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sured thresholds of the IF of the left hand,
which was not coactivated. Thresholds remained unchanged (P ⫽ 0.234) (Figs. 1 and
2), confirming the lack of generalization of
coactivation across hands (6–9).
Memantine completely eliminated the
coactivation-induced gain in discrimination

Hubert R. Dinse,1* Patrick Ragert,1 Burkhard Pleger,2
Peter Schwenkreis,2 Martin Tegenthoff2
The pharmacological basis of perceptual learning and associated cortical reorganizations remains elusive. We induced perceptual learning by Hebbian
coactivation of the skin of the tip of the right index ﬁnger in humans. Under
placebo, tactile two-point discrimination was improved on the coactivated but
not on the left index ﬁnger. This augmentation was blocked by an N-methylD-aspartate–receptor blocker, but doubled by amphetamine. No drug effects
were found on the left index ﬁnger. The individual amount of cortical reorganization as assessed by mapping of somatosensory evoked potentials was linearly
correlated with the pharmacological modulation of discrimination thresholds,
implying that perceptual learning and associated cortical changes are controlled
by basic mechanisms known to mediate and modulate synaptic plasticity.
Cellular studies suggest that there might be
only a few basic mechanisms that control
synaptic transmission. In particular, the Nmethyl-D-aspartate (NMDA) receptor has
been implicated in synaptic plasticity (1, 2).
Alterations of synaptic efficacy can be modulated by other pharmacological agents,
thereby acting to gate synaptic plasticity (3–
5). However, at a behavioral level, the pharmacological mechanisms mediating perceptual learning and associated cortical reorganization in humans remain to be clarified.
To study a particular form of perceptual
learning and associated cortical changes, we
recently introduced a coactivation protocol
that closely follows the idea of Hebbian
learning (fig. S1): Synchronous neural activity, necessary to drive plastic changes, is
evoked by coactivation for a few hours of
small skin portions of the tip of the right
index finger (IF) (6–9). As a result, the finger
representation in the somatosensory cortex
enlarges and tactile discrimination performance improves (6–9).
1
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Here we used the coactivation protocol to
study the pharmacological mechanisms that underlie perceptual learning by combining psychophysics and mapping of somatosensory
evoked potentials (SSEPs) in human subjects.
To scrutinize the apparently ubiquitous role of
NMDA receptors, we applied memantine,
which blocks NMDA receptors (10). Although
there are many approaches to block plastic processes, less is known about drugs that enhance
cortical plasticity. We therefore applied amphetamine in a single dose (11) to test its modulatory role in learning processes evoked by the
coactivation protocol.
In placebo-controlled human subjects, 3
hours of tactile coactivation on the tip of the IF
lowered discrimination thresholds for the spatial two-point discrimination task (Fig. 1) [analysis of variance (ANOVA), F ⫽ 8.887, P ⫽
0.009, pre-post difference post hoc P ⬍ 0.005,
n ⫽ 16 subjects]. After coactivation, psychometric functions showed a distinct shift of
thresholds toward smaller separation distances
(Fig. 2). Assessment 24 and 48 hours after
coactivation revealed normal pre-coactivation
thresholds, confirming the reversibility of
changes. We found no significant correlation
between individual pre-coactivation thresholds
and the amount of improvement (Pearson’s
r ⫽ – 0.173, P ⬎ 0.5, n ⫽ 16 subjects). As a
control, and to demonstrate the specificity of
the coactivation-induced changes, we mea-

