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Slovin, Hamutal, Amos Arieli, Rina Hildesheim, and Amiram
Grinvald. Long-term voltage-sensitive dye imaging reveals cortical
dynamics in behaving monkeys. J Neurophysiol 88: 34213438, 2002;
10.1152/jn.00194.2002. A novel method of chronic optica imaging
based on new voltage-sensitive dyes (VSDs) was developed to facil-
itate the explorations of the spatial and temporal patterns underlying
higher cognitive functions in the neocortex of behaving monkeys.
Using this system, we were able to explore cortical dynamics, with
high spatial and temporal resolution, over period of =1 yr from the
same patch of cortex. The visua cortices of trained macaques were
stained one to three times aweek, and immediately after each staining
session, the monkey started to perform the behavioral task, while the
primary and secondary visual areas (V1 and V2) were imaged with a
fast optical imaging system. Long-term repeated VSD imaging
(VSDI) from the same cortical area did not disrupt the normal cortical
architecture as confirmed repeatedly by optical imaging based on
intrinsic signals. The spatial patterns of functional maps obtained by
VSDI were essentially identical to those obtained from the same patch
of cortex by imaging based on intrinsic signals. On comparing the
relative amplitudes of the evoked signals and differential map ob-
tained using these two different imaging methodol ogies, we found that
VSDI emphasizes subthreshold activity more than imaging based on
intrinsic signals, that emphasized more spiking activity. The latency
of the VSD-evoked response in V1 ranged from 46 to 68 ms in the
different monkeys. The amplitude of the V2 response was only
20—60% of that in V1. As expected from the anatomy, the retinotopic
responses to local visual stimuli spread laterally across the cortical
surface at a spreading velocity of 0.15—0.19 m/s over a larger area
than that expected by the classical magnification factor, reaching its
maximal anisotropic spatial extent within ~40 ms. We correlated the
observed dynamics of cortical activation patterns with the monkey’s
saccadic eye movements and found that due to the slow offset of the
cortical response relative to its onset, there was a short period of
simultaneous activation of two distinct patches of cortex following a
saccade to the visual stimulus. We also found that a saccade to asmall
stimulus was followed by direct transient activation of a cortical
region in areas of V1 and V2, located retinotopically within the
saccadic trgjectory.

INTRODUCTION

Sensory perception and higher cortical functions emerge
from intricate, dynamic interactions in very large cortical net-
works. Therefore to understand the function of any single
cortical areaor interconnected cortical areas, thereisaneed for

a method that makes it possible to study the dynamics of the
activities of neuronal populations with high spatial and tem-
poral resolution during the performance of behavioral tasks. In
principle, this need could be supplied by optical imaging based
on voltage-sensitive dyes (VSDs). However, it was only after
a recent series of developments in the design and synthesis of
new dyes and the instrumentation for VSD imaging (VSDI)
that functional imaging of cortical dynamics in anesthetized
animals became feasible (Shoham et al. 1999; Tsodyks et a.
1999.) Recent intracellular recordings in vivo show that the
dye signal indeed measures the sum of the membrane potential
changes of all the neuronal elements in the imaged area,
emphasizing changes in dendritic membrane potential simply
because of the very large membrane area relative to the neu-
ronal somata. These changes include subthreshold synaptic
potentials or suprathreshold calcium and back propagating
action potentials (Stuart and Sakmann 1994) in neurona ar-
borizations originating from neurons in al cortical layers
whose dendrites reach the superficial cortical layers (Sterkin et
al. 1999; see Fig. 23 in Grinvald et al. 1999).

Previous studies of the cortex of anesthetized mammals have
contributed profoundly to our understanding of cortical func-
tions at the level of single neurons and in cortical columns
(Hubel and Wiesel 1962, 1969; Mountcastle 1957). However,
anesthetized subjects are unsuitable for many types of studies,
for example, investigation of the effects of motivation, atten-
tion, or arousal on sensory processing and perception, motor
function, consciousness, and many other cognitive functions.
To study the spatiotemporal cortical dynamics underlying
higher cognitive functions, we developed the VSDI technique
for exploration in the behaving monkey. Here we show that
VSDI of the same cortical area can be used repeatedly, on a
long-term basis, for a period of =1 yr (Slovin et al. 1999,
2000a).

Having developed this new methodological tool for use in
the awake primate preparation, we explored the spatiotemporal
dynamics of subthreshold/synaptic activity in neuronal popu-
lations after visual stimulation. Our objectives were the fol-
lowing: first, to visualize and characterize the dynamics of the
functional domains (ocular-dominance columns and orienta-
tion domains) using VSDI in the visual cortex of the behaving
monkey. Would the differential functional maps of these do-
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mains obtained by VSDI be similar in space and amplitude to
those obtained with intrinsic optical imaging (Grinvald et al.
2000; Shtoyerman et al. 2000)? Our second goal was to char-
acterize the dynamics of the spatiotemporal VV SDI responses to
small local stimuli. A fundamental issue in vision is why our
perception is stable even though the retina image is rapidly
changing with saccadic eye movements. Therefore the effect of
saccades on multiple visual areasincluding primary visual area
(V1) has been extensively explored (Battaglini et al. 1986;
Chakraborty et al. 1998; Fischer et al. 1981; Thiele et al. 2002;
Wurtz 1968 1969a,b; for review look at: Ross et al. 2001).
Many researchers have reported that the threshold of visual
perception is elevated during a saccade (e.g., Bridgeman et a.
1975; Latour 1962; Mackay 1970; Rigg 1974; Volkman 1962;
Zuber and Stark 1966) Therefore our third goal wasto start and
explore the observed spatiotemporal patterns of cortical acti-
vation produced by saccadic eye movements in different re-
gions of V1 and the secondary visual area (V2). Additional
findings related saccadic eye movement in the frontal cortex,
obtained with the approach described here, have been recently
published (Seidemann et a. 2002). The results reported here
have been published in an abstract form (Slovin et a. 1999,
2000a,b).

