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Theoretical Biology, Ruhr-University of Bochum, ND04, 44780 Bochum, Germany

We studied coactivation-based cortical plasticity at a psycho-
physical level in humans. For induction of plasticity, we used a
protocol of simultaneous pairing of tactile stimulation to follow
as closely as possible the idea of Hebbian learning. We re-
ported previously that a few hours of tactile coactivation re-
sulted in selective and reversible reorganization of receptive
fields and cortical maps of the hindpaw representation of the
somatosensory cortex of adult rats (Godde et al., 1996). In the
present study, simultaneous spatial two-point discrimination
was tested on the tip of the right index finger in human subjects
as a marker of plastic changes. After 2 hr of coactivation we
found a significant improvement in discrimination performance
that was reversible within 8 hr. Reduction of the duration of the

coactivation protocol revealed that 30 min was not sufficient to
drive plastic changes. Repeated application of coactivation
over 3 consecutive days resulted in a delayed recovery indicat-
ing stabilization of the improvement over time. Perceptual
changes were highly selective because no transfer of improved
performance to fingers that were not stimulated was found. The
results demonstrate the potential role of sensory input statistics
(i.e., their probability of occurrence and spatiotemporal relation-
ships) in the induction of cortical plasticity without involving
cognitive factors such as attention or reinforcement.
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Training and learning induce powerful reorganizational changes,
which are referred to as use- or experience-dependent plasticity.
In owl monkeys, Recanzone et al. (1992b) demonstrated a direct
relation between cortical plastic changes and improvement of
psychophysically assessed performance. The recent development
of noninvasive-imaging techniques made it possible to study in
humans the impact of modified use. These studies indicated that
parallel to improvement of behavioral performance, extensive
use resulted in substantial changes of cortical representations
(Cohen et al., 1993; Pascual-Leone and Torres, 1993; Elbert et al.,
1995; Pantev et al., 1998; Sterr et al., 1998). Although these
studies confirmed the relevance of cortical plasticity for everyday
life, they did not determine the crucial stimulus parameters asso-
ciated with altered use that lead to the observed reorganization.
From a number of animal studies, the importance of temporally
correlated inputs and thus the characteristics of the input statis-
tics had been hypothesized to play a key role (Clark et al., 1988;
Fregnac et al., 1988; Allard et al., 1991; Ahissar et al., 1992;
Diamond et al., 1993; Wang et al., 1995; Cruikshank and Wein-
berger, 1996b). In fact, since Hebb (1949), and even since James
(1890), the aspect of simultaneity has become a metaphor in
neural plasticity, although the exact role of Hebbian mechanisms
in use-dependent plasticity remains controversial (Cruikshank
and Weinberger, 1996a; Edeline, 1996; Ahissar et al., 1998).

To study the effects of variation of input statistics, we intro-
duced a paradigm of coactivation in which temporally coherent
inputs were generated by the simultaneous pairing of tactile
stimuli (Godde et al., 1996). In this initial study we demonstrated
that the simultaneous coactivation protocol was able to induce
within a few hours reversible reorganization in adult rat somato-
sensory cortex (SI). Changes were characterized by a selective
enlargement of the cortical territory and of the receptive fields
representing the stimulated skin fields. A control protocol of the
identical stimulus pattern applied to only a single skin site evoked
no changes, indicating that coactivation was essential for induc-
tion. More generally, our protocol offers the advantage to study
systematically the impact of input probabilities by variation of the
degree of simultaneity or consistently anticorrelated inputs that is
currently under investigation.

The selective and local changes within the cortical map implied
that early sensory cortical processing was affected. Only those
areas that underwent a specific alteration in stimulation without
engaging cognitive factors became reorganized. It is evident,
however, that plastic changes are further subject to modification
via attention, meaning, and reward (Ahissar and Hochstein, 1993;
Ito et al., 1998; Buchner et al., 1999).

