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Separate Neural Substrates in the Human Cerebellum
for Sensory-motor Adaptation of Reactive and of Scanning

Voluntary Saccades

N. Alahyane - V. Fonteille - C. Urquizar - R. Salemme -
N. Nighoghossian - D. Pelisson - C. Tilikete

Abstract Sensory-motor adaptation processes are critically
involved in maintaining accurate motor behavior through-
out life. Yet their underlying neural substrates and task-
dependency bases are still poorly understood. We address
these issues here by studying adaptation of saccadic eye
movements, a well-established model of sensory-motor
plasticity. The cerebellum plays a major role in saccadic
adaptation but it has not yet been investigated whether this
role can account for the known specificity of adaptation to
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the saccade type (e.g., reactive versus voluntary). Two
patients with focal lesions in different parts of the cerebellum
were tested using the double-step target paradigm. Each
patient was submitted to two separate sessions: one for
reactive saccades (RS) triggered by the sudden appearance of
a visual target and the second for scanning voluntary
saccades (SVS) performed when exploring a more complex
scene. We found that a medial cerebellar lesion impaired
adaptation of reactive—but not of voluntary—saccades,
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whereas a lateral lesion affected adaptation of scanning
voluntary saccades, but not of reactive saccades. These
findings provide the first evidence of an involvement of the
lateral cerebellum in saccadic adaptation, and extend the
demonstrated role of the cerebellum in RS adaptation to
adaptation of SVS. The double dissociation of adaptive abil-
ities is also consistent with our previous hypothesis of the
involvement in saccadic adaptation of partially separated
cerebellar areas specific to the reactive or voluntary task
(Alahyane et al. Brain Res 1135:107—121 (2007)).

Keywords Sensory-motor - Adaptation - Cerebellum -
Saccades - Plasticity - Neuropathology

Introduction

The cerebellum is known as the main neural center for
cellular plasticity underlying long-term adaptation of motor
behavior, but its precise role is still intensively debated [2—
5]. In particular, whether the task specificity of sensory-
motor adaptation [5-9] relies on the selective involvement
of different adaptable cerebellar circuits is still unknown.
We addressed this issue using saccadic adaptation—a
progressive adjustment of the amplitude of saccadic eye
movements to a systematic perturbation of target position—
as a key model of sensory-motor adaptation [8]. Previous
works suggested that adaptation of reactive saccades (RS)
elicited by the sudden presentation of a novel visual target
critically depends on the medial part of the posterior (MP)
cerebellum [10-13]. In contrast, adaptation of scanning
voluntary saccades (SVS) has been much less studied,
although these endogenously generated saccades are pre-
dominant in daily life. Based on the pattern of adaptation
transfer between RS and SVS in healthy humans, we
recently suggested that SVS and RS adaptations rely both
on a common brainstem site and on two separate, but partly
overlapping, cerebellar sites [1]. We provide here direct
evidence for this hypothesis by reporting on saccadic
adaptation abilities in two volunteers with isolated cerebellar
lesion (Fig. la). Indeed, this case study disclosed two
opposite patterns of adaptation deficits for reactive and
voluntary saccades depending on the lesioned cerebellar site.

Materials and Methods

Patients

P1, a 40-year-old man, was tested 10 days after a stroke
located at the intermediate level of the rostral right

hemisphere of the cerebellum (infarct of antero-inferior
cerebellar artery). P2, a 6l-year-old man, was tested

4 months after a stroke affecting the caudal paramedian
part of the right cerebellar hemisphere (infarct of the medial
branch of the postero-inferior cerebellar artery). Note that
the available imaging data did not allow us to delineate
very clearly the lesions’ boundaries. However, it is obvious
that the two lesions were clearly separate as they involved
the lateral part of anterior lobe in P1 and the medial part of
posterior lobe in P2. At the time of recording, a right-sided
limb ataxia (P1) or axial ataxia (P2) were still present, but
there was no ocular nystagmus.

Experimental Set-up

The set-up and protocols were approved by the local ethics
committee (CCPPRB-Lyon B) and have been described in
detail in a previous paper [1]. Visual targets (6 mm black dots
on a gray background) were presented on a video screen by
means of a 142-Hz visual stimulus generation system (CRS,
Cambridge, UK). A helmet-mounted EyeLink II eye-tracker
(SR Research, Mississauga, Canada) was used to record 2-D
binocular eye movements (500 Hz sampling, accuracy better
than 0.1°). Real-time monitoring of eye position allowed us
to modify the visual display during primary saccades within
10 ms of a pre-defined event trigger (i.e., eye velocity
exceeding a 100°/s threshold).

Procedure

After providing written informed consent, each patient
underwent RS and SVS adaptations in separate sessions. A
single target (RS) or a set of targets (SVS) shifted backward
during each primary saccade (Fig. 1b,c), in order to induce
an adaptive gain reduction of both leftward and rightward
saccades. As a consequence of saccadic suppression [14,
15], such target shifts were unnoticed by the patients.
Adaptation after-effect was measured during blocks of
unperturbed trials, i.e., without intra-saccadic target shift,
before (‘pre’) and after (‘post’) completing five blocks of
the adaptation run (‘adal’ to ‘ada5’).

