LETTERS TO NATURE

Our observations strongly support Janzen’s* and Huxley’s®®

hypotheses of mutualism between D. major and Philidris. In
exchange for shelter, ants provide significant amounts of two
limiting resources: carbon dioxide and nitrogen. Both features
could either expand the realized niche of D. major, enabling it
to colonize hotter, drier habitats, or could provide D. major with
a competitive edge over other epiphytes in this nutrient-poor
ecosystem.

Finally, epiphytes in other tropical regions (including those
of Central and South America, Papua New Guinea, the Philip-
pines and Australia) have various structures occupied by
ants*®*'" 2* In a facultative myrmecophytic relationship involv-
ing an ant-occupied orchid from the neotropics, Fisher et al.**
have used stable carbon isotopes to quantify the extent to which
ants may forage on their own host plant. We may eventually be
able to combine the two approaches and examine reciprocal
benefits between plants and ants. U]
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FUNCTIONAL magnetic resonance imaging (fMRI)'~* was used to
measure local haemodynamic changes (reflecting electrical activ-
ity) in human visual cortex during production of the visual motion
aftereffect, also known as the waterfall illusion®”. As in previous
studies®”®, human cortical area MT (V5) responded much better
to moving than to stationary visual stimuli. Here we demonstrate
a clear increase in activity in MT when subjects viewed a stationary
stimulus undergoing illusory motion, following adaptation to
stimuli moving in a single local direction. Control stimuli moving in
reversing, opposed directions produced neither a perceptual motion
aftereffect nor elevated fMRI levels postadaptation. The time
course of the motion aftereffect (measured in parallel psychophys-
ical tests) was essentially identical to the time course of the fMRI
motion aftereffect. Because the motion aftereffect is direction
specific, this indicates that cells in human area MT are also
direction specific. In five other retinotopically defined cortical
areas, similar motion-specific aftereffects were smaller than those
in MT or absent.

Prolonged viewing of a stimulus moving in one direction (as
when staring fixedly at a waterfall) makes stationary stimuli
appear to move in the opposite direction immediately
afterwards™”. It is not yet known which areas of human brain
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TABLE 1 fMRI activation during the motion aftereffect

Cortical area MAE excitation MAE motion selectivity

(%) (%)
MT 70 100
VP 29 53
V3a 26 48
V2 23 40
V3 ~0 ~0
vi ~0 ~0

The maximum averaged difference in amplitude produced following
single- minus reversing-direction rings was measured (as in Fig. 3) in
MT and in five additional cortical visual areas. In the middle column,
the amplitude of this fMRI MAE difference amplitude is expressed as a
percentage of the averaged amplitude produced by the moving stimulus
itself (moving minus initial fixation conditions), for each visual area. In
the right column, the MAE amplitudes are expressed relative to the
motion selectivity of each visual area (moving minus stationary condi-
tions). The visual cortical areas were functionally labelled in the same
scanning sessions in which the MAE data were taken, using retino-
topically specific stimuli®?°2?, Cortical area names are generalized from
apparently homologous areas in macaque. Human area V1 (primary
visual cortex) was defined as the area containing a complete represen-
tation of left or right hemifield buried within the calcarine fissure,
extending superiorly and inferiorly along the medial bank. Area V2 is
that area surrounding the vertical meridian representation of V1, con-
taining a mirror-image representation of that same hemifield, split into
an inferior and a superior region, located mostly along the medial bank.
Area V3 was the mirror-symmetrical representation of the inferior visual
quarter-field, bordering superior V2, extending from the horizontal mer-
idian representation at the superior V2/V3 border to the vertical merid-
ian representation at the V3/V3a border, representing only the inferior
quarter-field. Human area V3 is proportionately wider in humans than
in macaques. Area V3a borders V3 on its inferior/posterior aspect, and
it again contains a complete representation of the left or right hemifield.
Area VP is retinotopically mirror-symmetrical to area V3, bordering
inferior V2, containing a quarter-field representation of the superior
visual field. Area MT (V5) is a small oval area on the lateral surface
near the occipito-temporal-parietal junction, which is motion selective
and has very high contrast sensitivity®. Area MST can be distinguished
from MT using certain tests involving eye movements and motion coher-
ence, described elsewhere.
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mediate this visual motion aftereffect (MAE), although the
motion-specific area MT®?' (also known as V5) is one likely
candidate. In non-human primates, most area MT neurons are
both motion- and direction specific, and direction-specific cells
have been presumed to underlie the motion aftereffect, either in
monkey MT'? or in non-primates'® ‘%,

The stimuli used in this study were concentric rings (0.5 cycles
deg™', duty cycle=0.2), either moving (7 degs~') or stationary
(see Fig. la). Human area MT was activated much more by
moving than by stationary stimuli (see Figs 15 and 2), as
described previously®®. In addition, we found a clear increase
in magnetic resonance (MR) signal amplitude during viewing of
stationary stimuli when they were preceded by an adaptation
stimulus moving continuously in a single direction. During these
times the stationary stimuli appeared to be moving owing to a
prominent motion aftereffect. Such an elevated MR signal did
not occur following adaptation to otherwise identical stimuli
that continually reversed direction (0.5 Hz), and neither did such
stimuli induce a perceptual motion aftereffect. One obvious
interpretation is that the signal remained high in area MT