To address the question of how much relevance plastic reorga-
nization induced by pure variation of the input statistics (i.e., the
temporal and spatial probability distributions of sensory inputs)
has on a perceptual level, we tested the impact of a coactivation
protocol in humans. Assuming that in humans the tactile coacti-
vation protocol induces equivalent reorganizational processes as
described for rat somatosensory cortex, we expected that discrim-
ination performance should be subject to modification. The re-
sults showed that a few hours of coactivation induced a fast and
reversible discrimination improvement as indicated by a lowering
of the spatial two-point discrimination threshold.
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mail: benjamin.godde@uni-tuebingen.de.
Copyright © 2000 Society for Neuroscience 0270-6474/00/201597-08$15.00/0

The Journal of Neuroscience, February 15, 2000, 20(4):1597–1604



MATERIALS AND METHODS
We studied 21 healthy, right-handed subjects (14 male and 7 female)
between 22 and 35 years of age in different experimental groups as
described below. Because a number of subjects participated more than
once, we were able to analyze the data separately with respect to their
status as naive or non-naive subjects. Generally, experiments in which
non-naive subjects participated were separated by at least 6 weeks.
Simultaneous spatial two-point discrimination performance was tested in
a two-alternative forced-choice tactile discrimination task. Seven pairs of
needles (diameter, 200 mm) with separation distances of 0.7, 1.0, 1.3, 1.6,
1.9, 2.2, and 2.5 mm were used. In addition, zero distance was tested with
a single needle. The needles were mounted on a rotatable disk that
allowed us to switch rapidly between distances. To accomplish a rather
uniform and standardized type of stimulation, we installed the disk in
front of a plate that was movable up and down. The arm and fingers of
the subjects were fixated on the plate, and the subjects were then asked
to move the arm down. The down movement was arrested by a stopper
at a fixed position above the needles. The test finger was held in a hollow
containing a small hole through which the finger came to touch the
needles at approximately the same indentations in each trial. Each
distance of the needles was tested 10 times in randomized order, result-
ing in 80 single trials per session. The subject had to decide immediately
whether he or she had the sensation of one or two tips. Generally, the
index finger of the right hand (right-IF) was tested. The middle finger of
the right hand (right-MF) or the index finger of the left hand (left-IF)
served as a control.

The subject’s responses (“0” for one tip and “1” for two tips) were
summed for each distance separately. A sum of 10 indicates that in each
of the 10 trials the subject indicated that he or she had perceived two tips.
These values were plotted against tip distance as a psychometric function
and were fitted by means of a logistic maximum likelihood estimation
[adapted from Harvey (1986)]. The threshold was taken from the fitted
curve at that distance for which a level of 50% correct responses was
reached.

Experimental testing of the right-IF was performed on 7 consecutive
days that were denoted day 24 to day 2, with day 24 the first day of the
test period, day 0 the first day at which the tactile coactivation protocol
was applied, and day 2 the second day after coactivation. The 5 d (day 24
to day 0) before coactivation were used as the training period to allow the
subjects to reach a constant level of performance. On the fifth day of the
training period (day 0), the discrimination performance of the control
finger (right-MF or left-IF) was additionally tested.

After the discrimination thresholds of the test and the control fingers
were measured on day 0, the coactivation protocol was applied to the test
finger (right-IF). The discrimination performance of both the test and
the control fingers were retested immediately after termination of the
coactivation protocol. Assessment of discrimination performance of the
test finger was repeated for 2 consecutive days (day 1 and day 2).

The timing of the coactivation protocol was the same as that in our
previous neurophysiological study. To prevent habituation during the
long-lasting stimulation over several hours, we presented the applied
stimuli at eight different interstimulus intervals (ISIs) between 100 and
3000 msec in pseudorandomized order, resulting in a mean stimulation
frequency of 1 Hz (Godde et al., 1996). The duration of each pulse was
10 msec. This protocol was used for a group of 11 subjects. The remain-
ing subjects were tested with a slightly modified protocol, in which ISIs
were randomized between 8 and 1761 msec, resulting in a mean fre-
quency of 1.7 Hz. Because the outcome of the experiments was unaf-
fected by the slight differences in average frequency, we pooled the data
for further analysis.

