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Abstract: A laminar probe was chronically implanted in human putative MT1. The area was specifically
responsive to globally coherent visual motion, a crucial aspect of the perception of movement through space.
The probe contained 23 microcontacts spaced every 175m in a linear array roughly perpendicular to the cortical
surface. Current-source density (CSD) and multiunit activity (MUA) were recorded while viewing initially
stationary random dot patterns that either moved incoherently or dilated from the central fixation. Onset of
visual motion evoked large MUA/CSD activity, with coherent motion evoking earlier and faster-rising
MUA/CSD activity than incoherent, in both superficial and deep pyramidal layers. The selective response,
peaking at '115 ms, was especially large in deep pyramids, providing evidence that information necessary for
visual flow calculations is projected from MT1 at an early latency to distant structures. The early onset of
differential MUA/CSD implies that the selectivity of this area does not depend on recurrent inhibition or other
intrinsic circuitry to detect coherent motion. The initially greater increase of MUA to coherent stimuli was
followed by a greater decrease beginning at '133 ms, apparently because of recurrent inhibition. This resulted
in the total MUA being greater to incoherent than coherent stimuli, whereas total rectified CSD was overall
greater to coherent than to incoherent stimuli. However, MUA distinguished stationary from moving stimuli
more strongly than did CSD. Thus, while estimates of total cell firing (MUA), and of total synaptic activity
(CSD) generally correspond to previously reported BOLD results, they may differ in important details. Hum.
Brain Mapping 13:226–238, 2001. © 2001 Wiley-Liss, Inc.
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INTRODUCTION

In the human, moving visual stimuli have been
found to evoke specific hemodynamic activation in a
small area at the dorsolateral occipitotemporal junc-
tion, using positron emission tomography (PET)
[Watson et al., 1993] and functional magnetic reso-
nance imaging (fMRI) [Tootell et al., 1995; Beauchamp
et al., 1997]. This area is termed MT1 because it ap-
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pears to be homologous to area MT (or V5) in the
monkey, plus the adjacent smaller area MST. Neurons
in monkey MT fire specifically to moving visual stim-
uli [Maunsell and VanEssen, 1983]. Anatomically,
MSTd follows MT in the dorsal visual processing
stream [Ungerleider and Desimone, 1986; Boussaoud
et al., 1990], and its cells also respond to moving visual
stimuli. However, compared to MT, MSTd neurons
are especially sensitive to the coherence of visual mo-
tion [Tanaka et al., 1986; Duffy and Wurtz, 1991; Gra-
ziano et al., 1994; Geesaman et al., 1997]. For example,
a set of dots that suddenly start expanding radially
outward evokes much greater activity than would a
set of dots in the same locations that begin to move at
the same velocity and average direction but at random
orientations to the radial [Albright, 1989; Tanaka et al.,
1989; Lagae et al., 1994]. Radial motion of visual stim-
uli commonly happens when we move through space,
looking ahead, and is termed “optic flow.” The re-
sponsiveness of MSTd to such patterns suggests that it
may assist in visual navigation by calculating the di-
rection of heading with respect to the direction of gaze
[Lappe and Duffy, 1999; Andersen et al., 2000].

This possibility has been elaborated in quantitative
models in which MSTd calculates optic flow by com-
bining inputs from MT, which is posited to detect local
motion [Lappe et al., 1996; Perrone and Stone, 1998].
For example, several MT cells, each sensitive to local
retinal movement away from a given point, are hy-
pothesized to converge on a particular MSTd cell that
would then fire selectively when the animal moves
toward that location. Under this model, the net syn-
aptic activity to coherent vs. incoherent motion could
be the same, but increased convergence to coherent
stimuli would result in an increased initial multiunit
response. An alternative hypothesis notes that, al-
though MT shows much less selectivity for coherent
stimuli than MSTd, some MT cells do exhibit that
property [Lagae et al., 1994]. This raises the possibility
that such cells selectively project to MSTd, and thus
that selectivity for coherent motion may be present in
synaptic as well as multiunit activity from the earliest
onset of excitation.

In a third model, the sensitivity to global motion
would be produced by using reciprocal inhibition to
integrate local motion with location. In MT, cells ex-
cited by motion in a particular direction and location
tend to be inhibited by movements in other directions
in surrounding locations [Bradley and Andersen,
1998]. In an expanding dot pattern, dots that share
receptive fields would tend to move in the same di-
rections, and thus would inhibit each other less than if
they were moving randomly with respect to each

other, thus explaining the larger MSTd activation to
coherently moving stimuli. Note that in this model,
coherent and incoherent stimuli would initially acti-
vate MSTd cells equally, and the responses to incoher-
ent stimuli would then be attenuated by inhibition via
an interpolated interneuron after a delay.

