
stronger near the trailing edge of the moving
pattern, revealing an imbalance in motion pro-
cessing at the trailing and leading edges.

In the first experiment, the patterns contain-
ing motion were blurry (Fig. 1). However, if
there is a mechanism that operates more strong-
ly at the trailing edge or origin of motion in
these patterns, it should operate whether or not
the patterns are blurry. We thus conducted an
experiment identical to the first, except that the
patterns were given a hard aperture rather than a
blurry luminance profile (Fig. 4A). The illusory
position shift is reduced or eliminated in these
sharp-edged patterns (1, 2). The pattern of acti-
vation, however, was identical to that in the first
experiment (Fig. 4A). Therefore, the pattern of
activation is not specific to a visual illusion, but
to the trailing edges or origin of the motion.

If there is a mechanism that selectively op-
erates on the trailing edges of moving patterns,
it should operate irrespective of whether a shift
in the position of the pattern is perceived: This
is precisely what we found. The bias in the
retinotopic representation of the pattern is con-
sistent in both this experiment and the first one.
The peak activity always occurred near the
trailing edge, no matter where the patterns were
perceived (compare Figs. 2 and 4). Clearly,
activity in the visual cortex, as revealed by
fMRI, does not necessarily correlate with shifts
in perceived position.

All of the stimuli described thus far have
been symmetrically moving patterns—either
toward or away from the fovea. Is it possible
that the optic flow in these stimuli was respon-
sible for the results? In an additional experi-
ment, using stimuli that did not contain expand-
ing or contracting optic flow, we presented
segments of a windmill pattern that moved
either toward or away from each other (Fig. 4B
and fig. S6). Although there is no clear optic
flow in this stimulus, the pattern of activation
was identical to that in the previous experi-
ments: Peak activation always occurred near
the trailing edge of the moving patterns.

The experiments presented here clearly
demonstrate that the representation of posi-
tion, even in early visual cortical areas such
as V1, depends on motion signals that are
present in a scene. The imaging and psycho-
physical results revealed a mechanism that
operates selectively on the trailing edges of
moving stimuli. More important, the results
demonstrated a clear dissociation: fMRI acti-
vation did not correlate with what subjects
perceived, showing that the BOLD response
is not a necessary correlate of perception.
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Optical Imaging of a Tactile
Illusion in Area 3b of the Primary

Somatosensory Cortex
Li M. Chen,1 Robert M. Friedman,2 Anna W. Roe1*†

In the tactile funneling illusion, the simultaneous presentation of brief stimuli
at multiple points on the skin produces a single focal sensation at the center
of the stimulus pattern even when no physical stimulus occurs at that site.
Consistent with the funneling percept, we show with optical imaging in area
3b of the primary somatosensory cortex (SI) that simultaneous stimulation of
two fingertips produces a single focal cortical activation between the single
fingertip activation regions. Thus, in contrast to traditional views of the body
map, topographic representation in the SI reflects the perceived rather than the
physical location of peripheral stimulation.

The key aspect of the tactile funneling il-
lusion is the illusory perception of skin
stimulation at a single site central to an
actual line of multiple stimulation sites (1–
5). Inputs at lateral sites are “funneled”
centrally so that the perceived intensity at
the central site is greater than that per-
ceived to stimulation at the middle site
alone. With two-point stimulation, a fun-
neled sensation is produced at a central
location that is not directly stimulated (1, 3,
4 ). This illusion has been reported on the
forearm, palm, and fingers. Thus, the fun-

neling illusion is characterized by a percep-
tion of spatial mislocalization and in-
creased tactile intensity.

How is a mislocalized sensation encod-
ed in the brain? Previous studies have
shown that the funneling illusion is encod-
ed in the primary somatosensory cortex (SI)
and not peripherally at the skin (2). The
responses of SI neurons to three-point skin
stimulation have demonstrated that a broad
distribution of cortical neurons are recruit-
ed (6, 7 ). However, it is unknown which of
the SI areas (areas 3a, 3b, 1, or 2) are
involved in funneling and at what stage the
funneling is first encoded. Furthermore, the
SI is topographically organized, but it is
unknown whether the somatotopy is found-
ed on a physical map or a perceptual map.
The funneling illusion may provide an an-
swer to whether cortical activation corre-
sponds to the actual or perceived site of
peripheral stimulation.