METHODS
Animals

Three adult male (6—8 kg) Macaca fascicularis monkeys (M, G,
and Ar) were used in this study. The surgical procedure has been
reported in detail previously (Arieli et a. 2002; Shtoyerman et al.
2000) and is outlined briefly in the following text.

Head holder and chambers for optical recording

All surgical procedures were performed according to the National
Institutes of Health guidelines. The monkeys were anesthetized, ven-
tilated, and provided with an intravenous catheter. A head holder and
two crania windows (25 mm ID) were placed over the primary visual
cortex and cemented to the cranium with dental acrylic cement.
Appropriate analgesics and antibiotics were given postoperatively.

Craniotomy, artificial dura, and routine treatment

Several months after the first procedure, the monkeys underwent a
second surgical procedure in which craniotomy was performed and
the dura mater was resected to expose the visual cortex. The anterior
border of the exposed area was always 3—6 mm anterior to the lunate
sulcus. This ensured that areas V1 and V2 were available for simul-
taneous imaging (Fig. 1A). Typically, the center of the hole was 2—4°
below the representation in V1 of the horizontal meridian and 1—2°
lateral to the vertical meridian. A thin, transparent silicone artificial
durawith atube (Fig. 1B) wasimplanted over the exposed cortex. The
lunate sulcus was clearly visible through the transparent dura (Fig. 1A)
aswell asV1, V2, and area V4. During the entire imaging period, we
opened and cleaned the chambers two to five times aweek, depending
on the condition of the cortex and the dura. The monkeys were awake
during this painless procedure. Local and systemic antibiotics were
applied according to microbiological examinations of the fluids in the
chamber (Shtoyerman et al. 2000). While using antibiotics during the
long period (several months) of VSDI, we did not observe any effects
of the antibiotics on our results. We followed a few guidelines while
using antibiotics: we used antibiotics in the chamber only when added
to the agar that covered the origina monkey’s dura and the artificial
dura and most of the antibiotics were carefully chosen to have no
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FIG. 1. Voltage-sensitive dyeimaging (VSDI) cranial window and staining
procedure through the artificial silicone dura. A: exposed cortex of monkey Ar
seen through the special transparent silicone membrane used to stain the cortex
with VSDs. The lunate sulcus is marked on the top part of the cranial window.
The primary and secondary visual areas (V1 and V2) and V4 are thus available
for VSDI. B: artificia silicone dura with an inlet tube viewed during the
staining procedure. The dye is injected into the upper part of the tube, which
extends further underneath the silicone ring. The tube is cut to alow the dye
to emerge from it and fill the space between the cortical surface and the
artificial dura. While filling this space, the dye pushes the silicone membrane
upward. Thetubeisthen sealed to prevent the dye from leaking out. The cortex
is thus stained under sterile conditions over the next 2 h.

epileptogenic activity (e.g., quinolones). In cases that required the use
of antibiotics, which could have an epileptogenic effect, (according to
bacteriological sensitivity results, e.g., neomycin), we diluted the
solution and mixed it only with the agar (we never washed the brain
with epileptogenic antibiotics). We did not use antibiotics at any stage
during recording sessions; prior to and during staining, the cortical
surface was aways carefully washed only with CSF.

Saining the cortex with new VSDs

We used a series of new oxonol VSDs, mainly RH-1691 and
RH-1838. At the beginning of each VSDI session, the monkey was
taken to the operating room and seated in a primate chair with its hand
restrained. The chamber was open and cleaned under strict sterile
conditions. The cortical surface was washed with sterile artificial
cerebrospinal fluid (ACSF) and inspected to assess its condition. To
ensure that the dye solution (0.2—0.3 mg/ml) was sterile, we filtered
it through a 0.2 um filter. We injected dye solution (0.5—0.6 ml)
through the inlet tube of the artificial dura (Fig. 1B) and allowed it to
drain into the chamber by carefully lifting the silicone ring of the
artificial dura and enabling the dye to wash out from the cortical
surface toward the chamber space. To maintain a high concentration
of dye solution in contact with the cortex, we repeated this procedure
three or four times, each time injecting a new dye solution and
discarding the dye solution that drained from the cortical surface and
was now diluted with the cortica CSF. Findly, a relatively large
amount of fresh dye solution (~0.8—1.0 ml) was injected over the
cortex, and this time it was not drained out. To prevent the dye from
leaking to the chamber space, we sealed the silicone tube at this stage.
The artificial duratogether with the sealed tube provided awell-sealed
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environment, and there was only asmall leakage of dye solution to the
chamber space (Fig. 1B). The rest of the chamber was then filled with
the dye solution and closed. Finaly, we covered the chamber to
protect it from light. We were careful to avoid generating any signif-
icant pressure over the cortical surface with the dye solution because
this could adversely affect normal neuronal activity.