In the current study, we attempted to distinguish
between these alternative models by measuring neu-
ronal activity from putative human MT1 during co-
herent vs. incoherent motion. PET and fMRI are not
able to resolve this issue because they integrate neural
activity over 1–60s, and thus cannot resolve the onset
of activation. Furthermore, PET and fMRI integrate
activation over 3–8 mm, and thus do not resolve dif-
ferent cortical layers. Finally, because PET and fMRI
appear to measure a consequence of energy consump-
tion, they do not distinguish between synaptic cur-
rents and neuronal action potentials. Laminar record-
ings from multiple closely spaced microcontacts have
been used to characterize the synaptic currents and
action potentials underlying cortical processing in an-
imals [Mitzdorf, 1985; Schroeder et al., 1998; Sukov
and Barth, 1998]. We believe that this report is the first
use of laminar recordings during behavioral testing in
a human. It was found that the selective activation by
coherent stimuli in putative human MT1 is present
from its earliest activation. The laminar technique may
also be applied profitably to studying the synaptic
bases of other types of cognitive processing in hu-
mans.

METHODS

Subject

The subject was a 41-year-old right-handed woman
of normal intelligence and personality with a 25-year
history of medically intractable complex partial sei-
zures. She participated after fully informed consent,
monitored by the Stanford IRB and according to NIH
guidelines conforming to the Declaration of Helsinki.
Spontaneous seizures began with an aura of spatial
distortion of the room and/or distortions of observed
faces. MRI was normal. An incidental finding of the
intracarotid sodium amytal (Wada) test was a left
peri-clinoid internal carotid artery aneurysm, which
was embolized with an endovascular coil. Ictal SPECT
showed increased uptake in the right temporal region,
and scalp EEG at ictal onset was localized to the right
occipito-temporal region. On the basis of these data,
surgical therapy was planned to involve the right
occipito-temporal junction. As an aid to definition of
the margins of the resection, a subdural grid and two

r Human Synaptic/Unit Responses to Visual Flow r

r 227 r



subdural strips were implanted in the region of the
focus for 4 days (Fig. 1A). Intracranial EEG of sponta-
neous seizure onset, supplemented by intraoperative
ECOG, permitted a tailored resection of the right oc-

cipito-temporal area. The patient remains seizure-free
at 12-month follow-up. No abnormalities were ob-
served in the pathology specimen.

Electrodes

A laminar electrode was placed under visual obser-
vation in a location within the planned resection. The
electrode consisted of a 400m diameter polyimide tube
with twenty-three 40m diameter 90%Pt–10%Ir contacts
spaced at 175m center-to-center, arrayed in a line per-
pendicular to the cortical surface. In gross anatomical
terms, the laminar probe was located in the lip of the
lateral occipital sulcus, near its intersection with the
inferior temporal sulcus (Fig. 1B). In Talairach [1988]
coordinates, the laminar probe was located at 150
(right), 260 (posterior) 13 (up). This is 9–16 mm
anterior to the center of motion-selective activation
previously found for human MT1 using PET
(42,269,0) [Watson et al., 1993] and fMRI (45,276,3)
[Tootell et al., 1995]. In these studies, the center of
activation had a standard deviation of about 8 mm in
the anterior-posterior dimension, and the entire MT1
activation was about 10–15 mm in each dimension.
Thus, the laminar probe appeared to be located at the
anterior edge of MT1, i.e., in the proposed location of
MSTd. Because MT neurons may also display a pref-
erence for globally coherent motion, it is possible that
the electrode was located in MT. Thus, we will refer to
the probe location as MT1, and the conclusions
should be construed as referring to how sensitivity to
coherent motion arises within this general area.

The cortical tissue surrounding the electrode was
removed en bloc at the definitive surgery. Alternate
sections were stained with luxol fast blue,
Bielschowsky, and haematoxilin and eosin, in order to
identify cortical laminae using standard criteria (Fig.
1C). A silastic disk was attached to the top of the
laminar probe. This disk was held against the pial
surface by the subdural grid, thus fixing mechanically
the distance from the pial surface to the first contact,
and allowing the microcontacts to be approximately
located with respect to cortical lamina.

Recordings

Differential recordings were made from 22 pairs of
successive contacts. After wideband (DC-10,000 Hz)
preamplification (gain 103, CMRR 90db, input imped-
ance 1012 ohms), the signal was split into field poten-
tials (filtered at 0.2–500 Hz, gain 1,0003, digitized at
1,000 Hz, 16 bit) and multiunit activity (MUA: filtered
at 200–5,000 Hz, gain 1,0003, digitized at 10,000 Hz,

Figure 1.
Location of laminar probes. A. Intraoperative photograph showing
placement of the laminar probe (arrow) underneath the subdural
grid of macrocontacts, at the lateral occipito-temporal junction.
The laminar probe is in the middle occipital gyrus (mOg), just
posterior to the middle temporal gyrus (mTg). mTg is identified in
relation to the superior temporal gyrus (sTg). B. Sagittal preop-
erative MRI showing the laminar probe’s location (arrow) in the lip
of the lateral occipital sulcus, near its intersection with an ascend-
ing branch of the inferior temporal sulcus (corresponding to the
anterior occipital sulcus). C. Photomicrograph of the electrode
track, with lines separating layers I/II, III/IV, and IV/V. Luxol fast
blue.
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12 bit), and stored continuously with stimulus mark-
ers.