1Department of Neurobiology, Yale University School
of Medicine, New Haven, CT 06520, USA. 2Depart-
ment of Anesthesiology, Yale University School of
Medicine, New Haven, CT 06520, USA.

*To whom correspondence should be addressed. E-
mail: anna.roe@vanderbilt.edu
†Present address: Department of Psychology, Vander-
bilt University, 066 Wilson Hall, 111 21st Avenue
South, Nashville, TN 37203, USA.

R E P O R T S

www.sciencemag.org SCIENCE VOL 302 31 OCTOBER 2003 881



To study this mislocalization percept,
we used intrinsic-signal optical imaging, a
method that detects stimulus-specific neu-
ral responses by measuring changes in cor-
tical reflectance correlated with blood
oxygenation levels (8). In the squirrel mon-
key, optical imaging has been used to dem-
onstrate that single-digit stimulation [in
digits D1 (thumb) to D5 (little finger)]
produces discrete, focal activations in area
3b, consistent with small single-digit recep-
tive fields found in area 3b, and that these
activations are arranged from lateral to me-
dial in the expected topographic order (9,
10). For the funneling illusion, we predict-
ed that simultaneous stimulation of two
digits would produce one of three response
patterns in area 3b: (i) two focal cortical
activation spots corresponding to stimulat-
ed digits, (ii) a broad region of activation
encompassing both regions of digit stimu-
lation, or (iii) a single focal activation spot
that is central to stimulated digits in paral-
lel with the psychophysical funneling illu-
sion. In addition, we studied the amplitude
of the optical response as a possible basis

for encoding the heightened intensity of the
funneling percept.

We used a paired indentation of probes
(3 mm in diameter) on the fingerpads to
elicit the funneling sensation. We con-
firmed psychophysically in humans that our
stimulation paradigm produced the funnel-
ing percept (11). We then used the same
stimuli to elicit activations in the cortex of
anesthetized squirrel monkeys that were
monitored with optical imaging methodol-
ogy (10, 11). Two cases are shown in Fig.
1. In both case 1 (left) and case 2 (right),
stimulation of either D2 alone (Fig. 1, A
and B), D3 alone (Fig. 1, C and D), or D4
alone (Fig. 1, E and F) elicited single-focal
millimeter-sized activations. The locations
of these spots (D2, pink; D3, yellow; D4,
green) were consistent with the known digit
topography in area 3b and corresponded to
the topographic locations of D2, D3, and
D4 as determined electrophysiologically
(Fig. 1M, dotted lines). Simultaneous stim-
ulation of nonadjacent digits D2 and D4
together (Fig. 1, I and J) produced two
separate activation spots in approximately

the same locations as the single-digit acti-
vations (Fig. 1N). In contrast, stimulation
of adjacent digits D3 and D4 (Fig. 1, G and
H) produced a single activation site with a
center located between the D3 and D4 sites
(Fig. 1L).

In all of the cases examined (five
adjacent-digit pairs and four nonadjacent-
digit pairs), we obtained similar patterns of
activation. Figure 1O plots the locations of
activation spots resulting from paired-digit
stimulation (activations numbered by case).
A merging index (MI) was designed to
measure the spatial shift in the activation-
spot location. The MI ranges from –1 (cor-
tical location of one digit) to 0 (center
between two digits) to 1 (cortical location
of the other digit). Under two-digit stimu-
lation conditions, the center of digit activa-
tion can shift toward the center (�MI� � 1)
or away from the center (�MI� � 1). For all
adjacent-digit pairs (four D3�D4 pairs and
one D2�D3 pair), stimulation resulted in
single activation sites (Fig. 1O, red num-
bers, top) located between the two single-
digit activations [Fig. 1P, MI � 0.54 �

Fig. 1. Imaged activations in area 3b evoked by
single-digit (D2, D3, and D4) and paired-digit
(D3�D4 and D2�D4) stimulation. Two cases
are shown. For each case, raw images are
shown in the left column (A, C, E, G, and I) and
low-passed images are shown in the right col-
umn (B, D, F, H, and J). Centers of single-digit
activations are indicated by red dashed lines.
(K) Blank condition. (L to N) Overlay of outlines
of adjacent-digit (L), single-digit (M), and non-
adjacent-digit (N) activations. (M) Locations of
neurons with D2, D3, and D4 receptive fields
(green dots). P, posterior; L, lateral; A, anterior.
(O) Position of activation centers (on the MI
scale) that occurred after paired stimulation of
adjacent-digit (top, red numbers, n � 5) and
nonadjacent-digit (bottom, blue numbers, n �
4) stimulation. Half as many points are plotted
for adjacent digits, because adjacent-digit stim-
ulation results in only one activation spot.
Numbers indicate case number. (P) Mean value
of �MI�s. (Q) Percentage decrease in activation
area at single-digit locations compared to cor-
responding two-digit activation area. Scale bar,
1 mm. t test: **, P � 0.01; ***, P � 0.001.
Error bars show the SEM.
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0.13 (mean � SEM)]. In one case (indicat-
ed by the red 3), the single activation site
was shifted toward one of the digit loca-
tions (case 3, MI � 1.0). In contrast, all
four nonadjacent digit–pair stimulations
(four D2�D4 pairs) resulted in two focal
activation sites, each of which was similar
in location to the single-digit activation
sites (Fig. 1O, blue numbers, bottom; Fig.
1P, mean MI � 1.07 � 0.03). To further
quantify the significance of the shift of
activation, we used a discriminability index
(D�), which is a measure of the separation
relative to the spread of activations (11). A
low D� between single- and two-digit acti-
vation spots indicates a small shift, and a
high D� indicates a large shift. The mean D�
of all nonadjacent-digit comparisons (n �
8) was 0.017 � 0.51, whereas the mean D�
of all adjacent-digit comparisons (n � 8)
was 0.69 � 0.21, which was significantly
greater than a D� of 0 (no change, one
sample t test P � 0.001). These two groups
were significantly different (P � 0.02).
Thus, adjacent-digit stimulations produced
significantly greater shifts in activation
than those produced by nonadjacent-digit
stimulations. This is consistent with the
observation that the illusory percept is de-
pendent on the distance between stimula-
tion sites.

Another characteristic of multipoint
stimulation (two or more points) is an in-
creased intensity of the funneled sensation
in comparison to stimulation at a single
site. Responses of single cortical neurons to
multipoint stimulation are often similar in

magnitude to single-point stimulation (6 ).
It has been suggested that the increased
intensity in the funneling illusion is not due
to greater neuronal firing rates, but rather
due to the recruitment of a wider distribu-
tion of neurons. Such recruitment in fun-
neling could translate into a greater area of
cortical activation that reflects a wider dis-
tribution of activated neurons or a greater
amplitude of imaged reflectance, indicating
greater neuronal firing activity and/or an
increased number of recruited neurons. Al-
ternatively, intensity could be encoded by a
change in the spatial profile of activation,
in which the ratio of the center to surround
activation is increased.

We first examined the area of cortical
activation in coding intensity. To obtain
area measurements of an activation spot,
we low-pass filtered and thresholded each
image (Fig. 1, B, D, F, H, J, and L) and
measured the area of a thresholded region
(8, 10, 11). The threshold level was used
uniformly across all images. The average
area of single-digit activations in case 1
was 0.91 mm2, and in case 2 the average
was 0.66 mm2. The percentage change of
single-digit versus paired-digit activation
areas was then calculated. The area of acti-
vation produced by adjacent (D3�D4) and
nonadjacent (D2�D4) stimulation was smaller
than the sum of the single-digit activation areas
(case 1: adjacent 64% smaller, nonadjacent
44% smaller; case 2: adjacent 61% smaller,
nonadjacent 55% smaller). We observed a re-
duction in area in all five adjacent pairs and all
four nonadjacent pairs (Fig. 1Q). This result

was not dependent on the precise threshold
level used (11). In contrast to the predicted
increases in activation area, two-finger stim-
ulation leads to an overall reduction in
activation area for both adjacent- and non-
adjacent-digit pairs. Thus, activation area
does not correlate with increased sensa-
tion magnitude.