RS session The adaptation of RS was tested in this session.
The first adaptation blocks comprised 48 trials each (24
leftward saccades randomly intermingled with 24 rightward
saccades). Each adaptation trial (Fig. 1b) started with the
presentation of a central fixation point (FP) for a pseudo-
random period (1,300 or 1,500 or 1,700 ms). Then, FP was
replaced by a target (T1) located randomly at 8° to the right
or to the left (£8°). During the ensuing horizontal RS, T1
shifted back to T1’ by 25% of the initial target displacement
for blocks adal, ada2, and ada3 (144 trials), and by 40% for
blocks ada4 and ada5 (96 trials). Finally, T1" was switched
off 800 ms after T1 onset, and FP re-appeared 1,200 ms
later for the next trial. Pre-adaptation and post-adaptation



Fig. 1. MRI scans and adapta-
tion protocols. a FLAIR (patient
P1) and diffusion (patient P2)
images showing stroke lesions
(arrows) located at the interme-
diate level of the rostral right
hemisphere (P1) and at the
caudal paramedian part of the
right hemisphere (P2). b RS
adaptation for a rightward trial.
Peripheral target T1 turned on
simultaneously when fixation
point FP turned off (rightward
arrow), eliciting a primary sac-
cade. During this saccade, T1
shifted backward to T1' (left-
ward arrow). ¢ SVS adaptation
for a rightward trial. Subjects
sequentially scanned targets
(from TO to T3) at their own
pace. During each of the three
SVS, the whole display shifted
backward (leftward arrows)
until reaching the T0""-T3"
positions

trials were identical to adaptation trials, except that target
T1 did not shift but instead disappeared during primary
saccades. Each test block comprised 12 leftward saccades
randomly intermingled with 12 rightward saccades.

SVS session The adaptation of SVS was tested in this
second session. The adaptation blocks comprised 16 trials
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of three SVS each. Each adaptation trial (Fig. lc) started
with the presentation of FP at 8° to the right (leftward trial)
or left (rightward trial) of the screen center and 4° above.
After 1,600 ms, a circle surrounding FP was presented

simultaneously with targets TO to T3 (TO located below FP)

along the central horizontal axis with an 8° regular spacing.
The circle disappeared 500 ms later, signalling subjects to



perform a downward saccade to TO followed by a sequence
of three horizontal SVS. During each of these SVS, the
entire set of targets was shifted horizontally backward by
25% of the horizontal target separation for blocks adal,
ada2, and ada3 and by 40% for blocks ada4 and ada5. Pre-
adaptation and post-adaptation trials differed from adapta-
tion trials in two aspects. First, only three targets (FP, TO,
and T1) were presented: TO at the center of the screen, FP
at 4° above TO, and T1 at —8° (left) or +8° (right) from TO.
Subjects thus performed a vertical saccade from FP to TO,
followed by a single horizontal SVS from TO to T1. Second,
this display did not shift but instead disappeared during the
SVS. Each ‘pre’ and ‘post’ block was subdivided in two
sub-blocks of 12 rightward and 12 leftward trials.

Data Analysis

Signals from the two eyes were averaged to yield the
cyclopean eye position. After automatic detection and
visual check of all primary saccades, the horizontal saccade
gain (=ratio of eye displacement amplitude to target
eccentricity) was submitted to one-way ANOVAs with the
“trial block” factor (seven levels="‘pre’, ‘adal’—‘ada5’, and
‘post’) separately for P1 and P2, for RS and SVS, and for
rightward and leftward saccades. Post hoc tests (LSD
Fisher) compared saccade gain during ‘ada’ blocks and
‘post’ blocks to the ‘pre’ block. Finally, the adaptation
after-effect [100* (‘pre’ gain—‘post’ gain)/‘pre’ gain] was
compared to the 95% confidence intervals computed in six
healthy subjects from our previous study [1].

Results

Table 1 summarizes the mean baseline gain of RS and SVS
measured during the pre-adaptation block. For statistical
analysis, these data were compared to control data collected
under the same conditions in a group of six healthy subjects
(age range 22-48 years, two women, four men; see [1]).
Saccade gains in patients were considered as abnormal (see
arrows in the table) if the means were outside the 95%
confidence intervals computed from the control mean gains.
These comparisons revealed that saccades in patients were
either normometric or hypometric, with the exception of a

very moderate gain increase for contralesional RS in PI.
Note that neither this pattern of dysmetria nor the between-
subjects variations of gain variability (standard deviation,
s.d.) closely paralleled the pattern of adaptation deficits
presented in the following text.