Estimated current source densities (CSD) at elec-
trode contacts 3–20 (j) were calculated as:

CSDj 5 ~.23~ij 2 ij21! 1 .54~ij11 2 ij!

1 .23~ij12 2 ij11!!/h (1)

where ij is the estimated current between electrode
contacts j and j-1, and h is the intercontact distance,
0.175 mm. The ij are calculated from differences in the
field potentials v (i.e., the output of a differential am-
plifier channel) divided by the interelectrode tissue
resistance rh (equal to the resistance r, assumed to be
homogeneous and equal to 20 ohms/mm [Nicholson
and Freeman, 1975; Mitzdorf, 1985], multiplied by the
intercontact distance):

ij 5 ~vj 2 vj21!/rh (2)

Combining formula (1) and (2), one arrives at the
standard five-point Hamming filter estimate for CSD
[Rappelsberger et al., 1981]:

CSDj 5 ~.23vj-2 1 .08vj21 2 .62vj

1 .08vj11 1 .23vj12!/rh2 (3)

CSD at electrode contacts 2 and 21 were calculated by
applying the same formula after estimating the poten-
tials at (pseudo-) contacts 0 and 23 using linear extrap-
olation [Vaknin et al., 1988]. MUA was obtained by

further filtering (300–3,000 48 db/oct, zero phase
shift) the signal in a range found to detect action-
potentials in previous studies [Grover and Buchwald,
1970; Halgren et al., 1977; Legatt et al., 1980]. A con-
tinuous estimate of MUA was derived by rectifying,
and then low-pass filtering (50 hz digital, 24 db/oct
zero phase shift) the signal. The field potential gradi-
ent was also filtered (1–40 Hz, 24 db/oct zero phase
shift), prior to calculating the CSD. Appropriate arti-
fact rejection was performed using amplitude thresh-
old criteria on field potential gradient and MUA. All
steps of the analysis were performed using Neuroscan
Edit 4.1.1 software (Neuroscan, Inc.). Details of elec-
trode construction, recordings and analysis can be
found in Ulbert et al. [2001].

Rationale of CSD/MUA analysis

CSD identifies possible synaptic generators using
high-resolution maps of field potentials within the
generating structure [Schroeder et al., 1998; Sukov and
Barth, 1998]. The difference in potential between ad-
jacent recording contacts is equal to the current flow-
ing between them times the resistance. In cortical
structures, current flows in the tangential direction
can be assumed to be symmetrical (at least to the first
approximation), and thus to cancel each other out.
Consequently, changes in current in the radial dimen-
sion imply local passage of current across the neuronal
membrane [Nicholson and Freeman, 1975]. EPSPs re-
sult from the passage of positive charge from the
extracellular to the intracellular space, termed a sink in

Figure 2.
Visual stimuli. Left. Randomly placed dots in the coherent stimuli moved radially away from the
center of the display. Right. Dots in incoherent stimuli moved in random directions but with the
same average starting points and directions.
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CSD. Surrounding the sink are passive sources of cur-
rent. In contrast, typical hyperpolarizing IPSPs result
from active current sources, and are surrounded by
passive sinks. Active and passive transmembrane cur-
rent flows can be distinguished using simultaneous
MUA. For example, an increase in MUA suggests that
simultaneous sinks locate active excitatory synapses,

and simultaneous sources locate passive return cur-
rents. The origin of these synapses may then be in-
ferred from the known anatomical distribution of dif-
ferent pathways across cortical laminae. Although it is
theoretically possible that axonal action potentials (es-
pecially in terminal arborizations), dendritic spikes,
nonsynaptic active currents, and even glial currents
could contribute to CSD measures; these sources are
considered unlikely to contribute significantly in the
current experimental protocol [for discussion, see
Mitzdorf, 1985; Schroeder et al., 1995].

Coherent vs. incoherent motion

At the beginning of each trial, 20 white dots (each
subtending 0.15° of visual angle) were randomly dis-
tributed on a black background in a region subtending
3.5° vertical by 7.0° horizontal (Fig. 2). Between trials,
fixation was maintained on a white dot in the center of
that region. After remaining stationary for 533 ms, the
dots moved for 373 ms at 6.7°/sec and then remained
stationary for another 533 ms. On the 160 trials with
incoherent motion, the dots moved in random direc-
tions; on the 160 trials with coherent motion, the dots
moved radially away from the center (i.e., the pattern
dilated). The onsets of successive trials were separated
by 3,500 ms. The subject was instructed to observe the
stimuli attentively, and avoid moving her eyes or
blinking during the trials.