We next examined the amplitude of acti-
vation in coding intensity. We first estab-
lished that the magnitude of optical signal
correlated with stimulus intensity by examin-
ing the optical responses to a constant stim-
ulus intensity and a range of stimulus inten-
sities. Stimulus amplitude was kept constant
on D4 while the amplitude on D2 increased
from low (148 mN) to medium (med, 296
mN) to high (592 mN) (Fig. 2, A and B).
Consistent with the nature of the optical sig-
nal (8, 9, 12), the amplitude of the reflectance
change was on the order of 0.1 to 1.0% and
increased over a period of 2 to 3 s after the
stimulus onset. Applying a constant stimulus
intensity (on digit D4) resulted in similar
signal amplitudes (blue curves) in each of
four conditions (D4 alone, D4�D2 low,
D4�D2 med, and D4�D2 high) (Fig. 2, C
and E). Increasing stimulus intensity from
low to medium to high (on digit D2) pro-
duced optical signals that increased in mag-
nitude (Fig. 2, B and D). This systematic
change in reflectance magnitude with stimu-
lus intensity was observed in each case (n �
5, Fig. 2F).

We then evaluated the effect of two-
digit stimulation on the amplitude of re-
sponse at the locations of single-digit acti-

Fig. 2. Optical signal amplitude correlates with
stimulus intensity. (A) Optical images in re-
sponse to four stimulus conditions. A medium-
intensity stimulus (296 mN) was applied to D4
and one of four intensity levels was simulta-
neously applied to D2 (none, 0 mN; low, 148
mN; med, 296 mN; and high, 592 mN; shown
from left to right). (B and C) Reflectance
change time courses. Increasing stimulus inten-
sity on D2 produced increasing reflectance
change [(B), orange], whereas a constant stim-
ulus on D4 produced similar response ampli-
tudes [(C), blue]. Little change occurred at a
distant location [(B) and (C), green]. Downward
arrow, stimulus onset. Peak amplitudes for D2
and D4 are plotted in (D) and (E), respectively.
(F) Population data from five cases.
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vation and at the merged location (Fig. 3A).
Response amplitudes were examined at
four locations: at the D3 and D4 activation
sites, at a D34 location central to the other
two, and at a distant control location. Stim-
ulation of D4 alone produced activation at
the D4 site and little activation elsewhere
(Fig. 3B, top). Stimulation of D3 alone
produced activation at the D3 site and some
activation at the D34 and D4 sites (Fig.
3B, middle).

The predicted result of two-digit stimula-
tion, obtained by the linear sum of the activa-
tions of D3 alone and D4 alone, was a
U-shaped spatial activation profile (Fig. 3B,
bottom, white bars). However, instead of a U-
shaped profile, the measured activation profile
(Fig. 3B, bottom, gray bars) was greatest at the
central site. For all adjacent-digit pairs (Fig.

3C, n � 5) the mean magnitude of the signal
decrease at the single-digit locations was
19.7%, and the increase at the central site was,
on average, 33%. This center-weighted spatial
profile resulted from two changes: (i) At the
central site (D34), the signal amplitude in-
creased compared with that of single-digit
activations (e.g., compare the D3�D4 ampli-
tude with that of D3 alone). (ii) At the single-
digit sites (D3 and D4), the signal decreased
compared with that of single-digit activations
(e.g., compare the D3�D4 amplitude with
that of D4 alone) (Fig. 3D).

