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Involvement of the crebellum
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learning: Evidence from func-
tional magnetic resonance
Imaging
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Abstract Whether the cerebellum is involved in volun-
tary motor learning or motor performance is the subject of a
new debate. Using functional magnetic resonance imaging
(fMRI), we examined cerebellar activation in eight volun-
teers before and after an extended period of training. Activa-
tion volume on both sides of cerebellum after learning was
significantly reduced compared to that before learning even
under the same motor frequency. Remarkably, while motor
frequency for the training sequence was significantly higher
than the control sequence after 41 d of learning, activation in
the cerebellum for both sequences, with respect to activation
loci and volumes, was very similar. These results suggest that
the cerebellum was involved in motor learning but not motor
performance. Changes of cerebellar activation from training
thus appear to be associated with learning but not with im-
provement on task performance.
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The recognition of cognitive functions of the cerebel-
lum is a great breakthrough in the field of neurosci-
encel™™. As one of the important cognitive functions,
learning ability of the cerebellum has been intensively
investigated over the years. Many fundamental issues,
however, still remain poorly understood. For instance,
although several studies demonstrated significant changes
of cerebellar activation after training, it is not clear
whether these changes resulted from learning process or
from the improvement of motor performance after learn-
ing®®. A number of neurobiological studies showed that
animals with lesions in the cerebellum were unable to es-
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tablish eye-blink conditioning while the eye-blink reflex-
ive remained intact!”®. A recent neuroimaging study found
that activity in some regions in the cerebellum changed
with maze learning, and these practice-related activations
occurred in the same hemisphere regardless of the hand
used, suggesting that these regions must code information
at an abstract level, which can be considered as a kind of
ability that does not depend on the task itself'®. In con-
trast, a more recent study demonstrated that during a serial
reaction time task with a concurrent distractor the reaction
time for the fixed and random serial condition was almost
identical, and the cerebellum was not activated in either
serial. However, upon removal of the distractor, the reac-
tion time for the fixed serial decreased and the cerebellum
was activated. Consequently, the cerebellum was thought
to be engaged primarily in the modification of perform-
ance but not the learning of the motor skill™®.. Such a dis-
crepancy together with the involvement of the cerebellum
in voluntary movement makes it difficult to separate the
effects of motor learning from motor performance.
Whether learning-induced changes of cerebellar activation
comes from the change of motor performance or motor
learning becomes a new debatel®®*!,

Furthermore, it is not very clear whether learning leads
to an increase or a decrease in cerebellar activation. While
some studies showed that the volume of cerebellar activa-
tion decreased with the improvement of motor task*?4,
others observed decrease of activation after learningt*>*!,
Since motor frequency has significant effect on the activa-
tion volume of the cerebellum™ ), the conflicting results
may be at least partly due to poor control of the motor
frequency before and after learning (motor frequency of-
ten increases after learning).

In the present study, we used functional MRI and a se-
quential finger movement task to investigate changes of
cerebellar activity during learning and examined the rela-
tionship between motor performance and motor learning.
In order to exclude the effect of motor frequency on cere-
bellar activation, we controlled the frequency of the motor
task before and after learning. This allowed us to more
reliably separate motor performance and motor learning.
Because short-term learning task is often affected by non-
learning factors such as attentiont*®, long-time learning of
41 d was adopted to obtain more reliable results.

1 Materials and methods
1.1 Subjects

Eight healthy university students (4 males), aged from
19 to 22 years old, served as subjects. All were right-
handed as determined by a Chinese version of a standard-
ized inventory™™!. None had any history of psychiatric or
neurological problems.

1.2 Motor task
The experimental design is shown in Fig. 1 A and B
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Fig. 1.

Experimental design. A and B represent two different motor sequences. In half of the subjects A served as the learning sequence

and B as the control sequence. Sequence allocation was opposite in the remaining subjects.

represent two different motor sequences. For counterbal-
ance, in half of the subjects sequence A served as the
learning sequence and B as the control sequence; in the
remaining subjects sequence B served as the learning se-
quence and sequence A as the control sequence. During
scanning, the subjects were asked to press the buttons us-
ing their right fingers (except the thumb) with sequence A
or B. The motor frequency, which was always kept at 1 Hz,
was paced by a visual cue shown on the screen. A block
design was employed. Each task block lasted 20 s fol-
lowed by a 20 s rest block. There were six task blocks in
each run.