0 adapt to

expansion

FIG. 1 Stimulus used in this experiment, and
human cortical visual area MT (V5) activated by
that stimulus. a, A stationary view of the stimulus
used in these experiments. b, A three-dimen-
sional reconstruction of the brain of one subject
(M.S.), derived entirely from magnetic resonance
data. The brain is shown in both normal and
‘inflated’ format. The inflated version was made
by relaxing curvature while approximately pre-
serving local area and local angles®. Sulcal
cortex (concave) is dark magenta and gyral cortex
(convex) is lighter magenta. The fMRI activity pro-
duced by moving minus stationary rings is coded
in a pseudocolour scale varying from saturated
magenta (threshold) to white (maximum activity).
The prominent white patch on the bottom right
lateral surface is area MT (V5), a region that
responds selectively in fMRI experiments to mov-
ing visual stimuli, as compared with stationary
stimuli®®. For greater functional specificity the
stimulus used to produce b was low in luminance
contrast®.

because the stimulus appeared to be moving, even though it was
in fact stationary. Because this MR increase is direction specific,
and because it was accompanied by a perceptual motion after-
effect, we refer to it as a fMRI motion aftereffect.

The fMRI motion aftereffect was isolated by subtracting its
signal from that of control conditions not showing a perceptual
motion aftereffect (see Fig. 3). The peak amplitude of that aver-
aged motion aftereffect reached 1.9%, equal to the mean steady-
state difference in MR signal produced by rings that were actu-
ally moving versus those that were stationary.

If the fMRI motion aftereffect is related to the perceptual
motion aftereffect, the time course of the two aftereffects is
expected to be similar. To test this we showed subjects the MAE
stimulus used in the magnet (e.g. expanding rings for 40s,
followed by stationary rings), with modifications to allow
measurement of the psychophysical motion aftereffect (two-
alternative forced choice motion-nulling staircase procedure'®).
The time course of the decay of fMRI and psychophysical
motion aftereffects were very similar, with best-fit exponents of
8.3 s and 9.2 s, respectively (see Fig. 3).

motion aftereffect
viewing stationary

FIG. 2 Averaged MR time course showing responses during real and
illusory visual motion. Subjects (12) were scanned in a 1.5T GE MR
scanner using echo-planar imaging (Advanced NMR) and a 5" radial
surface coil positioned over visual cortex. Five or six slices (4—6 mm
thick) were oriented approximately perpendicular to the calcarine fis-
sure. In-plane resolution was 3.1 x3.1 mm. In most subjects, head
motion was greatly minimized by the use of a bite bar. We tested for
motion artefact by presenting all images within a scan as a movie, or
by analysis of difference images taken from different time periods. Any
scans in which head motion within a scan exceeded approximately
2mm were discarded. Asymmetric spin echo sequences (repetition
time, 2,000 ms, echo time, 80 ms, 180° refocusing pulse offset by
—25 ms) were used to measure ‘activation’ (local increases in blood
flow and oxygenation). Subjects were shown a pattern of concentric
rings (50° diameter) surrounding a fixation spot, with 1 image every 2 s.
In different periods (typically 40” iong) during each scan (5’ 40”), the
moving rings were either (1) continuously expanding (Exp), (2) continu-
ously contracting (Con), or (3) reversing direction (expanding or contract-
ing, Exp/Con) at 0.5 Hz. Radially symmetric stimuli (rings) were used
to induce the motion aftereffect because such stimuli do not induce
optokinetic nystagmus, a potential confound. However, within each iocal
visual region, the direction of stimulus movement was either unidirec-
tional (conditions 1 and 2) or bidirectional (condition 3). Following every
period of moving rings, stationary rings, otherwise equal (Stat), were
presented. Following the periods of continuous unidirectional locai
motion (the expanding or contracting stimuli), a profound visual motion
aftereffect was seen in the (physically stationary) rings. Following the
periods of reversing direction, no motion aftereffect was reported. The
averaged MR signal from all 38 scans in human area MT/V5 is shown.
The MR response amplitudes to both the single- and reversing-direction
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stimuli were approximately equal in amplitude. The response to station-
ary stimuli was only slightly greater than that to a blank field. However,
the fMRI response immediately following the single-direction stimuli (i.e.
when the motion aftereffect was visible) remained high for some time
after stimulus offset, significantly longer than that predicted by the nor-
mal temporal response of the fMRI signal™>?". MR responses following
reversing-direction stimuli (when motion aftereffects were absent)
instead returned promptly to the steady-state response level produced
by stationary stimuli. One interpretation is that area MT remained activ-
ated because the stimulus appeared to be moving, even though it was
physically stationary.
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FIG. 3 Isolated fMRI motion aftereffect and its relation to psychophysics.
This time course shows MR amplitudes during and after single-direction
conditions, minus amplitudes during and after reversing-direction con-
ditions. All data are included. During the first 40 s (20 images), the figure
indicates no steady-state difference between the activation produced by
single-direction versus reversing-direction stimuli. Thus the subsequent
fMR! aftereffect cannot be attributed to unequal levels of activation.
Thereafter the subjects viewed stationary stimuli, but the MR signal
remained high following single-direction stimuli (relative to reversing-
direction stimuli) for approximately 20 s. The time course of the psycho-
physical motion aftereffect was measured in response to the fMRI
stimuli, with modifications. As in the fMRI experiments, subjects viewed
rings moving in a single local direction (e.g. expanding) for 40 s, followed
by stationary rings. After a delay of either 0, 4.5, 9.5, 14.5 or 19.5 s,
the stationary rings were replaced by a blank field of uniform grey for
0.5 s. This was followed by a pattern of sinusoidal rings (same spatial
frequency) of low (~5%) contrast, presented for 0.5s. The subjects
then indicated (using a two-alternative forced-choice procedure) which
(iHusory) direction the rings were moving and the speed and direction
of the rings was adjusted opposite to the indicated direction in small
increments at every button press. Thus the ring speed converged to a
velocity and direction equal but opposite to that of the illusory motion,
independently for every delay measured (0, 5, 10, 15 and 20 s). Data
from all four subjects were averaged. The average standard deviation
at plateau was 0.37 deg s ™. The psychophysical data are shown as five
squares. To facilitate comparisons between fMRI and psychophysical
motion aftereffects, the psychophysical time course was shifted to the
right by 7s to compensate for the known delay in the fMRI
haemodynamics**?’, and peak fMRI and psychophysical amplitudes
were normalized on different y-axes (psychophysical, right). There is an
excellent fit between the time courses of the psychophysical and the
fMRI motion aftereffects. Previous models of the motion aftereffect pre-
dict a downward deflection of fMRI signal rather than the positive
inflection obtained. Single-unit studies in non-primate species, from
areas other than MT, suggest that direction-specific celis tuned to the
adapting stimulus direction habituate (decrease firing) during and after