Pulses were recorded on tape and were played back via portable tape
recorders (Walkman), allowing unrestrained mobility of the subjects
during the coactivation period. In fact, all subjects resumed their normal
day’s work. To apply coactivation, a small solenoid with a diameter of 8
mm was mounted to the tip of the right index finger and was used to
transmit the tactile stimuli of the coactivation protocol to the skin. The
solenoid allowed simultaneous stimulation of the selected skin portions
leading to coactivation of all partially overlapping and nonoverlapping
receptive fields within this area. Coactivation stimuli were applied at
suprathreshold intensities. Subjects were instructed not to attend the
stimulation. Stimulation duration was 6, 2, or 0.5 hr. A control group was
sham-stimulated with the stimulator attached to the test finger but
without application of the coactivation stimuli. Cumulative effects of
coactivation were tested by repeated application of the coactivation

protocol on 3 consecutive days. All data were statistically analyzed using
ANOVA or one-tailed Student’s t test.

RESULTS
A total of 21 right-handed subjects was tested in a two-alternative
forced-choice discrimination paradigm to measure simultaneous
spatial two-point discrimination thresholds on the tip of the
right-IF. A coactivation protocol of associative pairing of tactile
stimulation was applied to induce plastic changes of discrimina-
tion performance.

Learning curves: naive and non-naive subjects
To obtain a stable performance of discrimination and to separate
coactivation-induced changes from effects related to simple-task
learning, we tested subjects on 5 consecutive days (day 24 to day
0) before the coactivation protocol was applied. The resulting
learning curves were computed separately for naive (n 5 20) and
non-naive (n 5 13) subjects. Naive subjects showed a significant
improvement of their discrimination performance as indicated by
a decrease of their mean discrimination thresholds from 1.57 mm
measured on day 24 to 1.44 mm assessed on day 0 [Fig. 1;
ANOVA, F(3,57) 5 4.28; p 5 0.0036]. Contrasting the perfor-
mance on day 24 with that on the other days revealed a signifi-
cantly lower performance at the first training session than at the
following sessions [F(1,19) 5 6.621; p 5 0.019].

At day 24 non-naive subjects started with a discrimination
performance that was significantly lower than the level of naive
subjects on their first day of testing (1.42 mm; t31 5 2.01; p 5
0.027). In general, non-naive subjects showed a more constant
discrimination behavior and a smaller variance throughout the
initial training period than did naive subjects. However, differ-
ences were not significant [F(1,31) 5 1.28; p 5 0.266], and naive
subjects improved rapidly over the next days of testing. As a
consequence, on day 0, naive and non-naive subjects were on
approximately the same level of performance (1.42 and 1.38 mm,
respectively; t31 5 0.90; p 5 0.186).

Figure 1. Learning curves of naive (lef t) and non-naive (right) subjects.
Thresholds for spatial two-point discrimination as a function of the day of
training before induction of changes by a coactivation protocol [day 24
(d 24 ) to day 0 (d0)] are shown. In this and subsequent figures dots
represent the mean thresholds; horizontal lines within boxes represent the
medians. Boxes show the top and bottom quartiles, and the outlier caps are
placed on the top and bottom deciles.
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Changes of the two-point discrimination threshold by
a coactivation protocol
The coactivation protocol was applied at the fifth day of the initial
training period (denoted day 0) when the subjects had reached a
stable level of performance. In 21 (16 naive, 5 non-naive) sub-
jects, discrimination thresholds were tested before coactivation of
2 or 6 hr duration (day 0 pre), immediately after coactivation (day
0 post), and on 2 consecutive days (day 1, day 2). A multifactorial
repeated measures ANOVA revealed a significant coactivation
effect on discrimination thresholds [F(3,54) 5 6.24; p , 0.001] but
no interaction with the status of the subjects as naive or non-naive
[F(3,54) 5 0.046; p 5 0.987] or with the duration of the coactiva-
tion [F(3,54) 5 0.098; p 5 0.961]. Therefore, the results from all
subjects independent of their status were pooled for further
analysis. Figure 2 summarizes the thresholds obtained for the
different test sessions. On day 0, the mean discrimination thresh-
olds were reduced from 1.42 mm before coactivation (day 0 pre)
to 1.20 mm after coactivation (day 0 post). Significance was tested
by a post hoc Scheffé’s test ( p , 0.001). On the first day after
coactivation (day 1), thresholds returned to control values (1.42
mm; p 5 0.99). Continuation of testing on the second day after
coactivation (day 2) revealed the maintenance of a stable discrim-
ination performance as indicated by the threshold of 1.47 mm
( p 5 0.97).