Fig. 1. The pharmacological modulation of coactivation effects on discrimination thresholds
(mean ⫾ SEM). The 3-hour coactivation episode applied to the tip of the right IF is indicated by pink arrows for the right hand and
gray arrows for the left hand. For each group,
discrimination thresholds obtained for the test
ﬁnger (right IF) are shown pre- and postcoactivation and 24 hours after coactivation
(rec). For the control ﬁnger (left IF, which was
not coactivated), thresholds are shown for the
pre- and post-coactivation conditions. The general lack of effects for the control ﬁnger indicates the ﬁnger-speciﬁcity of the coactivation
protocol (in the placebo group) and a lack of
unspeciﬁc side effects (in the drug groups). *, P
⬍ 0.005; **, P ⬍ 0.0001.
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abilities (Figs. 1 and 2) (ANOVA, F ⫽ 0.277,
P ⫽ 0.924, pre-post difference post hoc P ⫽
0.773, n ⫽ 18 subjects). To rule out memantine interference with normal discrimination,
we assessed the thresholds of the left IF
before and after memantine administration.
Thresholds were not significantly affected (t
test, P ⫽ 0.43) (Fig. 1), indicating that blocking of NMDA receptors had no unspecific
effects on thresholds.
In contrast, a single dose of amphetamine
boosted the coactivation-induced improvement
beyond previously observed levels (ANOVA,
F ⫽ 35.674, P ⬍ 0.0001, pre-post difference
post hoc P ⬍ 0.0001, n ⫽ 18 subjects) (Figs. 1
and 2). Although in placebo-controlled subjects
coactivation lowered thresholds by 0.20 mm (a
12.6% gain in performance), coactivation under
amphetamine led to a 0.4-mm lowering (a
23.1% gain, P ⬍ 0.005). Given the broad spectrum of amphetamine effects, it was important
to show that the drug did not affect spatial
discrimination per se, which was confirmed by
the lack of effects on the left IF (t test, P ⫽ 0.68,
n ⫽ 18 subjects).
To study the pharmacological modulation
of coactivation effects on the digit representation in the primary somatosensory cortex,
we mapped the SSEPs and calculated the
N20-dipole locations after electrical stimulation of the IF of each hand in 24 subjects.
Thresholds of these subjects were in the same
range as those of the population as a whole.
Results of the SSEP analysis are summarized
in Table 1. For the IF of the right hand that
underwent coactivation, we found that, in the
placebo group, the Euclidean distance between the dipole pre- and post-coactivation
was significantly larger on the coactivated
side than on the control side (P ⫽ 0.01, n ⫽
8 subjects). In the left hemisphere, the polar
angle of the N20-dipole locations of the coactivated IF increased after coactivation (P ⫽
0.001), but no changes were found in the
right hemisphere for the left IF (P ⫽ 0.45).
These results indicate a lateral and inferior
shift on the postcentral gyrus of the left hemisphere that represents the coactivated index
finger (Fig. 3). Dipole strength increased on
the coactivated hemisphere (P ⫽ 0.04), but
not on the contralateral side (P ⫽ 0.96). The
goodness of fit (GOF) was not affected.
In the memantine group, the lack of
coactivation-induced improvement of discrimination was paralleled by a lack of changes in
the SSEPs. The Euclidean distance between the
dipole pre- and post-coactivation on the coactivated side was not different from the distance
on the control side (P ⫽ 0.97, n ⫽ 8 subjects),
and no changes were observed for the polar
angle of the coactivated IF (P ⫽ 0.27). Similarly, dipole strength (P ⫽ 0.22) and GOF (P ⫽
0.22) remained unaffected. The lack of unspecific side effects of memantine on discrimination of the left IF was confirmed by an
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absence of effects in the right hemisphere for all
SSEP parameters.
Amphetamine application increased the
Euclidean distance between the dipole preand post-coactivation on the coactivated side
as compared to the control side (P ⬍ 0.001,
n ⫽ 8 subjects). The polar angle of the N20
dipole of the coactivated IF also increased
(P ⬍ 0.001), as did dipole strength (P ⫽
0.03), whereas GOF remained unaffected.
In the right hemisphere, no amphetamineinduced changes for the N20 dipole for the
left IF could be found.

The results obtained in the placebo and the
amphetamine groups indicate a substantial lateral and inferior shift of the N20 dipole on the
postcentral gyrus of the left hemisphere that
represents the coactivated index finger. In contrast, no significant changes were found on the
contralateral hemisphere, or on either hemisphere in the memantine group (Fig. 3 and
Table 1). However, for the amphetamine group,
the coactivation- induced lateral shift was even
larger than in the placebo group (P ⬍ 0.01).
The pharmacologically induced effects on
tactile discrimination all varied individually,

Fig. 2. Psychometric functions illustrating the coactivation-induced effects on discrimination
threshold for an individual subject from each group ( placebo, memantine, and amphetamine).
Correct responses in percent ( pink symbols) are plotted as a function of the separation distance
together with the results of a logistic regression (blue line). Top row: pre-coactivation; middle row:
immediately after coactivation; bottom row: recovery after 24 hours. The 50% level of correct
responses is indicated (dashed line) together with the resulting thresholds (arrows).