A different activation profile was ob-
served for nonadjacent-digit pairs. Figure 3E
illustrates a case in which digits D2 and D4
were stimulated. D4 stimulation produced ac-
tivation at the D4 site and negligible activa-
tion at the other sites (Fig. 3F, top). D2

stimulation produced activation at the D2 site
and little activation elsewhere (Fig. 3F, mid-
dle). In contrast to adjacent-digit stimulation
(Fig. 3, A to D), paired stimulation of D2 and
D4 resulted in greater amplitudes at the D2
and D4 locations than at the center D3 or
control locations (Fig. 3F, bottom, gray bars).
The spatial profile of nonadjacent two-digit
activation was similar in shape to the predict-
ed linear summation of single digits (Fig. 3F,
bottom, compare gray bars and white bars).
However, the amplitude of two-digit stimula-
tion was less than predicted at both single-
digit sites. For all nonadjacent-digit pairs
(Fig. 3G, n � 4) the mean decrease in signal
at the single-digit locations was 33 � 7.6%
without affecting the signal size at the center
(Fig. 3H). These findings are consistent with
psychophysical observations that when two
stimuli are spaced sufficiently far apart, they
are perceived as two separate stimuli, each
weaker in intensity than that of a single stim-
ulus alone (1, 7).

Stimulation of adjacent digits produced
activation in the central merged zone com-
parable to the amplitude of single-digit ac-
tivations. Even though no physical stimulus
occurred at the merged site, the cortical
response was comparable in size to that of
an actual single-digit stimulus (single-digit
mean � 0.36 � 0.08% reflectance ampli-
tude, adjacent two-digit center zone
mean � 0.27 � 0.05% reflectance ampli-
tude, paired t test P � 0.05). However, this
amplitude does not predict the heightened
intensity of the funneling experience. It has
been proposed that this intensity may occur
as a result of a strengthening of a central
stimulation site and a masking of peripheral
sites (6, 7 ). Consistent with, although dis-
tinct from, this suggestion, we report that
the area of funneled activity is smaller
relative to single-digit activation (Fig. 1Q),
suggesting that the increased sensation in-
tensity is encoded by a sharpened focus of
cortical activation. We speculate that per-
ceived tactile intensity is encoded by the
differential response between neurons at the
central site (increased amplitude) and those at
nearby sites (decreased amplitudes).

That stimulation of multiple skin sites
leads to a single cortical activation zone
suggests that spatial perceptions are strong-
ly dictated by central representations. In-
deed, perception of a tactile stimulus can
happen where no physical stimulus oc-
curred. Although we cannot rule out sub-
cortical contributions, the bulk of the evi-
dence indicates a cortical locus. This study
further suggests, contrary to previous stud-
ies (13, 14 ), the presence of receptive fields
in area 3b that, in certain contexts, span
more than one digit (15–17 ). Such contex-
tual influences from beyond the classical
receptive field (18–21) are likely to be

Fig. 3. Activation pro-
files of single- and two-
digit stimulation. (A to
C) Adjacent-digit (D3
and D4) stimulation
(case 2). (A) Sampled
regions indicated by
boxes (D3, D34, D4,
and control). (B) Signal
amplitudes: response
to single-digit (D4
alone, top; D3 alone,
middle) and paired-dig-
it (D3�D4, bottom,
gray bars) stimulation.
White bars in the bot-
tom graph are the lin-
ear sum of single-digit
amplitudes (top and
middle). (C) Compared
with single-digit stimu-
lation, adjacent-digit
stimulation produced
decreases in activation
at single-digit locations
(left bar, n � 10) and
increases at merged lo-
cations (right bar, n �
5). (D) Activations at
single-digit locations
(solid line) are reduced
(downward arrows)
and the activation at
the merged location is
increased (upward ar-
row). (E to G) Nonadja-
cent-digit (D2 and D4)
stimulation (case 2).
Samples from D2, D3,
D4, and control loca-
tions. (G) Nonadjacent-
digit stimulation pro-
duced decreased activa-
tion at digit centers (D2
and D4 locations, n� 8)
and no activation
change at the central
zone (D3 location, n �
4). (H) Activations at
single-digit locations
(solid line) are reduced
(downward arrows) but unchanged in between the two areas. t test: *, P� 0.05. Error bars show the SEM.
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determined by mechanisms dependent on
intracortical distance, center and surround
interactions, and cortical feedback.
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Derepression of BDNF Transcription
Involves Calcium-Dependent
Phosphorylation of MeCP2