Minimal duration of coactivation
To find the minimal duration necessary to evoke changes of
discrimination performance, we tested the efficiency of the coac-
tivation protocol by comparing the results of stimulation of 6 hr
(n 5 17) and 2 hr (n 5 16) with that of only 0.5 hr (n 5 5).

As shown in Figure 3, we found a significant difference in
threshold changes between the groups [ANOVA, F(2,35) 5 7.26;
p 5 0.0023]. After 6 hr of coactivation, average discrimination
thresholds were reduced by 14% from 1.45 to 1.24 mm (t16 5 4.69;
p 5 0.0002). Two hours of coactivation resulted in a reduction of
16% from 1.38 to 1.16 mm (t15 5 7.89; p , 0.0001). In contrast,
when the coactivation protocol was applied for only 30 min,
discrimination thresholds remained unaffected, indicating that a
critical lower boundary for induction of coactivation-induced
changes was reached (1.38 vs 1.44 mm; t4 5 20.55; p 5 0.6103).
A post hoc Scheffé’s test revealed that the coactivation effects

were different for durations of 6 and 2 hr compared with 0.5 hr
( p 5 0.0078 and 0.0028, respectively).

Time course of recovery of coactivation effects
To investigate the time course of the recovery, we measured
discrimination thresholds in four subjects 2, 4, 6, and 8 hr after
termination of the application of the coactivation protocol for 2
hr. We found that the thresholds recovered continuously over
time (Fig. 4). A one-way repeated measures ANOVA with thresh-
olds as the repeated measure showed high significance of this
recovery effect [F(6,18) 5 11.99; p , 0.0001]. A post hoc Scheffé’s
test showed that the thresholds 2 hr after termination of coacti-
vation were still significantly lower than that before coactivation
(1.20 vs 1.39 mm; p 5 0.011). Four hours after termination of
coactivation the differences were still evident (mean threshold 5
1.27 mm) but did not reach the significance level ( p 5 0.1886).
Full recovery was reached 8 hr after termination of coactivation
(threshold 5 1.40 mm; p . 0.9999)

Cumulative effects of coactivation
In five subjects the coactivation protocol was applied for 2 hr on
3 consecutive days to study possible cumulative effects of repeated

Figure 2. Effects of coactivation on discrimination thresholds (n 5 21).
Thresholds were measured at the end of the training period (day 0) before
and after application of the coactivation protocol (day 0 pre, day 0 post,
respectively) and on the 2 following days (day 1, day 2).

Figure 3. Effects of different durations of the coactivation protocol.
Shown are relative changes of discrimination thresholds (comparing day
0 pre with day 0 post) after 6, 2, and 0.5 hr of coactivation.

Figure 4. Recovery of the coactivation effect on discrimination thresh-
olds (n 5 4). Thresholds are shown for the before and after conditions
(day 0 pre, day 0 post, respectively) and for measurements 2, 4, 6, 8, and
24 hr after termination of the coactivation protocol.
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coactivation. On each of the 3 d (day 0, day 1, and day 2),
discrimination thresholds were measured immediately before and
after coactivation. After each of the three successive coactivation
protocols, thresholds were similarly affected (Fig. 5). Mean
discrimination thresholds were reduced from 1.30 to 1.13 mm
(day 0), from 1.32 to 1.08 mm (day 1), and from 1.33 to 1.11 mm
(day 2), confirming the general effects of coactivation shown
in Figure 2. A one-way repeated measures ANOVA with before
and after coactivation as the repeated measures and the day of
coactivation as the factor reveals significance for the coactivation
effect [F(1,12) 5 165.3; p , 0.0001] but not for different days
of performance [F(2,12) 5 0.08; p 5 0.922] and no interaction
[F(2,12) 5 1,54; p 5 0.2543].

