0 £ 78.8 ms; peak time, —282.9 = 88.49 ms; long CS-US
interval, onset, —212.3 = 92.9 ms; peak time, —137.4 = 84.6 ms].
The shift of mean onset and peak time suggests that responses in
paired trials are likely conditioned responses. It has to be noted
that time shift did not reach statistical significance (onset, p =
0.2; peak time, p = 0.1; unpaired two-tailed ¢ test). Statistical
power, however, was small. A small number of cerebellar patients
(n = 8) had been tested using both the short and long CS-US

Mean = SE percentage (R incidences for each of the 10 blocks and across all blocks (Total) in the short (4) and long
(B) CS-US interval conditions in the subgroups of eight control subjects (white squares) and eight degenerative cerebellar

Discussion
The main finding of the present study was
that conditioned eyeblink responses oc-
curred significantly earlier in patients with
cerebellar lesions in the SCA territory and
with cerebellar cortical degeneration but
not in patients with PICA infarctions. In
the SCA group, timing deficits were most
pronounced in patients with lesions restricted to cortical areas. Re-
sults suggest that cortical areas of the superior cerebellum may be
involved in timing of conditioned eyeblink responses in humans.
Data are consistent with animal findings of disrupted condi-
tioned response timing after cortical cerebellar lesions (McCor-
mick and Thompson, 1984; Perrett et al., 1993; Garcia and Mauk,
1998; Koekkoek et al., 2003). Impaired timing of conditioned
responses has also been shown in infant rats (Freeman et al.,
2003). The precision of CR timing was found to be related to age
and dependent on developmental changes within the cerebellar
cortex. These studies suggest that appropriate timing, i.e., the
adapted delay of conditioned responses, depends on the cerebel-
lar cortex.
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The mechanisms of adaptive timing
have been related to modification of dif-
ferent cerebellar synapses. The simulta-
neous activation of the US-related climb-
ing fibers and the CS-related mossy fiber—
parallel fiber input may result in LTD of
excitatory parallel fiber—Purkinje cell syn-
apses, which are active just before the ex-
pected US. This climbing fiber input in-
duced decreased Purkinje cell activity and
reduced inhibition of interposed neurons
may be followed by the expression of a
timed eyeblink conditioned response. In
short, normally, the Purkinje cell would
inhibit the deep nuclei from generating a
response until just before the US onset (for
review, see Buonomano and Mauk, 1994;
Medina et al., 2001; Linden, 2003).

Mauk and coworkers have shown short
fixed CR onset latencies after cerebellar le-
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Figure9. Timing parameters of conditioned eyeblink responses in the short (black columns) and long (white columns) (S-US
interval condition in the subgroups of eight control subjects and eight cerebellar patients. Group mean == SD values shown for (R
onset (4) and time-to-peak latencies (B) expressed in time (milliseconds) before US (air puff) onset set as 0 ms. Mean values are
shown considering all subjects in each group and the subjects who presented with at least 10 CRs.

sions with CRs occurring as short as 60— 80

ms after CS onset (Perrett et al., 1993; Gar-

cia and Mauk, 1998). They found that large cortical lesions that
involved the anterior lobe caused short-latency responses. A sim-
ilar reduction of CR onset latencies is reported by Koekkoek et al.
(2003) in transgenic mice in which parallel fiber LTD is impaired.
Onset and time-to-peak of conditioned responses in SCA and
degenerative patients of the present study, however, were less
shifted forward. CRs occurred on average 20 ms earlier compared
with controls, that is, 290 ms after CS onset in the short CS-US
interval condition.