Because CSF was circulating undernesth the artificial dura, the dye
solution became diluted with time. Therefore after 1 h of staining, we
reopened the chamber and exchanged the dye solution over the cortex,
as described in the preceding text. By maintaining the dye at the right
concentration and exchanging the dye over the cortex, we were able
to prevent the development of dye sediments over the cortical surface,
which would severely interfere with the optical imaging. After 2 h of
staining, the chamber was reopened and the cortical surface was
washed with ACSF until the drained solution was as clear as the
ACSF. In one monkey (Ar, right hemisphere), we removed the arti-
ficial dura during staining and replaced it back over the cortex at the
end of the staining procedure.

To enable imaging, we now performed the following steps: hard
agar solution was poured onto the real dura in the periphery of the
cranial window, and a more dilute and transparent agar solution was
then added on the imaging portion of the artificial dura. Overall, the
procedure of staining the cortex lasted for 3—4 h (from the time that
the monkey was prepared for the operation room until it was trans-
ferred to the imaging setup). Preparing the monkey in the imaging
setup took another 0.5-1 h. During the entire painless staining pro-
cedure and preparation time for imaging, the monkeys were com-
pletely awake and sat calmly in their chairs. No drugs were used to
sedate or calm the monkeys at any stage of the staining, preparation
for imaging, or during the imaging itself.

During this period we tested eight different oxonol VSDs, three of
which gave good responses: RH-1692, RH-1691, and RH-1838.
RH1691/1838 appeared to give better results than the RH-1692 pre-
viously used on anesthetized cats (Shoham et a. 1999). The structures
of these three blue oxonol dyes are

RH-1691
SO5H
OCH
N N
! NG N
a NMS
CH,4
RH-1692

OCH
HO,S
NN A A N
N= S’gs
CH,

RH-1838
CH
HO;S
NN A AF N
N S’&S
CH3

Optical imaging

The procedures of VSDI in anesthetized cats and of optical imaging
of intrinsic signals in awake behaving monkeys have been discussed
in detail (Shoham et al. 1999; Shtoyerman et a. 2000). Here we
describe the procedure of VSDI in behaving monkeys.
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Before the imaging session, the monkey was placed in a primate
chair that was positioned on a carriage so that it could be rapidly
transferred from the operating room to the imaging setup. The primate
chair and its carriage were floating relative to the recording setup,
which was stabilized by a heavy stand (~400 kg). To minimize
vibration noise the following steps were taken. 1) The monkey's head
was typically fixed to the heavy stand at one point. In cases in which
the monkey produced many movement artifacts during optical imag-
ing, we fixed its head to the heavy stand using an additional point.
This proved to be efficient and reduced the movement artifacts that
were produced by the head movements. 2) The monkey’s hands were
restrained, enabling us to obtain an electrocardiogram recording. And
3) to further reduce any movement of the skull relative to the camera,
after final focusing, the camera was connected to the monkey’s head
holder at two points. For real-time optica imaging we used the
DyeDaq system (Shoham et al. 1999) based on the sensitive fast
camera, FUJIX HR Deltron 1700, which offers a resolution of 128 X
128 pixelsat 50— 1,333 Hz. The exposed cortex was illuminated using
an epi-illumination stage with an appropriate excitation filter (peak
transmission 630 nm, width at half height 10 nm) and a dichroic
mirror (DRLP 650), both from Omega Optical, Brattleboro, VT. To
collect the fluorescence and reject stray excitation light, we placed a
barrier postfilter above the dichroic mirror (RG 665, Schott, Mainz,
Germany). Before starting the imaging, we photographed the cortex
while illuminating it with a green light (540 nm bp10) to emphasize
the vascular pattern. We then recorded the images, using the vascular
pattern to focus the camera onto the appropriate region of the exposed
cortex and to align the camera so that the imaging plane would be
parallel to the cortical surface. To collect light from deeper cortical
layers and reduce artifacts from the large surface vessels, we lowered
the camera focus by ~400 um. At this stage, we fixed the camera to
the monkey’ s head, as described in the preceding text, and proceeded
to collect the VSDI data for the next 3—4 h.

Behavioral paradigms

The monkeys were trained to perform two types of behaviora
paradigms. The first was fixation. The trial started when the monkey
fixated within 2 X 2° on a small spot of light (fixation point, 0.1 X
0.1°) that remained throughout the entire trial. After 4—6 s, astimulus
appeared on the screen. The stimulus, usually a drifting grating
(contrast, 90%; size, 5—13° X 5—13°; spatia frequency, 1—3 cy-
cles/°; temporal frequency, 1—3°/s; orientation, 0°, 90°; displayed on
acomputer screen, mean screen luminance 23 cd m™2), was displayed
for various times. The monkey had to keep fixating on the small spot
until it disappeared to be rewarded with 0.2—0.3 ml of water or juice.
If fixation was broken while the fixation point was lit, the trial was
aborted.