Separate averages were made of single sweep CSD
and single sweep MUA from trials with coherent vs.
incoherent motion, after rejecting artifacts using an
amplitude criterion. Statistical comparisons were
made using data from the '120 individual trials re-
maining after artifact rejection. At each latency point,
t tests (Neuroscan Edit 4.1.1) were used to compare
trials with coherent motion to those with incoherent
motion, as well as each condition to the baseline pe-
riod. To provide protection against type 1 errors re-
sulting from multiple comparisons across channels
and latencies, an uncorrected statistical significance
threshold of P , 10-5 was used.

RESULTS

Response to stationary visual stimuli

The responses are presented as waveforms (Fig. 3)
and as spatiotemporal color-coded maps (Fig. 4). On-
set of the stationary visual pattern evoked a small but
significant increase in MUA in the deep pyramidal
layer, with an onset latency of '100 ms and peak
latency of '140 ms (see red contour lines in channels

Figure 3.
Population synaptic and unit activity to moving and stationary
random dot patterns A. Population synaptic activity is measured
as current-source density (CSD) at 21 locations, separated by
175m intervals, spanning the cortical laminae. Recordings are dis-
played with the most superficial location at top. Activation is
earlier and stronger to coherently moving stimuli (thick lines) than
to incoherently moving (thin lines). B. Population unit activity is
measured as multiunit activity (MUA) from the same contacts.
Again, coherent motion evokes a larger and earlier response,
especially in the cortical layers containing superficial pyramids
(level 9). The MUA response in the deep pyramidal layer tends to
be biphasic to coherent stimuli and monophasic to incoherent.
The vertical bar indicates a t value of 4.0, compared to baseline,
corresponding to a P , 0.0001.
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17–19 of Fig. 4D, beginning '400 ms prior to stimulus
movement). Stationary patterns also evoked a CSD
sink, in layer IV and a source-sink pair in the deep
pyramidal layers V and VI (black-white contour lines,
Fig. 4D). The deep MUA/CSD response beginning at
'100 ms is followed by a strong superficial cortical
CSD source that begins at '140 ms and peaks at '190
ms (black contours, channels 2–4, at –300 ms, Fig. 4D).
Like the deep source, the superficial source is followed
by a sink beginning at '370 ms peaking at '450 ms
after stationary stimulus onset (white contours, chan-
nels 2–4, at –100 ms, Fig. 4D). The superficial CSD
sink/source, as well as the deep sink/source, are not
associated with significant changes in MUA (Fig. 4D).
However, the total MUA across all layers shows a
tendency to decrease during this period (Fig. 5A).

Response to coherent visual motion

The onset of visual motion by formerly stationary
stimuli evoked a large MUA and CSD response, espe-
cially when the motion was coherent (Figs. 3–5).
Again, the most prominent MUA response was lo-
cated in the deep pyramidal layers, but a response was
now also present in the superficial pyramidal layers.

Coherent visual motion evoked a strong MUA in-
crease in the deep pyramidal layer, beginning at '110
ms, peaking at '120–150 ms, and persisting weakly
throughout the period of stimulation (thick lines,
channels 17–21, Fig. 3B, and red contours, Fig. 4A).
Coherent motion also evoked a significant CSD sink in
layer IV (white contours, Fig. 4A), surrounded by
sources in layers III and V-VI (black contours, Fig. 4A).
In addition, a later but prominent CSD sink is present
in layer VI. This source-sink-source-sink pattern began
at '105 ms, peaked at '140 ms, with portions of it
persisting throughout the period of visual motion. The
temporal association of increased MUA with the CSD
sink indicates that the sink represents active excitatory
population synaptic currents. The initial sink was cen-
tered in layer IV, followed by the layer VI sink.

Coherent visual motion also evoked a weak but
significant MUA increase in the superficial pyramidal
layer, peaking at '145 ms (red contours, channel 9,
Fig. 4A). This firing was temporally correlated with a
superficial layer III sink, surrounded by sources in
layers I–II and deep layer III. These MUA and CSD
responses in the superficial pyramidal layer were all
transient, and did not persist beyond 200 ms after
motion onset. Finally, coherent motion evoked a sus-
tained source in layer I, beginning at '135 ms and
continuing throughout the stimulation period (black
contours, channels 1–3, Fig. 4A).

Comparison of phasic responses to coherent vs.
incoherent motion

The overall pattern of the CSD/MUA response to
incoherent motion was similar to that evoked by co-
herent, except that the phasic response was weaker
and delayed, whereas the sustained response was
more robust. These differences can be examined by
comparing the thick (coherent) and thin (incoherent)
lines in Figures 3A and 3B, by comparing Figure 4A
(coherent) to 4B (incoherent), and by examining Figure
4C, which shows the pattern obtained by subtracting
the CSD/MUA response to incoherent motion from
that to coherent.