Differences in findings may be explained by different reasons.
First, in the present study, cortical lesions in particular of the
anterior lobe might not have been extended enough. The anterior
lobe was affected to various extents in both the SCA and degen-
erative patients. Conversely, in most of the SCA and in all degen-
erative patients, lesions extended beyond the anterior lobe, i.e.,
included lobule HVI. Moreover, there was additional damage of
cerebellar nuclei in part of the SCA patients. HVI lesions possibly
leave timing unchanged (Yeo et al., 1985a,b), and nuclear lesions
may result in delayed CRs (Welsh and Harvey, 1989). Second,
both lesions of HVI and of the cerebellar nuclei result in reduced
CRincidence (Yeo and Hesslow, 1998; Christian and Thompson,
2003). The present findings are based on the remaining CRs in a
group of cerebellar patients with significantly reduced CR inci-
dences. Mauk and coworkers (Perrett et al., 1993; Garcia and
Mauk, 1998), however, found that CR incidence remained un-
changed after cortical lesions of the anterior lobe. Third, Mauk
and colleagues analyzed CR timing in unpaired trials. In the
present study, CRs in paired trials were analyzed. Because cere-
bellar patients exhibit few CRs, statistical analysis of timing pa-
rameters in few interspersed CS-alone trials does not appear re-
liable. For the same reason, timing of CRs has been analyzed in
paired trials in other human studies (Woodruff-Pak and Papka,
1996; Green et al., 1999). Finally, there may be differences be-
tween species regarding temporal processing of conditioned
responses.

It has been questioned that the short-latency responses re-
ported by Mauk and colleagues are cerebellar driven. Yeo and his
group have argued that, because cerebellar cortical lesions are
followed by raised nuclear excitability, these responses may be
produced by extracerebellar mechanisms expressing CS-driven
activity through disinhibited premotor and motor neurons (for

review, see Attwell et al., 2002). In their cortical lesion studies,
which centered on lobule HVI, complete losses of CRs were ob-
served. In cases in which there were low levels of residual condi-
tioned responses, CR timing was more variable rather than con-
sistently short latency. Similarly, GABAergic blockade in the
cerebellar nuclei (which should disconnect input from both HVI
and the anterior lobe) was followed by abolished CRs, but no
reduction in CR latencies was observed as the drug took effect or
wore off.

In accordance with Yeo’s findings in incomplete lesions of
HVI, CR timing parameters showed considerable variability that
tended to be larger in the cerebellar patients compared with the
controls. Changes in timing parameters were small and signifi-
cant only based on findings in a large number of subjects in the
short CS—US interval condition. CR timing was not significantly
different in a smaller subgroup of patients and controls in a
longer CS-US interval condition. The present findings in the
short CS-US interval condition need to be confirmed in a larger
group of cerebellar patients in the long CS-US interval condition.

One may argue that the slightly quicker responses seen are not
cerebellum mediated but are an indication of how human pa-
tients attempt to cope with impaired cerebellar learning mecha-
nisms. Although this possibility cannot be ruled out, small
changes of CR onset latencies are consistent with other recent
animal data. After sequential pharmacological inactivation of
cortical output to deep nuclei, CR onset latency was on average
shifted forward by 50 ms (Bao et al., 2002). Aksenov et al. (2004)
also showed slightly shortened CR onset latencies in paired trials
after application of small doses of a GABA receptor antagonist
(picrotoxin) to the interposed nucleus (reduction of group mean
CR onset latency from 227.5 = 8.3 t0 200.1 * 11 ms, mean = SE).
Higher doses abolished CRs as a possible consequence of maxi-
mal disinhibition of nuclear neurons related to a normally tonic
inhibitory activity of the cerebellar cortex.

Corresponding to animal findings of Perrett et al. (1993),
VLSM analysis (Bates et al., 2003) revealed that CR onset was
significantly earlier in patients with cortical lesions including
parts of the ipsilateral anterior lobe, in particular lobule HV.
Similarly, CR onset latency was shortened in SCA patients com-
pared with controls but not in PICA patients. In a previous study,
we had shown that CR incidences were reduced in SCA patients
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Figure 10.  Eyeblink conditioning in a 45-year-old male control subject (4) and a 52-year-old male IDCA patient (B) (Table 1, cer-42) in the short (left) and long (right) CS-US interval conditions.
Rectified and filtered (45 Hz) EMG data of the orbicularis oculi muscles of 100 paired CS—US trials (first trial on the top, last trial on the bottom) are shown. The first vertical line indicates the beginning
of the tone (CS) and the second vertical line the beginning of the air puff (US) in each condition. Responses occurring within the first 150 ms after CS onset (indicated by the first hatched line) were
not considered CRs but alpha responses. Second hatched line indicates time of US onset in the short (S-US interval condition. Control subject: short (S-US, mean onset, —120.4 = 55.4; mean peak
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Figure 11.  Amplitude parameters of conditioned eyeblink responses in patients with uni-
lateral focal lesions (PICA and SCA) compared with controls in the short CS-US interval condi-
tion. Mean == SE amplitudes (area of the 75 ms EMG-interval) (4) and SD (B) are normalized to
the unaffected (patients) and second tested (controls) side set as 100%.