To obtain real-time development of ocular-dominance functional
maps, we used the following visual stimulus: a flashed square drifting
grating against a black background, with spatial frequency, 1 cycle/°;
temporal frequency, 3°/s, size, 13 X 13°; contrast, 90% (the back-
ground was kept black while the fixation point was lit, both when the
grating was used and in the blank trials.) We also measured real-time
development of the functional orientation domains of two orthogonal
orientations, vertical and horizontal (VH maps), using as the visua
stimulus an isoluminant square drifting grating with spatial frequency
3 cycles/?; temporal frequency, 1°/s, size, 13 X 13°; contrast, 90%
(the screen background was kept isoluminant for the entire tria
period, including the period of fixation prior to stimulus onset and in
blank trials.) To obtain optima functional maps, the spatial and
temporal frequencies of the stimulus were set according to the fre-
guency tuning curves of neurons in the blobs (to obtain ocular-
dominance maps) or in the interblobs (to obtain VH maps) (Born et .
1991). The control (blank) conditions that we used for this type of
behavioral task were either binocular or monocular (computer-con-
trolled shuttersin front of the eyes allowed stimulation of either type).
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In these trials, the monkey had to fixate as in the other trials, but no
visual stimulus appeared on the screen. The monocular blank trials
were used as control trials for monocularly stimulated conditions, and
the binocular blank trials as control trials for binocularly stimulated
conditions. We also used ablank trial version in which both eyes were
covered with eye shutters. This blank condition could serve as a
control trial for both monocularly and binocularly stimulated condi-
tions but was rarely used. In the fixation paradigm, visual stimulation
appeared in 67% of thetrials, and 33% of the trials were control trials.

Eye position was monitored by an infrared eye tracker (Dr. Bouis
Devices, Karlsruhe, Germany), sampled at 1 kHz and recorded at 200
Hz. Stimuli were presented on a 21-inch Mitsubishi monitor at 60 Hz,
placed 100 cm from the monkey’s eyes.

In the second behavioral task the monkey was required to make a
controlled saccadic eye movement to a visual target. After achieving
fixation within 2 X 2° on asmall spot of light (0.1 X 0.1°, 4—6s), the
monkey was presented with asmall drifting grating with the following
properties. contrast 50%; size, 0.5—1 X 0.5—1°; spatial frequency, 3
cycles/°; tempora frequency, 1°/s; orientation, 0°. After a variable
delay (300—2,000 ms), the fixation point disappeared, cueing the
monkey to initiate a saccade toward the visual stimulus with alatency
of <400—600 ms to obtain a reward. The saccade had to land within
awindow (not visible to the monkey) around the visual stimulus, and
they tended to be accurate. Eye movements that had the typical
bell-shaped velocity profile and peak velocity >100°/s were consid-
ered saccades. If fixation was broken while the fixation point was lit,
the trial was aborted. The trial was also aborted if the monkey failed
to make an accurate saccade within 400—600 ms of removal of the
fixation point. In control trials, the monkey fixated but no stimulus
was presented on the screen. Asin the fixation task, 33% of the trials
were control, and 67% were trials in which the visua stimulus was
presented.

Behavioral control and data acquisition

Two linked personal computers were used for visua stimulation,
data acquisition, and control of the monkeys' behavior. We combined
our imaging software (DyeDaq) (Shoham et al. 1999) with the COR-
TEX software package (kindly provided by R. Desimone and E.
Miller National Institutes of Health). The system was also equipped
with a Sergeant Pepper Plus board (Number Nine, Lexington, MA)
and a Compuboard DIO system to control the behavioral task and its
data acquisition (behavior PC).

The protocol of dataacquisition (DAQ) in intrinsic experiments has
been described in detail elsewhere (Shtoyerman et a. 2000.) The
DAQ protocol for VSDI in anesthetized animals (described in detail
by Shoham et a. 1999) was modified to fit the behaving monkey
protocol. Only those modifications are described here. The behavior
PC controlled the fast camera through eight bits, and at the beginning
of each trial, a reference image was obtained while the monkey was
fixating. Data acquisition was usualy begun 150—350 ms before
stimulus onset and typically continued for 500—2,000 ms. The sam-
pling rate varied between 50 and 400 frames/s. Data acquisition was
triggered on the monkey’ s heartbeat and behavior. Stimulus onset was
monitored by a photodiode and saved as an analog channel that was
synchronized to DAQ. To enable analysis of single trials and to
correct the jitter of the visual stimulus, each single trial was saved
separately. In a typical imaging session we collected 1-2 Gb of
imaging data.

Data analysis

INTRINSIC IMAGING. Functional maps were derived from the raw
data by summing and dividing the frames from one or more condi-
tions. As an example, to obtain a map of ocular dominance, we
averaged the frames collected when the monkey was fixating with its
left eye open and avisual stimulus was then presented and divided the
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resulting image by the average of the frames collected under similar
conditions and during the identical time interval but with the mon-
key's right eye open.