During the learning period of 41 d, the subjects prac-
ticed the learning sequence for 10 min in the frequency of
1 Hz every day, without any practice for the control se-
quence. The speed of motor performance was measured
every day in the first 6 d of learning, and every 5 d in the
remaining learning period. The subjects were asked to
press the buttons as quickly as possible. The number of
presses was recorded in a period of 25 s and the motor
frequency was calculated (with wrong presses excluded).

After 41 d of training, the second scan was conducted.
All imaging parameters were the same as the first one.

1.3 MRI equipments and scanning parameters

A 1.5T Siemens Sonata magnetic resonance imaging
system equipped with a standard head coil was used.

(i) Two-dimensional anatomical images. A T1-
weighted Fast Spin Echo (FSE) sequence was used (axial,
TRI/TE = 447/15 ms, slice thickness = 5 mm, skip =2 mm,
slices number = 20, FOV = 240x240 mm? matrix
256x256).

(ii) Functional images. A T2*-weighted gradient-echo
echo planar imaging (GRE-EPI) sequence was used (axial,
TR/TE = 2000/60 ms, Flip Angle = 90°, slice thickness =
5 mm, skip = 2 mm, slices number = 20, FOV = 220x220
mm?, matrix = 64x64). For each slice, 140 images were
acquired with a total scan time of 280 sec in a single run.

(iii) Three-dimensional whole-brain anatomical images.
128 contiguous T1-weitghted sagital images, covering the
whole brain volume, were collected with a fast low angle
shot (FLASH ) sequence (TR/TE = 30/1.17 ms, Flip Angle
= 35°, thickness = 1.3 mm, skip = 0.26, FOV = 325x325
mm?, matrix = 192x256).

1.4 Data analysis.

AFNI software® was used to analyze and display the
image. First, functional images were preprocessed, in-
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cluding motion correction, spatial normalization according
to Talairach and Tournoux standard coordination®, res-
liced in 3 mm, and spatial smoothing with an isotropic
Gaussian kernel of full width at half-maximum (FWHM)
4 mm.

A multiple linear regression analysis was used to cal-
culate the fitness between two regressors, one for se-
quence A and another for sequence B, and the observed
data. F value of each voxel was obtained and transformed
into standard Z value. Only those voxels, whose Z values
were larger than 3.5 (P<4.7x10™), were considered to be
activated. Z values were displayed by pseudo-colors.

Activation volumes before and after learning in left,
right and the whole cerebellum for control and learning
sequences were calculated. The differences between con-
trol and learning sequence, before and after practice were
tested with a paired t test.

2 Results
2.1 Behavioral data

All the behavioral data were obtained outside the MRI
scanner. Before learning, the averaged motor frequency
was 1.91+0.34 Hz for the control sequence and 1.90+0.34
Hz for the learning sequence. After 41 d training, the fre-
quency was 2.58+0.26 Hz for the control sequence and
5.35+0.70 Hz for the learning sequence (Fig. 2). The mo-
tor frequencies before and after training were significantly
different for the learning sequence (p<0.01) and the fre-
quency for learning sequence after training was faster than
that for the control sequence (p<0.01).
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Fig. 2. Change of motor frequency during learning. With the process of
learning, motor frequency for learning sequence increased.
2.2 Activation in the cerebellum

Before training, activations related to the task were
found on both sides of the cerebellum and there were
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Fig. 3. Activation maps of the cerebellum before and after learning. The voxels whose Z value was larger than 3.5 (P<4.7x107*) were
considered being activated. The left is the activation map for the control sequence and the right for the learning sequence. The upper panel
is the activation map before learning and lower panel after learning. z is the distance (mm) from the slice shown to the zero panel in the

standard coordinates defined by Talairach and Tournoux atlas.

more activations in the ipsilateral cerebellum. After train-
ing, the activations were reduced both for the control and
the learning sequence. Fig. 3 is the activation maps of one
subject, which shows that activations were observed
mainly in the right cerebellum either before or after train-
ing and was reduced after training. There were no signifi-
cant difference between the control sequence and the
learning sequence either before or after training.