Fig. 3. A schematic projection of the average locations of the single-equivalent N20 dipoles of the
IF pre- (yellow symbols) and post- (red symbols) coactivation onto three-dimensional reconstructed magnetic resonance images of an individual subject. The coactivation-induced shift toward the
lateral and inferior aspects of the postcentral gyrus in the placebo-controlled group is nearly
doubled in the amphetamine group, but blocked under memantine. Comparable effects are lacking
on the not-coactivated hemisphere (bottom row). Circles, dipole locations on the coactivated
hemisphere; squares, dipole locations on the non-coactivated hemisphere.
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as did the dipole localizations observed.
Under the assumption that SSEP changes
reflect changes in cortical processing that
are causally related to the processing of
information relevant to the discrimination
task, we hypothesized that the observed dipole changes should correlate with
changes in individual performance. A linear correlation analysis revealed a significant relationship between the coactivationinduced dipole changes and parallel changes in discrimination thresholds (Fig. 4).
This was true for Euclidean distance (leftright normalized, Pearson’s r ⫽ 0.640, P ⫽
0.001, n ⫽ 24 subjects), polar angles (Pearson’s r ⫽ 0.736, P ⬍ 0.001) (Fig. 4, left),
and mediolateral dipole shifts (Pearson’s
r ⫽ 0.824, P ⬍ 0.0001) (Fig. 4, right). The
correlation analysis preserved a distinct
clustering according to pharmacological
treatment: Little gain in spatial discrimina-

tion abilities was associated with small
changes in dipole shifts. On the other hand,
those subjects who showed a large cortical
reorganization also had low thresholds.
Subjects who failed to show any perceptual
improvement because of the application of
memantine showed no or only very weak
changes in dipole localization. The highest
gain in performance characteristic for amphetamine-treated subjects was also paralleled by the largest reorganization observed
(Fig. 4).
Coactivation is a task-free, passive stimulation protocol. Many studies have demonstrated that plastic changes can be evoked by
the variation of input statistics alone, without
invocation of attention or reinforcement, provided the statistics are sufficiently altered
(12–14). Perceptual learning occurs even
without awareness of stimuli, through repetitive exposure to stimuli that are below

Fig. 4. Correlation between coactivation-induced changes of (left) the polar angles (degree
pre-post) and the changes of two-point discrimination thresholds for individual subjects, and
(right) between mediolateral dipole shifts and threshold changes. The correlation analysis preserves a distinct clustering according to the pharmacological treatment. Red, memantine; blue,
placebo; green, amphetamine.

threshold (15). Our results provide further
evidence that perceptual performance can be
improved solely by manipulation of the input
statistics. We also demonstrate that the perceptual improvement induced by tactile coactivation is controlled by pharmacological
agents that modulate synaptic plasticity.
These modulations did not result in unspecific excitability changes, but the drug-induced
changes in perceptual thresholds were linearly correlated with corresponding changes in
SSEP dipole localization in the somatosensory cortex. Accordingly, small differences in
performance may not be necessarily due to
measurement artifacts or noise, but may reflect true differences in individual brain
organization.
The coactivation-induced improvement
in discrimination performance was highly
specific with no transfer to the non-coactivated hand (Fig. 1) (6–9). We therefore
used the performance of the left, non-coactivated IF to demonstrate the specificity of
the observed drug effects. All substances
had no effect per se on spatial discrimination performance (Fig. 1), which, together
with the consistency of the effects across
subjects, supports the specific nature of the
drug effects.
Our results provide evidence that NMDAreceptor activation is required for the manifestation of this particular type of fast, coactivationinduced perceptual learning, which is consistent
with the involvement of mechanisms mediated
by ␥-aminobutyric acid as reported recently
(16). In the human motor system, practicing
movements has been shown to improve performance (17, 18). These training effects can be

Table 1. Pharmacological effects on SSEP parameters (mean ⫾ SEM). Pre- and post-coactivation results are shown (n ⫽ 8 subjects for each group).
SSEP parameter