VOLTAGE-SENSITIVE DYE IMAGING. For each visuadly stimulated
condition, we calculated the evoked response, which is a series of
single-condition maps (Bonhoeffer et a. 1993) corresponding to the
series of acquired data frames. The recorded value at each pixel was
first divided by the average value at that pixel before stimulus onset
(to remove slow, stimulus-independent fluctuations in illumination
and background fluorescence), and the resulting value was then di-
vided by the value obtained for the blank condition (trialsin which the
monkey was fixating but no visual stimulus was presented). This
procedure eliminates most of the noise due to heartbeat and respira-
tion (Grinvald et al. 1984), and the result thus reflects evoked neuronal
activity. The evoked response for monocular conditions was taken as
the average of the responses to the right and left eyes. The evoked
response for binocular conditions was calculated as the average of
responses to all orientations. The evoked response was presented
either as a time series of maps (Fig. 3A) or as a single time-course
curve resulting from a spatial averaging over a desired cortical area,
for example area V1 or V2 (Fig. 3B). The mapping signal for the
ocular-dominance maps is defined as the difference between the two
monocular evoked responses. The exact amplitude of the mapping
signal was calculated in the following way: for the average ocular-
dominance maps obtained by VSDI, we calculated the mean and SD
of al pixels. We then chose @l the pixels that had an absolute value
larger than (mean +1.5 SD). In this way, we ensured that only pixels
that are highly related to the functional domains were chosen, and the
rest were discarded. The exact amplitude of the mapping signal for the
orientation domains was calculated similarly.

Some of the maps are shown without any additional processing. In
other cases, the data were weakly band-pass filtered (2D Butterworth
filter; for details see figure legends). High-pass filtration was used to
remove highly variable global differencesin the responses to different
conditions, and low-pass filtration was used to smooth the functional
maps. We verified that this filtering does not alter the results.

RESPONSE LATENCY. The latency of the response to stimulus onset
was calculated for time courses of single trials averaged over a
specific cortical area (e.g., V1, V2). To obtain the latency of an
evoked cortical response, we calculated the first derivative of the
response and determined the time of its maximal amplitude t(i), where
i isthe frame number. Then, by selecting [t(i — 1). . .t(i + 3)] points,
we were able to fit a linear curve on the rising phase of the evoked
response curve itself (because the sampling rate was typicaly 9.6
mg/frame, the rising phase of the evoked response was typically only
afew frames). The baseline activity was calculated as the mean value
of the evoked response curve in the time points [t(i — 8).. .t(i — 4)]
just prior to the onset of response. Latency was defined as the first
time point sampled after the intersection between the baseline and the
linear curve fitted to the rising phase of the evoked response.

Minimizing photodynamic damage and pharmacological side
effects

To minimize the accumulation of illumination-induced photody-
namic damage, we illuminated the cortex for =6 sin each trial and
then used a dark interstimulus interval of 8—25 s. In each VSDI
session, we imaged the cortex for atotal illumination time of no more
than 20 min (each imaging session lasted for 3—4 h). To test for
pharmacological side effects, we used intrinsic optical imaging, as
described in rResuLTs. To rule out pharmacological side effects of the
cortical staining with the dye, we performed intrinsic optical imaging
before and after the VSDI sessions. The maps of ocular-dominance
columns and orientation domains were not affected by either the
staining or the VSDI session. However, pharmacologica side effects
were observed after either prolonged staining (for >2.5 h) or staining
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with a high concentration of dye solution. The side effects were
manifested by a sluggish time course of response and a reduced
signal-to-noise ratio. Similar phenomena were also observed in VSDI
sessions that were separated by relatively short intervals (for example,
in VSDI performed on adaily basis). However, these pharmacol ogical
side effects were usualy reversible; after several days of recovery,
during which VSDI was not performed, the dye response during the
next VSDI session reverted to its normal dynamics, amplitude, and
spatial patterns.

Possible contamination of the optical signals

VSDs in current use have been shown to reflect membrane-poten-
tial changes without contaminating artifactsin anesthetized catsand in
cortical slicesin vitro (Petersen et al. 2001). Severa lines of evidence
have indicated that aso in the awake monkey, recording of the
stimulus-evoked dye signa is not significantly contaminated by arti-
facts. The dye signals that we measured were restricted to the wave-
length of fluorescence emission. This was tested at the end of severa
VSD experiments when the postfilter and dichroic mirror were re-
moved from the macroscope and we imaged the cortex at 630 nm.
Under those conditions, the fast components of the dye signal were
never observed. Thus these signals are not likely to be contaminated
by mechanical artifacts or rapid intrinsic signals. In addition, the rapid
time course of the measured signal and the close correlation observed
in other experiments between intracellular measurements and the
optical signa in anesthetized cats (Sterkin et al. 1999; see Fig. 23 in
Grinvald et a. 1999) rule out the possibility of significant contami-
nation by signals from nonneuronal elements.

Duration of the recording period

Successful VSDI was sustained for a period of several months and
=1 yr. Thistime limitation was mainly due to slow growth of athin
white tissue over the cortex, probably a proliferation of the pia mater
and arachnoid mater (Arieli et a. 2002). This layer was strongly
stained by the VSD, reducing penetration and staining by the dye of
deep cortical layers and increasing the background fluorescence from
nonneuronal elements.