In contrast to the robustness of the coactivation-induced im-
provement of the discrimination thresholds, a marked effect of
the repeated coactivation became apparent after the third day of
coactivation, consisting of a significant delay of recovery. Al-
though after the first and second coactivation average thresholds
returned to the precontrol level within 24 hr, this was not the case
after the third application. After the second coactivation, the
mean threshold decreased from 1.33 mm before coactivation (day
2 pre) to 1.11 mm after coactivation (day 2 post) (t4 5 6.43; p 5
0.0015). When subjects were tested on the following day (day 3),
the mean threshold reached an intermediate level of 1.24 mm
(t4 5 3.37; p 5 0.014). This improved level of performance was
maintained throughout the next 24 hr (day 4), in which the same
thresholds could be determined (1.22 mm; t4 5 2.26; p 5 0.0.043).
Only 72 hr after the coactivation protocol (day 5) did the thresh-
olds return to normal preconditions (1.37 mm; t4 5 21.46; p 5
0.109). These results indicate that repeated coactivation affects
the time course of recovery, thereby stabilizing the coactivation-
induced discrimination performance.

Controls and sham stimulation
To eliminate unspecific effects of the coactivation protocol, we
performed a number of control tests. First, the corresponding
index finger of the left hand (left-IF; n 5 26) and the middle
finger of the tested right hand (right-MF; n 5 7) served as control
fingers. Second, in a series of sham experiments, the entire
procedure was followed as described with the exception that no

coactivation was applied through the stimulator (n 5 4; duration
of sham stimulation, 6 hr). Figure 6 summarizes the results for the
test and control fingers as well as for the sham experiments. The
average threshold of the control finger was 1.39 mm for
the right-MF and 1.50 mm for the left-IF. After application of the
coactivation protocol, the thresholds were 1.34 mm (15%) for
the right-MF and 1.47 mm (12%) for the left-IF, revealing no
significant changes in performance [t6 5 0.50 and p 5 0.634
(right-MF); t25 5 1.33 and p 5 0.195 (left-IF)]. The mean
threshold of the sham-stimulated right-IF was 1.43 mm before
sham stimulation and 1.40 mm (12%) after sham stimulation
(t3 5 0.44; p 5 0.691). Taken together, none of the control tests
performed revealed indications for changes of discrimination
performance.

Transfer of discrimination performance during
initial training
The control experiments had demonstrated that the coactivation
effect was not transferable from the test finger to another finger,
either to a neighboring finger of the same hand or to the corre-
sponding finger of the other hand. The transfer of trained abilities
is considered an important marker of that level of a sensory
pathway from periphery to higher cortical areas at which changes
are most likely to occur (Karni and Sagi, 1991; Recanzone et al.,
1992a; Schoups et al., 1995; Fahle, 1997). We therefore addressed
the question whether the rapid improvement of discrimination
performance during the initial training period was subject to
transfer to other fingers. For naive subjects we compared the
discrimination thresholds of the control fingers (right-MF or
left-IF) assessed at the end of the training period (day 0) with the
thresholds of the right-IF tested at the first day (day 24) as well
as at the end of the training period (day 0).

As shown in Figure 7, in four subjects tested with the right-MF
as the control finger, on day 0 the mean threshold of the right-MF
(1.41 mm) was comparable with the threshold of the right-IF
(1.40 mm; t3 5 0.08; p 5 0.94) although on day 0 the right-MF was
tested for the first time. This superior performance of the
right-MF was substantiated when comparing thresholds obtained
for the right-IF (1.52 mm) when tested for the first time (day 24)
with the threshold of the right-MF under the same conditions

Figure 5. Cumulative effects of repeated coactivation (n 5 5). Discrim-
ination thresholds before and after (pre, post, respectively) coactivation
applied on 3 consecutive days (day 0, day 1, day 2) and on 3 d after the last
coactivation application (day 3, day 4, day 5) are shown.