Placebo

Memantine

Amphetamine

Euclidean distance (mm pre-post)
Right IF – left
hemisphere
Left IF – right
hemisphere

pre

9.03 ⫾ 1.13†

6.20 ⫾ 1.48

13.31 ⫾ 0.91‡§

5.42 ⫾ 0.96

6.25 ⫾ 0.88

5.38 ⫾ 0.79

post

pre

post

pre

post

Polar angle (degrees)
Right IF – left
hemisphere
Left IF – right
hemisphere

23.81 ⫾ 1.51

27.42 ⫾ 1.83*

31.77 ⫾ 2.48

30.67 ⫾ 1.82

24.23 ⫾ 1.46

29.11 ⫾ 1.89***

31.00 ⫾ 6.55

30.18 ⫾ 5.85

35.19 ⫾ 6.47

34.32 ⫾ 5.98

28.88 ⫾ 5.56

27.92 ⫾ 5.80

Dipole strength (nA)
Right IF – left
hemisphere
Left IF – right
hemisphere

2.68 ⫾ 0.43

3.67 ⫾ 0.33*

2.90 ⫾ 0.64

2.22 ⫾ 0.50

2.65 ⫾ 0.37

3.60 ⫾ 0.27**

4.40 ⫾ 0.90

4.01 ⫾ 0.70

2.73 ⫾ 0.45

2.65 ⫾ 1.92

3.70 ⫾ 0.54

4.18 ⫾ 0.68

Right IF – left
hemisphere
Left IF – right
hemisphere

96.3 ⫾ 0.35

96.8 ⫾ 0.44

GOF (%)
97.00 ⫾ 0.71

96.00 ⫾ 0.53

94.00 ⫾ 2.12

95.00 ⫾ 0.99

96.7 ⫾ 0.47

97.3 ⫾ 0.71

95.00 ⫾ 0.45

96.00 ⫾ 0.31

96.00 ⫾ 0.46

96.00 ⫾ 0.74

Signiﬁcantly different from the pre-coactivation condition: *P ⬍ 0.05, **P ⬍ 0.005, ***P ⬍ 0.001.
†Signiﬁcantly different from the control (right hemisphere): P ⫽ 0.01.
different from the control (right hemisphere): P ⬍ 0.001.
§Left-right difference signiﬁcantly different from the placebo condition: P ⬍ 0.01.
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reduced by the application of NMDA-receptor
blockers, indicating that NMDA-receptor activation operates in use-dependent plasticity in
the human motor cortex (17, 18).
As a chain of changes, we suggest that the
simultaneous activation of the skin modifies
synaptic efficacy between and within the cortical neuron pool that represents the IF (19),
which results in an enlargement of the finger
representation in SI (8, 9) and SII (9). Singlecell recordings in rat SI after coactivation
revealed an enlargement of the cortical representations of the coactivated skin sites (6)
and persistent long-term potentiation (LTP)–
like changes in responsiveness (20), which is
compatible with the described NMDA dependence of coactivation.
The modulatory role of amphetamine might
be related to the enhancing effects of amphetamine on LTP (4). Amphetamine, when administered peripherally, increases centrally the levels of dopamine, serotonin, and noradrenaline.
Monoamines modify long-term changes in synaptic function, with 5-hydroxytryptamine (serotonin) being more potent than noradrenaline (3,
5). Modifying effects can also be exerted by the
widespread neuromodulatory projections received by the neocortex (21, 22). Ventral
tegmental neurons are believed to provide reinforcement signals for learning-related reorganization (23). Possibly, amphetamine-induced
release of dopamine might amplify coactivation-induced learning processes in a manner
similar to that reported after ventral tegmental
stimulation is paired with auditory stimuli (24),
but lead to no change when no consistent activation is provided. Recently, the role of amphetamine in promoting the development of
use-dependent plasticity in the human motor
cortex has been reported (25). Using a single
dose of amphetamine, we demonstrate that the
effect of coactivation was boosted both perceptually and neurophysiologically, providing further evidence that perceptual learning is subject
to amplification by amphetamine.
Human N20 dipoles obtained for finger
stimulation have been shown to be localized in
area 3b of the primary somatosensory area (26,
27). Our results provide further evidence that
changes in early cortical areas might be more
directly linked to perceptual learning than previously thought. The high effectiveness of memantine argues for a broad and rather ubiquitous involvement of NMDA receptors, whereas
the potentiating effects of amphetamine support
the role of adrenergic substances in the modulation of perceptual learning.