The decreased phasic response is seen most clearly
in the deep pyramidal layer. Specifically, the deep
pyramidal MUA increase to incoherent visual motion
did not begin until '120 ms, and did not peak until
'140–160 ms (red contours, channels 17–21, Fig. 4B).
Similarly, the deep pyramidal layer source evoked by
incoherent motion did not begin until '110 ms, and
did not peak until '180 ms (black contours, channels
17–21, Fig. 4B). The direct comparison of deep pyra-
midal responses indicates that coherent motion evokes
a larger CSD response beginning at '100 ms, and a
larger MUA response beginning at '110 ms, with
coherent/incoherent differences peaking at about 120
ms (channels 19–21, Fig. 4C).

The CSD/MUA response in the superficial pyrami-
dal layer also appeared later and weaker to incoherent
stimuli, at '200ms (MUA- red contours in channel 8;
CSD source, black contours in channels 9–10; CSD
sink, white contours in channels 6–8; Fig. 4B). Note
that the superficial pyramidal MUA and CSD re-
sponses are consistently delayed from those in the
deep pyramidal layers. However, the deep and super-
ficial responses appear to be linked, in that when the
deep response is weaker (i.e., between incoherent vs.
coherent motion), the superficial response is also, and
when the deep response is delayed (again, between
incoherent vs. coherent motion), the superficial re-
sponse is also.

Comparison of sustained responses to coherent
vs. incoherent motion

In striking contrast to the decreased phasic response
to incoherent as compared to coherent motion, the
sustained MUA response was greater to incoherent
motion. This is especially evident in channels 17–22,
where initially (from '100–150 ms) the MUA activity
is larger to coherent motion, and then (from '160–260
ms) the MUA activity is larger to coherent motion
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(thick vs. thin lines; Fig. 3B, 4C). At '200 ms, for exam-
ple, the firing of the deepest pyramids to coherent mo-
tion is seen to actually fall below baseline, whereas their
firing to incoherent motion remains high.

At the same time that the deep pyramidal MUA is
showing this increased sustained response to incoher-
ent motion, the deep pyramidal CSD source/sink is
unchanged or indeed (after '250 ms) is somewhat

Figure 4.
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larger to coherent motion. Yet, as noted above, the deep
pyramidal CSD source/sink appears to represent the
population EPSP that is causing the deep pyramidal
MUA. This dissociation suggests that active inhibition
may be present during this period, especially to co-
herent stimuli.

CSD/MUA responses integrated across cortical
layers and time windows

To compare the current results with lower-resolu-
tion noninvasive hemodynamic measures, the CSD
and MUA measures were combined across the record-
ing sites. The CSD measure was rectified before sum-
ming in order to arrive at an estimate of total trans-
synaptic current flow (cf. the “AVREC” measure of
Schroeder et al. [1995]). The resulting waveforms are
shown in Figure 5A. Examination of these waveforms
reveals the overall greater response of this area to
moving vs. stationary stimuli and to coherent vs. in-
coherent motion. However, clear distinctions also are
apparent. For example, the CSD response to stationary
stimuli appears to be relatively large (gray arrow, Fig.
5-1A), as does the sustained MUA response to inco-
herently moving stimuli (black arrow, Fig. 5-2A).
These points were examined quantitatively by inte-
grating the responses across time windows corre-
sponding to the sustained (Fig. 5B) and phasic (Fig.
5C) neuronal responses, followed by statistical analy-
sis between conditions across individual trials. Both
phasic and sustained CSD and MUA responses, to
both stationary and moving stimuli, were significantly
different from baseline (t . 12.45, P , 10-5; all tests are

two-tailed with '240–480 degrees of freedom), except
for the sustained MUA responses, which were not
significantly different (t 5 .26). All responses (phasic
and sustained, MUA and CSD) were greater to mov-
ing than to stationary stimuli (t . 9.22, P , 10-5),
except for the sustained CSD responses, which were
not significantly different (t 5 .91). Finally, all re-
sponses (phasic and sustained, MUA and CSD) were
greater to coherently than to incoherently moving
stimuli (t . 4.79, P , 10-5), except for the sustained
MUA responses, which were actually greater to the
incoherently moving dots (t 5 21.15, P , 10-5).

DISCUSSION

Local cortical circuits processing
coherent visual motion

The laminar distribution of population synaptic cur-
rents and action potentials were recorded from puta-
tive MT1 while the subject viewed the onset of a
pattern of stationary dots that after a delay began to
move, either coherently or incoherently. Moving stim-
uli were more effective in activating this structure
than stationary stimuli, and coherent motion was
more effective than incoherent.