Figure 6. Controls. Relative changes of discrimination thresholds (com-
paring day 0 pre with day 0 post) were measured on the tip of the right-IF,
the right-MF, and the left-IF after coactivation was applied to the right
index finger. In addition, the result of a sham stimulation protocol (sham)
applied to the right index finger is shown.
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(1.41 mm) indicative for transfer of a training effect. In 16 subjects
tested with the left-IF as the control finger, a similar behavior was
found. The mean threshold of the left-IF (1.52 mm) was in be-
tween the thresholds assessed for the right-IF on day 0 (1.45 mm)
and on day 24 (1.59 mm). However, none of the differences were
significant [t3 5 0.65 and p 5 0.56 (control, right-MF); t15 5 1.07
and p 5 0.30; t15 5 0.57 and p 5 0.58 (control, left-IF)]. Yet, the
results indicate a trend that the initial learning can be transferred
to another finger, possibly preferentially easier to a finger of the
same hand than to the corresponding finger of the other hand.

DISCUSSION
Coactivation-induced plasticity
We used spatial discrimination performance as a probe to study
reorganizational effects of the variation of input statistics on
human perception. Plastic changes were induced by an simulta-
neous, Hebbian-like pairing of natural (i.e., tactile) stimulation
resulting in temporally coherent coactivation. We found that 2 hr
of coactivation could drive a 14% improvement of the spatial
discrimination performance of human subjects. This change was
fully reversible within 4–8 hr. To establish a lower limit of the
efficiency of the coactivation protocol, we found that 30 min were
not sufficient to evoke threshold changes. Repeated application of
coactivation on 3 consecutive days resulted in a delayed recovery
indicating stabilization of the improvement over time. Perceptual
changes were highly selective because no transfer of changes to
the middle finger of the same hand or to the index finger of the
left hand was found. The data imply that human spatial discrim-
ination performance is subject to improvement by a purely Heb-
bian coactivation protocol and that spatially highly specific plastic
processes can be induced without involving attention or rein-
forcement. The short timescale of the coactivation-induced reor-
ganization and the aspect of reversibility support the assumption
of fast modulations of synaptic efficiency in dynamically main-
tained networks. In this experiment we used simultaneity in the
sense of strict coincidence. Further experiments are needed to
study possible effects of temporal delays and temporal pattern on
coactivation-induced plasticity.

Relation of psychophysical changes to
cortical reorganization
In our previous electrophysiological experiments performed in
the hindpaw representation of rat somatosensory cortex (Godde
et al., 1996), nonoverlapping or only partially overlapping recep-
tive fields on the hindpaw were used for coactivation. After a few
hours, receptive fields showed normal, low-threshold cutaneous
characteristics but were increased in size by integration of the
stimulated skin sites. The size of the cortical area representing
the stimulated skin fields increased severalfold. As a conse-
quence, the topography of the hindpaw was dominated by the
representation of the stimulation sites indicative for integration of
inputs. This result is in accordance with the observation of Wang
et al. (1995), who showed that synchronously applied stimuli
resulted in the integration of inputs in the cortical maps, whereas
stimuli applied asynchronously were segregated. On the basis of
studies using magnetoencephalography, Liepert et al. (1999) re-
ported that 45 min of synchronous movements of the thumb and
foot resulted in a reduction of the distance between the corre-
sponding current sources in primary motor cortex, whereas asyn-
chronous movements evoked no significant changes (Liepert et
al., 1999).