RESULTS

Three hemispheres in three monkeys were successfully im-
aged by VSD over aperiod of =1 yr after removal of the dura
[an average of 8.3 = 2.0 (SE) mo]. During this period, the
same cortical tissue was repeatedly stained and imaged, 1—3
times a week, =51 times from the same cortical area (an
average of 32 + 10.2 VSDI sessions per cortical area). Taken
together, the three hemispheres were subjected to a total of 96
VSDI sessions. As afirst step, we examined whether repeated
VSDI from the same cortical area caused damage to cortical
function.

Long-term repeated VSDI on the same cortical area does
not modify cortical function

One of the main concerns in implementing VSDI in behav-
ing monkeys was the possibility of causing acute and accumu-
lated damage, either from photodynamic damage or from phar-
macological side effects. To address this issue, we adopted a
twofold approach. First, we tried to minimize these effects by
optimizing the experimental procedures (see metHobs), and
second, we assessed the condition of the cortex by evaluating
its functional architecture by means of intrinsic imaging.

To evaluate the acute damage caused during a single VSDI
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session, at some of the recording sessions, we performed
intrinsic optical imaging just before and immediately after a
VSDI session. Intrinsic maps of ocular-dominance and orien-
tation domains, obtained just before and immediately after the
VSDI session, showed no differences in the spatial pattern or
amplitude of the functional cortical architecture. Moreover,
during a single VSDI session, the amplitude of the evoked
signal was typicaly the same and did not decrease signifi-
cantly, supporting the conclusion that normal cortical function
is preserved during a VSDI session.

We also routinely performed intrinsic optical imaging (~1
to 3 times a week) during the whole period of VSDI and were
thus able to compare the global time course and the functional
architecture over many months while searching for evidence of
accumulated damage. Even after 1 yr of VSDI we found no
difference in the global time-course amplitude or functional
architecture of the same cortical area; the same pattern of
ocular dominance was obtained over the whole year. Figure 2
presents the functional maps of ocular-dominance (Fig. 2A)
and orientation domains (Fig. 2B). Each pair of intrinsic signal
maps was separated by 6 mo of VSDI. Note that the later
ocular-dominance maps were obtained after 9 mo of VSDI
(Fig. 2A, bottom) and the later maps of orientation domains
were obtained 8 mo after the start of VSDI (Fig. 2B, bottom).
All of the orientation and ocular-dominance functional do-
mains that appear in the earlier maps also appear in the later
maps, and their similar shapes indicate that they did not change
significantly over 6 mo [correlation coefficients (r) calculated
for the 2 pairs of mapsin the V1 area were 0.78 and 0.72 for
the ocular-dominance and the orientation maps accordingly].
We also compared the amplitudes of the evoked response to
a visual stimulus over 5 mo of VSDI and found that there
was almost no change: the average response amplitude was
1.4 X 10 = 0.18 X 10 and 1.2 X 10 *+ 0.16 X 102 (the
stimulus was an isoluminant moving grating, size 0.5° located
3° below the horizontal meridian and 1.5° from the vertical
meridian). In view of the preservation of the response ampli-
tude and the similarity between the pairs of maps, particularly
for the orientation maps, we concluded that the intricate cor-
tical synaptic circuitry responsible for orientation tuning in
area V1 had remained intact.

In Fig. 2C we show, using a different monkey, that through-
out the period of VSDI the functional architecture was pre-
served in the entire 14-mm-diam exposed cortical area; there
was no significant difference between cortical areas that were
imaged with VSDI more frequently (central regions in this
exposed cortical area) and less frequently (peripheral regions).
There was also no significant difference in functional architec-
ture between cortical areas that were stained more strongly and
more weakly. The most noticeable difference between these
two maps was the larger blood vessels artifacts masked by gray
here.

Another important indication that the adverse effect of re-
peated VSDI is minima was the constancy of the monkeys
behavioral performance throughout this period. If cortical
function at the primary visual cortex had been significantly
damaged, we would expect to find a behavioral “scotoma’
specific for the location of the imaged area. However, there
was no evidence of visua deficits related to the visua field
represented by the imaged area while the monkeys were per-
forming their behavioral tasks. Moreover, two of the monkeys
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FIG. 2. Preservation of the normal cortical architecture and function throughout long-term VSDI. A: ocular-dominance map
obtained by intrinsic imaging, 3 mo after removal of the dura and onset of VSDI (top) and 6 mo later (bottom); thus the lower map
was obtained after 37 sessions of VSDI. The data are from monkey G. B: orientation map obtained by intrinsic imaging, 2 mo after
removal of the duraand onset of VSDI (top) and 6 mo later (bottom). Thus the lower map was obtained after 29 sessions of VSDI.
The cortical region from which these maps were obtained overlaps the region from which the ocular-dominance maps were
obtained. The data are from monkey G. C: ocular-dominance map obtained by intrinsic imaging from the entire exposed cortical
surface in this monkey. Top: obtained 1 mo after dura removal and onset of VSDI; bottom: obtained 3 mo later. Data are from

monkey M. Scale bar = 1 mm.

had received further training for amore complicated controlled
eye-movement task requiring the detection of subtle changesin
contrast in a small (1°) square moving grating that stimulated
the imaged area retinotopically [the monkey fixated within 2 X
2° onasmall spot of light, 0.1 X 0.1°, that was turned on in the
beginning of the trial. After 4—6 s, a small stimulus, size of
1 X 1° drifting grating with contrast, 50%; spatia frequency,
3 cycles/?; temporal frequency, 1°/s; orientation, 0° was turned
on. Following an additional variable delay (1-2 s), the monkey
had to detect a subtle contrast change (from 50 to 60%) in
drifting grating and respond with a saccade to the stimulus.)
We compared the behaviora performance with and without
dye staining and did not find a significant difference. The
monkeys were able to perform the task at a high level of
performance (>82%), which was not affected by the staining
or by the long-term continuous VSDI. In several sessions, we
also recorded the activity of single units and did not find any
rough abnormal activity. Having established that VSDI does
not significantly modify cortical function, we proceeded to
study the spatiotemporal dynamics of visually evoked dye
responses in V1 and V2.