(affecting lobule Crus I and above) but not PICA patients (affect-
ing Crus II and below) (Gerwig et al., 2003). Cortical areas of the
superior cerebellum involved in temporal processing of condi-
tioned eyeblink responses in humans, however, appear to be sep-
arated from those that are most important for the CS-US associ-
ation. VLSM analysis revealed that CR incidence was significantly
reduced in patients with focal lesions including superior parts of

the posterior lobe, in particular lobule HVI. This is consistent
with animal data of Yeo’s group who found primarily abolished
or markedly reduced CRs after HVI lesions (Yeo et al., 1985b;
Hardiman and Yeo, 1992; Gruart and Yeo, 1995). Cortical areas
of the anterior lobe may be involved in conditioned response
timing and superior parts of the posterior lobe in CS—US associ-
ation in humans. The present findings, however, do not exclude a
role of the cerebellar nuclei in CS-US association.

The present findings agree with a previous human study in
abstinent chronic alcoholics (McGlinchey-Berroth et al., 2002).
In chronic alcoholics, lesions of the anterior cerebellar lobe are to
be expected (Timmann and Diener, 2000). Using a temporal dis-
crimination learning paradigm McGlinchey-Berroth et al. (2002)
reported significantly earlier peak time latencies of CRs in alco-
holic patients. No group effects were reported for CR onset. Sim-
ilar to the present study, timing parameters were assessed in
paired trials.

In contrast to the present findings, Woodruff-Pak et al. (1996)
reported significantly slower CRs in cerebellar patients. Findings,
however, were based on latencies of the first eyeblink after CS
onset in paired trials, with this response being either the CR or the
UR. Responses in cerebellar patients occurred on average later
than US onset and therefore most likely represented URs rather
than CRs.

Topka et al. (1993) also reported a tendency of CR onset la-
tencies to be delayed in patients with degenerative cerebellar dis-
orders. Findings, however, were based on the few CRs in un-
paired trials. Effects were not statistically significant. In addition,
7 of the 12 cerebellar patients suffered from olivopontocerebellar
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atrophy, with lesions extending beyond the cerebellum. Because
CS-alone trials were not presented, delayed CR onset latencies
hidden by the UR in paired trials cannot be excluded in the
present study.

In the present analysis, normalized CR amplitudes were en-
larged in patients with SCA lesions compared with PICA patients
and controls in paired trials. Increased amplitudes were most
pronounced in SCA patients with pure cortical lesions. In animal
studies, conversely, CR amplitudes were reported decreased after
cortical lesions including the anterior lobe or lobule HVI (Har-
diman and Yeo, 1992; Perrett et al., 1993). The present data need
to be confirmed in a larger sample of patients with cortical lesions
of superior parts of the cerebellar hemisphere. However, en-
hanced amplitudes of unconditioned eyeblink responses were
found after lesions of lobule HVI in rabbits (Yeo et al., 1985b) and
also in SCA patients with pure cortical lesions (Gerwig et al.,
2004). Interestingly, timing parameters of unconditioned eye-
blink responses in SCA patients were not altered. Findings sug-
gest a role of the cerebellum specifically in timing of learned but
not of unlearned eyeblink responses.

Conclusions

The present findings suggest that cortical areas of the superior
cerebellum may be involved in timing of the conditioned eye-
blink response in humans. Findings further suggest that cortical
areas of the anterior cerebellar lobe are of particular importance
in appropriate CR timing. Superior parts of the posterior lobe,
particularly lobule HVI, appear to be involved in CS-US associ-
ation. Thus, different cortical regions of the superior human cer-
ebellum may be involved in response timing and stimulus asso-
ciation in eyeblink conditioning. Changes in CR timing,
however, may equally be explained by extracerebellar premo-
toneuronal disinhibition. Furthermore, changes of CR timing
were small and need to be confirmed in a larger group of cerebel-
lar patients using different CS-US time intervals.
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