If we assume that the coactivation protocol results in compa-
rable changes in both man and rat, the enhancement of the
discrimination performance might at first appear surprising in
view of the reported receptive field enlargement. However, it is a
frequent finding that there is a discrepancy between perceptual
thresholds and single-neuron properties. Hyperacuity, for exam-
ple, cannot be explained on the basis of concepts of receptive field
sizes of single cells (Westheimer, 1979). Coactivation-induced
plasticity included an enlargement of receptive fields accompa-
nied by an increase of receptive field overlap and an enlargement
of the representational maps, thus increasing the number of
neurons activated by the stimulation. In addition, temporal as-
pects of neuron responses were changed in terms of response
duration (Godde et al., 1996) and paired-pulse behavior (H. R.
Dinse, unpublished observations). It is well established that re-
petitively applied stimuli alter the cortical response behavior (Lee
and Whitsel, 1992; Tommerdahl et al., 1998; Buonomano, 1999).
It seems reasonable that all changes taken in concert enable
cortical networks to perform a faster and more elaborate decod-
ing and processing of information (Dinse et al., 1997).

From a theoretical point of view, the “coarse coding” principle
(Hinton et al., 1986; Baldi and Heiligenberg, 1988; Eurich and
Schwegler, 1997) was used to explain high-resolution perfor-
mance by a population of neurons with broad-tuning character-
istics; with sufficient overlap, each desired resolution can be
achieved. Computer simulation using our electrophysiological
data predicted a reduction in discrimination threshold by 15–20%
on the pads and by 10–15% on the digits (Eurich et al., 1997).
Population-coding approaches allow optimal reconstruction of a
desired parameter (Georgopoulos et al., 1986; Salinas and Ab-
bott, 1994). Jancke et al. (1999) showed that a population of
neurons recorded from cat visual area 17 represented the actual
position of a stimulus with deviations severalfold smaller than the
average receptive field size.

In our psychophysical experiments, we did not test for local-
ization abilities. Evidence of a trade-off between localization and
discrimination was provided by Sterr et al. (1998) who reported
that in three-finger Braille readers stimuli on the reading fingers
were more often mislocalized than that on control fingers. This

Figure 7. Transfer of improvement of discrimination performance dur-
ing the initial training period. Discrimination thresholds were measured
for the test finger (right-IF) on the first day of testing (day 24) and at the
end of the initial training period (day 0) and for the control fingers on day
0 (corresponding to the first day of testing of the control fingers). Left,
Subjects with the right-MF as the control finger. Right, Subjects with the
left-IF as the control finger.
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finding suggests that spatial discrimination performance might
benefit from enlarged receptive fields on the cost of localization
performance.

Learning curves, transfer, and generalization
The degree of transfer of learning-induced changes is considered
an important marker of that level of the sensory pathway where
changes are most likely to occur (Karni and Sagi, 1991; Recan-
zone et al., 1992a). In perceptual learning, no general rules seem
to apply, but transfer appears to be highly task- and modality-
specific. In the visual system perceptual learning can be highly
specific for stimulus location, orientation, or color (Schoups et al.,
1995; Crist et al., 1997; Fahle, 1997). In contrast, learning of a
tactile hyperacuity task has been shown to be completely trans-
ferable to the same finger of the opposite hand (Sathian and
Zangaladze, 1998).

In our study the coactivation effect was restricted to the stim-
ulated index finger with no effects on the middle finger of the
same hand or the index finger of the opposite hand. The differ-
ences in transfer seen in the tactile hyperacuity task and in our
coactivation protocol might indicate different mechanisms being
involved in perceptual learning and in improvement of perfor-
mance after passive stimulation. We observed an initial learning
period that consisted only of the first two training sessions. It is
assumed that this initial improvement reflects mainly the learning
of the task in terms of cognitive aspects to find an optimal strategy
(cf. Recanzone et al., 1992a). In contrast to the effects induced by
the coactivation protocol, there was a trend for a partial transfer
of this initial improvement to another finger, possibly preferen-
tially easier to a finger of the same hand than to the same finger
of the contralateral hand. The lack of initial learning in the group
of non-naive subjects who started with lower thresholds than
naive subjects further supports this view.