2.3 Comparison of activation volume

To further verify the differences, the activation volumes
(the number of activated voxels, the volume of each voxel
is 3x3x3 mm®) of the left, right, and whole cerebellum for
each condition were calculated. For the learning sequence,
the activation volume after practice was significantly less
than that before practice. The change in the left cerebel-
lum (p=0.02) was more significant than that in the right
cerebellum (p=0.04). This was also true for the control
sequence. The change in the left cerebellum (p=0.01) was
greater than that in the right cerebellum (p=0.03) (see Fig.
4).

Fig. 4. Comparison of activation volume before and after learning.
Either for the learning sequence or the control sequence, the activation
volumes in the left, right and whole cerebellum before learning were
larger than those after learning.

3 Discussion

Consistent with other studies and our previous results,
the present study shows that both sides of cerebellum were
involved in voluntary movements with dominant activa-
Vol 50 c(No. 17
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tion in the right cerebellum (ipsilateral to the hand
used)®~2! Our study further shows that after practice,
the activation of both sides of the cerebellum was signifi-
cantly reduced. This result is quite consistent with some
previous studies but not all. This discrepancy can be ex-
plained as follows. (i) Activations in the cerebellum de-
pend on the duration and intensity of learning. Transient
practice often leads to increase of activation volume in
some areas of the cerebellum!®®, while activation volume
for skilled or over-learned sequence were always less than
that for newly learned sequence®™?"?8. (ji) Studies with
implicit training paradigm often show decreased activa-
tion while those with explicit training paradigm show in-
creased activation** 2% The present study adopted ex-
plicit training paradigm and the result is consistent with
this pattern.

It should be noted that most of the previous studies
failed to control motor performance in having the same
motor frequency before and after learning™*>*%. Although
within the range of relatively low frequency, change of the
motor frequency has little or even no effect on activation
of the cerebellum, the activation does significantly in-
crease with the increase of motor frequency when the fre-
quency is higher than 3 Hz*"*®. Our behavioural data
indicated that after 41 d training the frequency was well
above 3 Hz. It is thus critical to control the motor fre-
quency.

The present study clearly showed that even when the
frequency was controlled, activation of the cerebellum
was still significantly reduced after long-term learning.
This finding strongly suggests that the change of activa-
tion volume of the cerebellum is related to learning rather
than the change of movement frequency after learning.
This conclusion is not only consistent with the studies of
eye-blink conditioning in laboratory animalst? and a
number of neuroimaging studies in human subjects®*2*4,
but also in accord with the neuropsychological study of
patients with cerebellum trauma. For example, Pas-
cual-Leone et al. found that although without being aware
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of a fixed sequence, the reaction time for this sequence in
a serial reaction time task was reduced with repetition of
the task in normal subjects but not in patients with lesions
in the cerebellum. The cerebellum thus is believed to play
an essential role in learning®"!.

A dissociation of behavioral data and cerebellar activa-
tion in the present study provided further evidence in
support of the involvement of the cerebellum in learning.
Behavioral data indicated that the performance of the
learning sequence after intensive training was much better
than that of the control sequence, whereas imaging data
demonstrated that regions and volume of activations in the
cerebellum for the two sequences were almost identical.
That activation of the cerebellum did not depend on the
type of sequence indicates that the change of cerebellar
activation is related to the improvement of ability in an
abstract level rather than changes of motor perform-
ancel®!. Similarly, an imaging study with a maze tracing
task demonstrated changes of activation in some brain
regions after a mere of 10 min training changed and train-
ing-induced activations occurred in the same hemisphere
regardless of the hand used. According to the authors,
these results suggested that the regions that are directly
related to maze learning must code information at an ab-
stract level that is distinct from the motor performance of
the task itself®®. In resonance with van Mier et al. study
that used hand trained and hand not trained to separate
motor performance and motor learning, our study demon-
strated the involvement of the cerebellum in motor learn-
ing by separating performance and learning with two dif-
ferent motor sequences and by control of the motor fre-
quency.