Time-course of Saccadic Gain Changes

Figure 2a shows the changes in saccade gain in the five
adaptation blocks and the post-adaptation block relative to
pre-adaptation. Each patient showed a specific pattern of
adaptation depending on the direction (ipsilesional versus
contralesional) and type (RS versus SVS) of saccade. For
the contralesional direction, both patients showed a de-
crease in RS and SVS gain in both adaptation and post-
adaptation blocks, consistent with the expected effect of
backward adaptation training. ANOVASs confirmed a signif-
icant effect of the “trial block” factor (=8 to 41, P<0.001;
post hoc comparisons with the ‘pre’ block shown in
Fig. 2a). These gain reductions followed a time course
closely resembling that of healthy subjects [1] and revealed
that adaptation of contralesional saccades was preserved in
P1 and P2. For ipsilesional saccades, a different picture
emerged. P1 exhibited preserved adaptation abilities for RS,
as shown by the significant decrease of gain in adaptation
and post-adaptation blocks (ANOVA, F=23, P<0.001).
However, P1’s adaptation abilities for SVS were altered: the
gain change during adaptation (F=7, P<0.001) was
moderate and inconsistent between blocks, and it was not
maintained in post-adaptation (post hoc comparison with
‘pre’, P>0.05). P2 showed the opposite pattern: SVS
adaptation was fully preserved (F=10, P<0.001), whereas
RS adaptation was strongly impaired both during the
adaptation and post-adaptation phases (F=2, P>0.15).

Adaptation After-effect

We then compared the adaptation after-effect in P1 and P2
(Fig. 2b) to 95% confidence intervals computed from our
previous study in six healthy subjects [1]. For the contrale-
sional direction, both RS and SVS after-effects were within
control confidence intervals, strengthening our conclusion
that saccadic adaptation was normal despite the cerebellar
lesions. In contrast, for the ipsilesional direction, adaptation
after-effects were significantly smaller for SVS in P1, and for

Table 1 Mean (s.d.) baseline saccade gain measured in the pre-adaptation block

Ipsilesional RS

Ipsilesional SVS

Contralesional RS Contralesional SVS

Patient P1
Patient P2

0.89 (0.11)
0.76 (0.13) &

0.83 (0.06) {
0.92 (0.03)

0.98 (0.06) ©
0.76 (0.09) 1

0.94 (0.12)
0.91 (0.03)

4 and 7: statistically significant decrease or increase (P<0.05) relative to controls’ 95% confidence intervals. see Ref. [1]
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saccade gains to the ‘pre’ saccade gain). b Adaptation after-effect:
mean percent gain change (100*(‘pre’—‘post’)/‘pre’) for RS (white
bar) and SVS (black bar) computed in patients. These values were
statistically compared to the means (filled squares) and 95%
confidence intervals (whiskers) computed in six healthy subjects from
our previous study [1]: ¥*P<0.05, ns P>0.05



RS in P2 (and marginally larger for RS in P1) as compared
to controls. Thus, the reduced levels of ipsilesional saccade
adaptation described above (Fig. 2a) did not result from
idiosyncratic fluctuations but rather from the cerebellar
lesion itself.

Discussion

The double dissociation observed for ipsilesional saccades
reveals that medial (patient P2) and lateral (patient P1) parts
of the cerebellum selectively participate in RS and in SVS
adaptation, respectively. These findings confirm the contri-
bution of the MP cerebellum to RS adaptation [10—13].
More importantly, they demonstrate for the first time that
cerebellar areas located more laterally than the MP
cerebellum also contribute to saccadic adaptation (SVS).
Remarkably, a role of the lateral cerebellum in saccade
control has so far remained elusive [16], notably because
the effects of lesions to this area are weak or absent. Thus,
the function of both saccade-related activity and oculomo-
tor outputs of these lateral areas are still a mystery. The
present study reveals that one possible function is the
adaptive control of SVS, in line with the recent proposal of
a lateral cerebellum specialization for voluntary saccades
[17]. Unfortunately, for practical reasons, RS and SVS
adaptation could only be tested once in each patient,
preventing us from testing for the consistency of the
present findings. However, despite the known variability
of saccadic adaptation from session to session, the deficits
reported in the patients do likely result specifically from
their lesion because contralesional saccade gain always
adapted normally.

Our second original finding is that RS and SVS
adaptations rely upon separate neural substrates in the
cerebellum, which directly supports our predictions [1].
Recent studies in healthy human subjects have measured
the pattern of adaptation transfer either between RS and
SVS [1, 18] or from RS and SVS to hand pointing
movements [19] and to antisaccades (Cotti et al., submitted)
and have all proposed that RS and SVS adaptation rely on
separate mechanisms. The present study confirms this
proposal by revealing, in the human cerebellum, a neural
substrate of this functional separation between the two
types of saccadic adaptation. Further recordings in groups
of patients must be performed to more clearly define the
lateral and medial cerebellar areas involved respectively in
SVS and RS adaptation. High resolution 3-D imaging of
the cerebellum would thus be necessary to establish
detailed anatomo-functional correlations. Note also that
the contribution of these lateral and medial cerebellar areas
may not be the same with respect to the acquisition and/or
retention of adaptation, as suggested by the present

observations. In any case, with this unique anatomo-
functional organization, the cerebellum may not only
implement plasticity related to adaptation per se, but may
also process task-related signals to switch between different
adapted states, as previously suggested for limb motor
responses in animals [20, 21]. This advance in knowledge
of the selective and plastic functions housed in the
cerebellum will help our understanding of how the central
nervous system maintains, over the long term, proficient
visuo-motor interactions with our environment.
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