Soatiotemporal dynamics of the evoked response in areas V1
and V2

Figure 3A shows a sequence of images taken after presen-
tation of a binocular stimulus that was turned on for 1,200 ms
(drifting gratings). We obtained the images by dividing each
frame by atime-corresponding image from the blank condition
in which the monkey was fixating but had not been given a
visual stimulus so that the heartbeat pulsation artifact was
eliminated. Shortly after stimulus onset there was a rapid

increase in fluorescence (brightening) over the entire imaged
areas of V1 and V2, corresponding to an overall depolarization
of neuronal elementsin the imaged areas (Fig. 3, A and B). In
area V1, the response amplitude among the different VVSDI
sessions and monkeys varied between 0.9 X 102 and 2.3 X
102 AF/F. In three monkeys in which the V1/V2 border was
clearly observed, the amplitude of the response to a visual
stimulus in V2 was typically smaller (by ~20-60%) than in
V1 (Fig. 3, Aand B). Thelatency to response onset in V1 (from
stimulus onset) was highly reproducible for the same monkey
over different VSDI sessions but varied among the monkeys
and ranged from 46 to 68 ms (see Table 1). In many cases, the
response latency in V2 was delayed by 5—15 ms compared
with V1 (for example, see Fig. 3B). Thisisin agreement with
previous findings (Schmolesky et al. 1998; Schroeder et al.
1998.)

Following stimulus offset, the evoked response reverted to
the baseline value that had preceded visual stimulation (Fig.
3C, top.) To compare the rate of decrease to baseline with the
rate of increase from baseline after stimulus onset, we calcu-
lated the first derivative of the averaged evoked response to a
stimulus of 800-ms duration (Fig. 3C, bottom). In area V1, the
derivative amplitude of the response to the stimulus onset was
>1.5 times higher (absolute value) than that of the stimulus
offset.

In one monkey, the border between areas V1 and V2 was
clearly evident from the spatial activation profiles of these
areas, as shown in Fig. 4, A and B. The surface plot in Fig. 4B
shows the amplitude of the optically detected signals at each
cortical sitein V1 and V2 over an areaof 8 X 8 mm?, 150 ms
after stimulus onset. At the border between the two areas, the
response amplitude in V1 decreases sharply to the lower level
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Fic. 3. Evoked response of VSD s€igna in

area V1 and V2. A: a sequence of frames of the

entire exposed cortical area (diameter = 14 mm),

whichincludesboth V1 and V2. The frameswere

obtained every 4.8 ms. Visual stimulusonset isat

time 0. The visual stimulus was a square drifting

grating with the following characteritics: size,

13 X 13°; spatia frequency, 3 cycles/®; tempora

frequency, 1°/s; contrast, 90%; orientation, 90° in

= haf of the trials and 0° in the other half. The
== stimulus was presented binocularly for 1,200 ms
- (only the images obtained during the 1st 86.4 ms
are shown). The grating was isoluminant with the
background. The response shown is the average
of 34 trialswith visud stimulation divided by the
average of 22 blank trials (in which the monkey
was fixating with no visud stimulus.) The dark
line in the last colored frame marks the V1/V2
border, and the next black-and-white frame
shows the pattern of the blood vessels from the
imaged cortical area. The amplitude of the
evoked response is 1110 * B: the mean time
course of the evoked response calculated sepa-
rately for V1 (blue) and V2 (red), from the datain
A. Timeresolution is4.8 ms. Error bars are = SE.

S Ay
L i

The onset of response in V1 was ~48 ms after
stimulus onset and the response in V2 was de-
layed by ~10 ms. Both time courses include an
initial fast response followed by adower increase

X107

toward a plateau. Data are from monkey M. C,

top: the evoked response in V1 to stimulus dura-
tion of 800 ms. Bottom: its first derivative. Ab-
solute values of the derivetive are higher for
response onset than for its decay back to basgline
after stimulus offset. The derivative was calcu-

200
Time (ms)

100

seen in V2. Figure 4A shows that this sharp decrease corre-
sponds to the border between V1 and V2 as reveded by a
comparison with the intrinsic ocular-dominance map obtained
from the same area

Having explored the temporal aspect of the evoked response,
we compared the dynamics of the evolving differential cortical
maps of functional domains relative to the cortical evoked
response.