An early sink in layer IV was evoked by coherently
as well as incoherently moving visual stimuli. This is
consistent with primate neuroanatomical studies
showing that the projection from V1 and V2 to MT
terminates predominately in layer IV [Rockland, 1989,
1995], as is typical for feedforward connections in the
neocortex [Rockland and Pandya, 1979; Felleman and

Figure 4.
Responses in putative MT1 to coherent vs. incoherent motion.
Current sources and sinks (indicated with black and white contour
lines, respectively) are superimposed over a background showing
the level of MUA activity (decreases indicated as blue and purple,
increases as orange and red). MUA increases and decreases are
also indicated by red and green contour lines, respectively. Cor-
tical location (with more superficial lamina at top) is plotted
against time relative to when the stationary dots (presented during
the black bars) begin to move (red bars). A. The onset of coherent
motion produces a large MUA increase as well as source-sink
configurations in both deep (layers V–VI), as well as superficial
(layer III) pyramidal laminae. The earliest response is in the deep-
est pyramidal layers, with MUA onset at about 90 ms and peak
CSD response of about 1 mA/mm3 at 150 ms. B. Incoherent
motion onset produces a similar but much weaker and slightly
delayed CSD and MUA response. C. Subtraction of the response
to incoherent from that to coherent motion reveals the initially
greater CSD and MUA in both superficial and deep pyramidal
layers, followed by a greater decrease. D. Using a compressed

time base, a phasic deep MUA and CSD response to stationary
stimulus onset is seen. Stationary stimulus onset also evokes
sustained rhythmic CSD in superficial layers without accompany-
ing MUA. This superficial activity continues through the onset of
motion (coherent and incoherent are combined in this panel). This
overlap prevents clear interpretation of superficial CSD activity to
visual motion. In deeper cortical laminae, the onset and offset of
motion both evoke much larger CSD and MUA responses than
does the onset of the stationary pattern. Responses are shown
relative to a baseline prior to stimulus motion onset (267 to 33
ms) in panels A–C or to a baseline prior to stationary stimulus
onset (21033 to 2633 ms) in panel D, with zero time indicating
motion onset. In all panels, for both CSD and MUA, thick contour
lines indicate P , 10-5 (uncorrected for multiple comparisons).
For panels A, B and D, the first thin contour line indicates P , 10-3

with additional thin contour lines at t-score increments of 1 (for
MUA) or 2 (for CSD). In panel C, thin contour lines are at P ,
0.002, 0.001, 0.0001, and 0.000002.
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VanEssen, 1991]. An early deep pyramidal layer
source was also noted, as has previously been found in
laminar CSD/MUA recordings from macaque visual
association cortex [Mehta et al., 2000]. This may cor-
respond to the observation that the V1 projection to

MT is not only to layer IV but also includes layer VI
[Rockland, 1989].

The presence of a differentiated response in the
deepest pyramids is of particular significance because
the neocortex is generally organized such that the
deep pyramids are the usual origin of long-range sub-
cortical and cortico-cortical projections [Rockland and
Pandya, 1979; Felleman and VanEssen, 1991]. From
MT1, these fibers project to the superior colliculus,
basal ganglia, thalamus, brainstem, and parieto-fron-
tal occulomotor and visual attention areas, where they
are thought to play a role in integrating optic flow
with perceptual stabilization and oculomotor control
[Ungerleider et al., 1984; Ungerleider and Desimone,
1986; Boussaoud et al., 1990]. Thus, the current results
show that by '110 ms after motion onset, there is a
strong output from MT1 indicating to distant target
structures whether that motion is coherent.

The CSD/MUA response in the deep pyramidal
layer is followed after '20 ms with a CSD/MUA
response in the superficial pyramidal layer. These re-
sponses appeared to be linked, in that they covaried
across conditions in latency and strength. This de-
layed coupling between deep and superficial pyrami-
dal activity is consistent with numerous studies in
animals that have identified a powerful excitatory lo-
cal projection from deep to superficial pyramidal cells
(see for example the laminar studies of rat sensory
cortex by Sukov and Barth [1998]).

Following these phasic responses, moving stimuli
evoke a sustained deep pyramidal CSD response that
is larger to coherent motion, and a MUA response that
is larger to incoherent. This dissociation could be ex-
plained by increased recurrent inhibition following
the increased initial excitation evoked by coherent
stimuli. A prominent feature of local intracortical cir-
cuitry is that the recurrent collaterals of pyramidal
cells strongly activate inhibitory neurons, which then
recurrently inhibit the pyramids [Berman et al., 1992].

The relatively short latencies recorded here corre-
spond to previous observations of responses in the
dorsal visual stream. Anatomical [Snowden et al.,
1992; Anderson et al., 1998] and physiological [Maun-
sell et al., 1990; Sclar et al., 1990; Gegenfurtner et al.,
1994] evidence in macaques suggests that motion-sen-
sitive activation is projected from the magnocellular
division of the lateral geniculate body to cells in layer
IVB of area V1, which project directly to MT1 via
rapid highly myelinated fibers [Rockland, 1989]. The
lower layers of human MT1 are also myelinated
[Clarke and Miklossy, 1990], and MT1 hemodynamic
activation has high contrast–sensitivity and low chro-
matic-sensitivity, suggesting that the human MT1 re-