Presumptive MT (V5) has been shown to be motion sclec-
tive ®~ (see Fig. 1h). However, the prominent feature of single
units in monkey MT is that they are direction specific as well as
motion specific. To our knowledge, the direction-specific motion
aftereffect revealed here is the first physiological evidence for
direction specificity in human cortical visual area MT. This is
important because the human arca chosen to be ‘MT" or "V5' is
only one of several motion-selective cortical areas’ . and many
visual neurons lacking direction specificity will respond better
to moving than to stationary stimuli.

The high spatial resolution of the fMRI technique, coupled
with retinotopically specific visual stimulation, made it possible
to localize accurately other cortical visual areas®** ™ during the
same experiments (see Table 1). This allowed us to investigate
which of those other areas, if any, also show a fMRI motion
aftereffect, and to measure its relative amplitude.

These data are shown in Table 1. As expected, area MT
showed the highest MAE activation ratio of all the measured
arcas. Smaller fMRI motion aftereffects were seen in areas V2
and V3a. This is compatible with the presence of a minority
percentage of direction-selective single units in V2 and Va, and
with reciprocal connections between MT, V2 and V3a in monkey
(see ref. 23). A robust MAE appeared to be present in presump-
tive human MST as well, but more data are required.

Because the perceptual effect depends logically on the presence
of direction specificity, a trivial explanation for our results is
that the amplitude of the direction-specific f/MRI MAE is simply
proportional to the motion specificity of the arca. However,
when this correction was applied (Table 1, middle column), the
MAE values still differed markedly across the different cortical
areas. The fMRI motion aftereffect was largest in MT even when
corrected for the greater motion selectivity of that area.

These results suggest that MT and certain areas ‘upstream’
from it are selectively activated during the perceptual motion
aftereffect. Other stimuli, not tested here, produce a motion
aftereffect which (based on the extent of binocular transfer)
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the adapting period*®>™%. Thus the population firing of celis preferring
opposing directions would predominate in response to a stationary
stimulus after single-motion adaptation, leading to an illusory motion
in the opposing direction, and perhaps a decrease in MR amplitude.
However, other evidence and a different model are consistent with the
present fMRI findings. In the only electrophysiological study in monkey
area MT*? on the motion aftereffect, cells preferring directions opposite
to the adapting direction increased firing postadaptation. As in other
studies, cells preferring the adaptation direction also decreased their
firing rate. Together, these indicate that cells tuned to opposing
directions tonically inhibit each other. Tonic, reciprocal, direction-speci-
fic inhibition of monkey MT cells is suggested by other evidence as
well?®3°, Because cortical single units typically have low baseline rates,
this model (and our fMRI data) suggests that poststimulus excitation
overcomes poststimulus inhibition, because inhibition cannot decrease
below zero spikes per second, whereas excitation is not so limited.
However, because the physiological basis underlying fMRI is incom-
pletely understood, such a model is obviously speculative.

appears to tap higher stages of motion processing than those
tested here®*”*; such stimuli might produce a correspondingly
more specific fMRI localization as well. The illusory motion
reported here may also be related to other reports of illusory
motion® or illusory lack of motion at equiluminance’. ]
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