Possible changes in the hand are unlikely to result from the
soft stimuli of the coactivation protocol, and unspecific effects
of the test stimuli have been eliminated by the sham and
control experiments. However, subcortical nuclei have been
shown to contain significant plastic capacities (Florence and
Kaas, 1995; Faggin et al., 1997; Jones and Pons, 1998; Melzer
and Smith, 1998; Nicolelis et al., 1998; Xu and Wall, 1999). The
considerable spatial selectivity of the coactivation effects pro-
vides a fairly direct argument that the underlying neural
changes are most probably occurring within early representa-
tions that must contain well ordered topographic maps to allow
for this selectivity. Recent studies have stressed a crucial
cortical role in mediating plastic changes (Darian-Smith and
Gilbert, 1995; Wang et al., 1995; Florence et al., 1998; Kaas,
1999; Krupa et al., 1999). In our view, a cortical involvement is
directly supported by the evidence from our electrophysiolog-
ical experiments performed in the SI.

Reversibility and stability of
coactivation-induced changes
To examine possible long-term effects, we applied the coacti-
vation protocol on 3 consecutive days. Repeated coactivation
had no effect on the magnitude of the threshold changes but
affected the time course of recovery. After the third day,
thresholds did not return to normal but remained at an inter-
mediate level for 2 consecutive days, indicating that prolonged
coactivation acts to stabilize the obtained perceptual changes.
Conceivably, the short period of maintained changes is most
likely caused by the short period of induction and must not

necessarily reflect characteristics of the coactivation. This view
is supported by psychophysical experiments addressing the
long-term retention of perceptual learning of a tactile hypera-
cuity task (Sathian and Zangaladze, 1998). When subjects were
tested some months later, the long-term retention of learning
was limited, and further practice was required to stabilize
performance.

Input statistics versus attention
Attention plays an important role in learning processes and
cortical plasticity (Recanzone et al., 1992b; Ahissar and Hoch-
stein, 1993; Weinberger, 1995; Goldstone, 1998; Buchner et al.,
1999). However, recent experiments indicated that attentional
mechanisms themselves were subject to practice (Ito et al.,
1998). A similar conclusion was reached by Sireteanu and
Rettenbach (1995) who showed that training transforms serial
search tasks to parallel tasks. Perceptual learning of this type
is often characterized by a high specificity to stimulus param-
eters such as location or orientation, suggesting the involve-
ment of early stages of cortical processing (Karni and Sagi,
1991; Crist et al., 1997; Fahle, 1997). It is suggested that
specific high-level attentional mechanisms act to control
changes at early visual-processing levels via top-down modu-
lations (Ahissar and Hochstein, 1993). In animal experiments,
pairing of sensory stimulation with electrical stimulation of the
nucleus basalis was shown to result in rapid and selective
reorganization (Rasmusson and Dykes, 1988; Edeline et al.,
1994; Bakin and Weinberger, 1996; Bjordahl et al., 1998;
Kilgard and Merzenich, 1998). In addition, lesion of the cho-
linergic system that provides modulatory input from the basal
forebrain to the neocortex has been shown to prevent plastic
reorganization (Baskerville et al., 1997; Sachdev et al., 1998),
implying that cholinergic inputs may represent one example of
top-down modulatory inputs.

As discussed above, the coactivation protocol was intro-
duced as a tool to study in vivo consequences of pure input
statistics. In learning, the term association is often used to
refer to a linkage between stimulation and reward. We used
this term to indicate an association between the stimuli that are
used for coactivation. The electrophysiological experiments
were performed in anesthetized animals (Godde et al., 1996)
eliminating the involvement of attentional mechanisms. In the
human psychophysical experiments, subjects were instructed
not to attend the stimulation. In fact, during the several hours
of coactivation all subjects continued their normal business
work. The engagement in normal day work had not been
possible without the simultaneous attentive engagement in
other perceptual and motor tasks. We therefore conclude that
the changes of thresholds observed in these experiments are
most likely caused by the tactile coactivation patterns. Conse-
quently imposing such pattern seems sufficient to drive per-
ceptual changes within a few hours. Further experiments are
under way to study the implications of asynchronous
stimulation.
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