Figure 5.
Total estimated transcortical synaptic currents and action poten-
tials. The left panels (1A,B,C) display the total CSD, as rectified
and summed across the different cortical layers. The right panels
(2A,B,C) display the total MUA, again summed across cortical
layers. The top panels (1A,2A) show the waveforms calculated
over the entire trial, including the prestimulus baseline, stationary
visual stimuli, moving stimuli, and again stationary stimuli. The
middle panels (1B,2B) show the total CSD and MUA integrated
over long time windows chosen to encompass the entire neuronal
responses, to stationary stimuli (90–583 ms after stationary stim-
ulus onset) and coherently or incoherently moving stimuli (90–
423 ms after motion onset) in comparison to the baseline (500–
100 ms prior to stationary stimulus onset). The responses are
divided by the duration of the integration window, and normalized
to the phasic response to coherently moving stimuli. The bottom
panels (1C,2C) show the total CSD and MUA integrated over time
windows chosen to reflect the phasic neuronal responses to
stationary and moving stimuli (90–180 or 90–160 ms after the
respective stimulus onsets) in comparison to the same prestimulus
baseline. The phasic reponses display the general effects predicted
by the BOLD response in previous studies: a progressive increase
from baseline, to stationary, to incoherently moving, to coherently
moving stimuli. The sustained responses deviate from these pre-
dictions, as discussed in the text.
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ceives motion-selective activation from V1 [Tootell et
al., 1995]. Although MST follows MT in the dorsal
visual processing stream [Ungerleider and Desimone,
1986; Boussaoud et al., 1990], the response latencies of
MST neurons are about the same as those of MT
neurons in macaques [Schmolesky et al., 1998]. In
general, these latencies are quite short in comparison
with the ventral stream pathway. In fact, laminar re-
cordings in the macaque found that average response
latencies from the region of MT1 were shorter than
those from V1 [Schroeder et al., 1998]! In human ex-
tracranial EEG and MEG recordings, the earliest re-
sponses in V1 occur at a latency to peak of about 70 ms
[Regan, 1989], and motion-sensitive components over
MT1 occur with a peak latency of about 150 ms [Kuba
and Kubova, 1992; Dale et al., 1996; Ahlfors et al., 1999;
Nakamura and Ohtsuka, 1999], which correspond
well with those observed in the current study.

It is noteworthy that the differentiation in the MUA
responses to coherent vs. incoherent motion is visible
at the onset of the response, and is significant shortly
thereafter. This argues strongly against models
wherein the selectivity for coherent motion arises from
network interactions within MT1. In any case, these
data show clearly that not only was the initial MUA
increase stronger to coherent stimuli, the subsequent
decrease (peaking about 70 ms after the excitatory
peak) was also much stronger to coherent stimuli. This
finding is in direct contradiction to the opponent in-
hibition feedback model, which predicts that the inhi-
bition following the initial excitation should be larger
to the incoherent stimuli.

Overall, the patterns of synaptic and unit activation
observed here correspond to that expected from pre-
vious studies in animals, and thus confirms that these
model studies are applicable to humans performing
behavioral tasks. The current results are clearly lim-
ited because they are multiunit rather than based on
an examination of individual neurons with previously
identified receptive fields. Nonetheless, the current
results describe with an unprecedented level of detail
the synaptic and unit responses of MT1 neurons in
the awake human to coherent and incoherent stimuli,
and thus should provide data relevant to future the-
orizing.

Neural correlates of the BOLD response

These data also have implications for the relation
between neuronal activity and the BOLD (blood oxy-
genation level dependent) response measured with
fMRI. This is a crucial issue because although the
BOLD response has been used extensively to nonin-

vasively localize brain activation during behavioral
tasks in humans, BOLD is a hemodynamic measure
that has a delayed and indirect relation to the synaptic
and neural activity that actually embodies ongoing
information processing [Buxton et al., 1998]. In partic-
ular, there is no well-accepted quantitative model that
calculates the BOLD response from detailed electro-
physiological measurements and no empirical studies
of that relationship for high-level cognitive tasks in
people.

Because much of the metabolic effort in the brain
goes toward restoring ionic balances disturbed by
trans-synaptic current flows, it is possible that the
hemodynamic response closely mirrors those flows
[Frostig et al., 1990]. This hypothesis would predict a
close correspondence between the behavioral re-
sponse profiles of CSD (as reported here) with those
found in previous fMRI/PET studies. Other studies
have suggested that a linear relationship exists be-
tween unit activity recorded in macaques and the
BOLD response measured in humans in the same or a
similar task [e.g., Heeger et al., 1999]. Because unit
activity arises from synaptic activity, these measures
are usually coupled. However, high levels of synaptic
activity without cell-firing may occur if there is simul-
taneous excitatory currents at distal dendrites and
inhibition at proximal locations [e.g., Larkum et al.,
1999].

Indeed, in the current study, both total synaptic
activity (as estimated by CSD) and total neuronal fir-
ing (as estimated by MUA), strongly increased over
baseline in response to moving visual stimuli and (at
least acutely) in response to coherent vs. incoherent
motion (Fig. 5), both cardinal properties of the BOLD
response in MT1 [Tootell et al., 1995]. Furthermore,
both MUA and CSD responded transiently to station-
ary stimulus onset and to the termination of visual
motion, as has been reported for the BOLD response
[Tootell et al., 1995].