Heun et al.*" also showed that encoding and retrieval
of sequential finger tapping task can elicit activation in the
cerebellum. Although this study did not report change of
activation volume in the cerebellum, it was suggested that
the activation in the cerebellum was not task-specific.
Heun et al. further compared activations of the cerebellum
during retrieval between well- and poor-learners after
training and no significant difference was found. This
finding also suggests that activation of the cerebellum is
not related to familiarity of the motor task. This and our
present study on convergence support the conclusion that
the change of cerebellum activation is related to learning
rather than the change of motor performance itself.

Let it be noted that not all studies were consistent with
the above conclusion. For example, Seidler et al.'® re-
cently found that when the participants performed a con-
current distractor task, the reaction time for a fixed se-
quence in a serial reaction time task did decrease along
with learning and the cerebellum was not activated. How-
ever, after removal of the distractor, the reaction time de-
creased and the cerebellum became activated. The authors
suggested that the cerebellum might not contribute to
learning of the motor skill itself but was engaged primar-
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ily in the modification of performance. In contrary, some
neuroscientists provided alternative explanations for these
results™. (i) The distractor itself might change activation
pattern of the cerebellum; (ii) learning task in Seidler et al.
was a very simple repetition task, which might not be di-
rectly associated with particular muscles or movement
types; (iii) Seidler et al. used implicit learning. In order to
overcome these weaknesses, we adopted 41 d of intensive
training, which not only avoided introducing the distractor,
but also allowed the subjects to explicitly make practice
everyday.

In summary, in the present study we recorded reduced
cerebellar activation after 41 d of learning even motor
frequency was controlled, and the activations for the con-
trol and learning sequence did not differ significantly.
These results together indicate that significant changes in
cerebellar activation after intensive learning can be ob-
served even the influence of change in motor performance
on cerebellar activation is excluded, and the activation
appear not to be related to the intensity of training. We
thus conclude that the cerebellum is involved in sequential
movement learning.
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Abstract The Sinorhizobium meliloti C4-dicarboxylate
transport (Dct) system is essential for symbiotic nitrogen
fixation. The dctA gene, encoding the C,-dicarboxylate per-
mease, is expressed in both free living and symbiotic cells.
But in free living cells expression of dctD and dctB is abso-
lutely required for the expression of dctA. In this study, in
order to investigate the effect of oxygen concentration on the
induction of Dct system, E. coli DH5a strain which carries
the plasmid-encoded dctABD operon was used in tube assays.
It was found that the specific induction of Dct system oc-
curred only at a certain depth under the surface of M63-
0.6% agar media, suggesting that Dct system could respond
to oxygen concentration during succinate-induced expression.
Furthermore, when measured at different oxygen concentra-
tions, the highest expression level was observed at oxygen
concentration of 2%. Thus, we predict that in addition to
dicarboxylates, the induction of Dct system may also regu-
lated by oxygen concentration.

Keywords: Sinorhizobium meliloti, Dct system, oxygen concentration.

DOI: 10.1369/982004-174

A mature nodule contains plant cells filled with nitro-
gen-fixing rhizobia, termed bacteroids. Cs-dicarboxylates
are supplied to the bacteroids by leguminous plants as the
major energy source fueling the symbiotic nitrogen fixa-
tion process. For this reason, the regulation mechanism of
the C,-dicarboxylate transport (Dct) system is of signifi-
cance for studying symbiotic nitrogen fixation.

In Sinorhizobium meliloti, transport of C,-dicarboxy-
lates such as L-malate, fumarate, and succinate occurs via
Dct system!' ™. In free-living cultures, Dct system enables
bacteria to use C,-dicarboxylates as sole carbon source.
The Dct system consists of three genes: dctA encodes the
Cy4-dicarboxylate permease, and dctB and dctD transcribe
divergently from dctA. In the presence of Cy-dicarboxylate,
DctB and DctD could sense this signal and activate the
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