Wen G. Chen,1,2 Qiang Chang,3 Yingxi Lin,1

Alexander Meissner,3,4 Anne E. West,1 Eric C. Griffith,1

Rudolf Jaenisch,3,4 Michael E. Greenberg1,2*

Mutations in MeCP2, which encodes a protein that has been proposed to
function as a global transcriptional repressor, are the cause of Rett syndrome
(RTT), an X-linked progressive neurological disorder. Although the selective
inactivation of MeCP2 in neurons is sufficient to confer a Rett-like phenotype
in mice, the specific functions of MeCP2 in postmitotic neurons are not known.
We find that MeCP2 binds selectively to BDNF promoter III and functions to
repress expression of the BDNF gene. Membrane depolarization triggers the
calcium-dependent phosphorylation and release of MeCP2 from BDNF pro-
moter III, thereby facilitating transcription. These studies indicate that MeCP2
plays a key role in the control of neuronal activity–dependent gene regulation
and suggest that the deregulation of this process may underlie the pathology
of RTT.

Methylation of DNA in vertebrates occurs
preferentially on cytosine residues that oc-
cur in dinucleotides in which the cytosine
residues are followed by guanine residues
(CpGs). Methylated CpGs bind a variety of
proteins (1). One of these proteins, the
methyl-CpG binding protein 2 (MeCP2),
has been implicated in long-term silencing
of gene expression (2–5). Inactivating mu-
tations in the MeCP2 gene cause the ma-
jority of cases of Rett syndrome (RTT)
(6 – 8), a human X-linked disorder charac-
terized by arrested neurological develop-

ment and subsequent cognitive decline (9 –
11). MeCP2 is abundantly expressed within
the central nervous system, where its ex-
pression is highly enriched in postmitotic
neurons (12–14 ). Although biochemical
evidence is consistent with MeCP2 func-
tioning as a global silencer of gene tran-
scription (3), microarray analyses have
failed to detect significant gene derepres-
sion in brains of Mecp2 mutant mice (15).
This finding, as well as the strong expres-
sion of MeCP2 in mature neurons and the
neuronal phenotype of RTT patients, raised
the possibility that MeCP2 may func-
tion as a selective regulator of neuronal
gene expression.

Activity-dependent transcription under-
lies the ability of the nervous system to
convert the effects of transient stimuli into
long-term changes in brain function. Two
classes of genes are regulated by neuronal

activity– dependent calcium influx (16 ):
immediate-early gene (IEG)– encoded tran-
scription factors that mediate cellular re-
sponses to extracellular stimuli and genes
selectively expressed in the nervous system
that directly regulate neuronal development
and synaptic plasticity. Of the neural-
selective activity-dependent genes, that en-
coding brain-derived neurotrophic factor
(BDNF) is among the most extensively
studied. BDNF plays important roles in
neuronal survival (17 ), development (18),
and plasticity (19). BDNF is highly ex-
pressed in neurons, and its transcription is
up-regulated dramatically by membrane de-
polarization in vitro (18, 20, 21) and by
neuronal activity during kindling, induction of
long-term potentiation (LTP), and associative
learning (22–24). BDNF is encoded by a com-
plex gene with four well-characterized promot-
ers that give rise to at least eight different
mRNAs (25) (Fig. 1A). Calcium influx through
L-type voltage-sensitive calcium channels (L-
VSCCs) activates BDNF promoter III, an effect
that requires the action of at least three transcrip-
tional activators [calcium-response factor, CaRF;
upstream stimulatory factors, USFs; and calci-
um/cyclic adenosine monophosphate (cAMP)–
responsive element binding protein, CREB]
that bind to enhancer elements in promoter III
(21, 26–28). However, activation of CREB pre-
cedes the onset of transcription from BDNF
promoter III (21), raising the possibility that a
repressive mechanism may need to be relieved
before the activation of transcription. The
mechanisms by which BDNF transcription is
repressed and then activated upon membrane
depolarization are not yet clear. In this study,
we report that, in the absence of neuronal ac-
tivity, MeCP2 binds specifically to BDNF pro-
moter III and functions as a negative regulator
of BDNF expression. In response to neuro-
nal activity–dependent calcium influx into
neurons, MeCP2 becomes phosphorylated
and is released from the BDNF pro-
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