6. B. Godde, F. Spengler, H. R. Dinse, Neuroreport 8, 281
(1996).
7. B. Godde, B. Stauffenberg, F. Spengler, H. R. Dinse,
J. Neurosci. 20, 1597 (2000).
8. B. Pleger et al., Proc. Natl. Acad. Sci. U.S.A., 98,
12255 (2001).
9. B. Pleger et al., Soc. Neurosci. Abstr. 28, 841.7
(2002).
10. C. G. Parsons, W. Danysz, G. Quack, Neuropharmacology 38, 735 (1999).
11. B. Angrist, J. Corwin, B. Bartlik, T. Cooper, Biol. Psychiatry 22, 1357 (1987).
12. M. E. Diamond, M. Armstrong-James, F. F. Ebner, Proc.
Natl. Acad. Sci. U.S.A. 90, 2082 (1993).
13. M. P. Kilgard, P. K. Pandya, N. D. Engineer, R. Moucha,
Biol. Cybern. 87, 333 (2002).
14. H. R. Dinse, M. M. Merzenich, in Perceptual Learning,
M. Fahle, T. Poggio, Eds. (MIT Press, Boston, 2002), pp.
19 – 42.
15. T. Watanabe, J. E. Nanez, Y. Sasaki, Nature 413, 844
(2001).
16. H. R. Dinse, P. Ragert, B. Pleger, P. Schwenkreis, M.
Tegenthoff, Neuroreport, in press.
17. M. Tegenthoff, K. Witscher, P. Schwenkreis, J. Liepert,
Electroencephalogr. Clin. Neurophysiol. Suppl. 51,
188 (1999).
18. C. M. Büteﬁsch et al., Proc. Natl. Acad. Sci. U.S.A. 97,
3661 (2000).
19. Dendritic spikes mediate a form of synaptic potentiation that does not require postsynaptic actionpotential ﬁring in the axon (28).

94

Supporting Online Material
www.sciencemag.org/cgi/content/full/301/5629/91/DC1
Materials and Methods
Fig. S1
References and Notes
8 April 2003; accepted 2 June 2003

Role of Raf in Vascular
Protection from Distinct
Apoptotic Stimuli
Alireza Alavi,* John D. Hood,* Ricardo Frausto,
Dwayne G. Stupack, David A. Cheresh†
Raf kinases have been linked to endothelial cell survival. Here, we show that basic
ﬁbroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF)
differentially activate Raf, resulting in protection from distinct pathways of apoptosis in human endothelial cells and chick embryo vasculature. bFGF activated Raf-1
via p21-activated protein kinase–1 (PAK-1) phosphorylation of serines 338 and 339,
resulting in Raf-1 mitochondrial translocation and endothelial cell protection from
the intrinsic pathway of apoptosis, independent of the mitogen-activated protein
kinase kinase–1 (MEK1). In contrast, VEGF activated Raf-1 via Src kinase, leading
to phosphorylation of tyrosines 340 and 341 and MEK1-dependent protection
from extrinsic-mediated apoptosis. These ﬁndings implicate Raf-1 as a pivotal
regulator of endothelial cell survival during angiogenesis.
Vascular remodeling and neovascularization
can be induced by a wide variety of cytokines
and growth factors. In addition to promoting
endothelial cell (EC) proliferation and invasion,
angiogenic growth factors protect ECs from
both intrinsic and extrinsic inducers of apoptosis. The intrinsic pathway is activated at the
mitochondria in response to stress, such as nutrient deprivation or DNA damage, whereas the
extrinsic pathway is induced by receptor bind-
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ing to proapoptotic death ligands such as tumor
necrosis factor–␣ (TNF-␣) and Fas.
bFGF and VEGF are EC survival factors
that activate two distinct signaling pathways
leading to angiogenesis (1– 4). Because Raf
kinases have been shown to be essential to
this process (5– 8), we evaluated the mechanisms underlying the antiapoptotic functions
of bFGF and VEGF and the role played by
Raf kinases in this response. We exposed
ECs to the individual growth factors and
induced the cells to undergo apoptosis
through either the intrinsic (stress) or extrinsic (receptor) pathway. Surprisingly, bFGF
preferentially protected ECs from stress-mediated death, whereas VEGF was primarily
effective against receptor-mediated apoptosis
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