However, important dissociations can also be found
between the CSD or MUA responses and the BOLD
responses reported in the literature to similar stimuli.
For example, the total CSD was clearly greater to
coherent than incoherent motion both acutely and
over the entire stimulation period. In contrast, the
initially greater increase of MUA to coherent stimuli
was followed by a greater decrease beginning at '133
ms, possibly because of recurrent inhibition. This re-
sulted in the total MUA actually being greater to in-
coherent stimuli when measured over the entire stim-
ulus period (Fig. 5). This conclusion runs counter to
that of Rees et al. [2000] who concluded that increasing
the coherence of visual motion increased macaque MT
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unit activity as well as the human MT1 BOLD re-
sponse. Rees et al. [2000] used the macaque data of
Britten et al. [1993] who quantified the responses of
MT1 neurons that had been preselected to be respon-
sive to random dot patterns in a directionally sensitive
manner. They used a sharpened high-impedance mi-
croelectrode that was moved until a single cell was
isolated. In contrast, the current study used a rela-
tively large recording surface and sampled MUA at
regular fixed intervals of 175m across the cortical
depth. In addition, we sampled only one cortical tra-
verse, whereas Britten et al. (1993) sampled many. The
sampling bias induced by these multiple factors is
difficult to evaluate.

Although in this comparison of the sustained re-
sponse to coherent vs. incoherent motion, CSD seems
to track the BOLD response better than does MUA; the
opposite pattern was observed for the overall sus-
tained responses to stationary vs. moving stimuli,
which MUA distinguished much more strongly than
did CSD. Sustained MUA levels were over tenfold
higher for moving than for stationary stimuli or base-
line, which were about equal. In contrast, sustained
CSD levels did not differ significantly between station-
ary and moving stimuli, although both were greater
than baseline. It should be noted that in their acute
responses, MUA and CSD behaved similarly, being
greater to stationary stimuli than baseline, and greater
to moving than stationary.

Thus, in both cases where the neuronal responses to
stimulation parameters differed from what BOLD
would predict, the divergence was observed only for
the sustained measures, not for the acute response.
This is unexpected because the BOLD response is
thought to act like a low-pass filter on the metabolic
demand [Buxton et al., 1998], and the BOLD responses
to successive neuronal demands are thought to add
linearly [Dale and Buckner, 1997]. The net effect of
these two properties should be that the BOLD re-
sponse would track the integrated neuronal activity
level over the entire stimulation period rather than the
initial phasic response.

In the two critical cases where the tracking between
neuronal and BOLD responses are reversed from that
expected there are particular explanations that may
not generalize to other situations. Specifically, station-
ary stimuli evoked large sustained CSD oscillations in
the superficial cortical layers without inducing signif-
icant MUA and possibly without entailing increased
metabolic demand. Similarly, the net decrease in MUA
to coherent vs. incoherent motion at longer latencies
appeared to be caused by recurrent inhibition, i.e.,
sustained excitatory drive accompanied by inhibitory

currents at the soma that effectively decrease cell fir-
ing. An apparently similar phenomenon was reported
by Ackermann et al. [1984] who found that metabo-
lism (measured with 2DG) increases in the deaffer-
ented hippocampus when the fornix is stimulated,
producing brief excitation followed by a long and
profound active inhibition.

Thus, in this study, special factors seem to render
the later CSD and MUA levels less reliable than the
initial for predicting the BOLD response. It is unclear
from this initial study whether these factors will also
be operative in other cortical areas or behavioral tasks.
Theoretical physiological analysis suggests that many
dissociations are possible between population synap-
tic activity, unit activity, and the BOLD response. If
the findings of this study generalize, then it may be
found that the initial neuronal response is more rep-
resentative of the metabolic demand than is the sus-
tained response. Experimental studies in the primary
sensory cortices of animals have emphasized the rela-
tionship of the initial layer IV neuronal response to the
overall hemodynamic response, and thus are consis-
tent with this interpretation [e.g., Woolsey et al., 1996].

CONCLUSION

Population synaptic and unit activity in putative
human MT1 respond strongly and differentially to
moving vs. stationary visual stimuli, and especially to
coherent motion. The differential response is espe-
cially early and strong in the layers that project to
other visual motion and occulomotor areas. The dif-
ferential response to coherent vs. incoherent motion is
present from the onset of the response, and thus does
not depend on secondary processing by interneurons.
However, the MUA/CSD patterns suggest that recur-
rent inhibition may play an important role in mediat-
ing tonic differences between such stimuli. In addi-
tion, the current results emphasize the complexity of
the relationship between neural activity and the he-
modynamic response and the importance of further
detailed studies with simultaneous metabolic and
electrophysiological measures. The potential variabil-
ity in this relationship requires that conclusions from
model studies be validated in humans performing
cognitive tasks.
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