Dynamics of ocular-dominance and orientation maps

To determine whether the dynamics of the ocular-dominance
maps differ from the dynamics of the orientation maps, we
examined the real-time development of the differential maps of
both ocular-dominance and orientation domains. At present

TABLE 1. Latency of evoked response in area V1

Monkey No. of Trids Latency, ms
M

Session 1 61 46.1 =52

Session 2 81 46.7 = 6.2

Session 3 50 46.2 + 4.9
Ar

Session 1 16 56.6 + 5.8

Session 2 25 57.6 £ 6.2
G

Session 1 98 68.2 + 6.8

Session 2 85 675+ 75

Values are means = SD. V1, primary visua area.

800
Time (ms)

400 lated as a dliding window size of 20 ms. The data

were sampled at a resolution of 9.6 ms (n = 25
trials). Data are from monkey G.

this comparison was done at a time resolution of =9.6 ms due
to signal-to-noise ratio limitations.

Figure 5A is composed of atime series of functional maps,
showing the development of the ocul ar-dominance map itself
as a function of time with a resolution of 19.2 ms/frame. To
obtain the ocular-dominance maps, we used the standard ap-
proach. Figure 5B shows the time courses of the evoked
response (blue), calculated as all monocularly stimulated con-
ditions divided by the conditions in which both eyes were
covered with eye shutters and mapping signal (red), calculated
as the time course from white patches minus the time course
from black patches), with a higher time resolution of 9.6 ms.
The latencies of the evoked response onset and of the mapping
signal are similar, ~60 ms from stimulus onset, as expected,
because the ocular dominance information already existsin the
thalamic input to the cortex (Hubel and Wiesel 1972). How-
ever, a late times we found a difference between the evoked
response and the mapping signal: the mapping signal reached
its maximal values within 40—50 ms from response onset and
remained relatively constant throughout the rest of the response
(Fig. 5B, red trace), whereas the evoked response increased
throughout the response and continued to increase until ~200—
280 ms after stimulus onset (Fig. 5B, inset). Therefore the
fraction of the mapping signal relative to the evoked response
was largest at response onset (~60%) and rapidly decreased to
alow steady level of ~20% in the later part of the response.
The average ocular-dominance map, shown in Fig. 5C (left), is
obtained by averaging al the frames between 80 and 150 ms
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FIG. 4. Spatia profile of the evoked response in areas V1 and V2. A: a
sequence of frames, 9.6 ms apart, obtained from V1 and V2 after stimulus
onset. The amplitude of the largest response is ~0.9 X 1073 Area V1 is
activated to a higher degree than area V2. The response decreases sharply at
the V1/V2 border, delineated from the intrinsic ocul ar-dominance map (bottom
right); n = 21 and n = 18 for visually stimulated and blank trials, respectively.
B: surface plot of the optically detected signals at each cortical sitein V1 and
V2, over an area of 8 X 8 mm?, 150 ms after stimulus onset. Data are from
monkey G.

after stimulus onset. The ocular-dominance maps obtained by
VSDI had aspatial pattern similar to those obtained by imaging
of the same cortical patch with intrinsic signals (r = 0.72, Fig.
5C, right; note that the value of r depends on signal to noise
ration as well. Typically, the value of r for the same functional
map, obtained in 2 subsequent imaging sessions, using the
same imaging technique ranges from 0.6 to 0.9. Therefore the
value of 0.7 obtained here is relatively large).

The spatial similarity of ocular-dominance maps obtained by
V SDI and those obtained by intrinsic imaging reflects the large
overlap in neuronal element sources that generate these differ-
ential maps. However, the fraction of the ocular-dominance
maps obtained with VSDI relative to the global signal is small
(only 20% at late times) compared with the relative fractional
change of the ocular-dominance maps obtained with intrinsic
imaging of 40-50% (Grinvald et a. 2000; Shtoyerman et al.
2000). This may suggest that intrinsic imaging is more specific
to spiking activity of neuronal populations whereas VSDI
reflects a larger proportion of subthreshold activity of those
populations.

Next we examined the dynamics of the orientation maps
(Fig. 6) to see whether they differ from the dynamics observed

H. SLOVIN, A. ARIELI, R. HILDESHEIM, AND A. GRINVALD

for the ocular-dominance map. Figure 6A is composed of a
time series of differential maps, showing the development of
the orientation map (VH map) as a function of time with a
resolution of 28.8 ms/frame. To obtain the VH maps, we used
the standard approach. The average VH map from the time
interval of 80—300 ms following stimulus onset is shown in
Fig. 6B. Figure 6C shows that the time courses of the evoked
response (blue), calculated as al binocularly stimulated con-
ditions divided by the conditions in which both eyes were
covered with eye shutters and the mapping signal (red), calcu-
lated as the time course from white patches minus the time
course from black patches with a higher time resolution of 9.6
ms. The latencies of the mapping signal and the evoked re-
sponse were similar at this time resolution, ~60 ms. However,
we found a difference in late part of the time course between
the evoked response and the mapping signal. The mapping
signal reached its maximal value within 40-50 ms from re-
sponse onset and remained nearly constant throughout the rest
of the response (Fig. 6C, red trace), whereas the evoked re-
sponse increased throughout the response and continued to
increase until ~250 ms after stimulus onset (Fig. 6C, inset).
Thus the mapping signal, when expressed as a fraction of the
evoked response, was largest at the beginning of the response
and decreased as the evoked response continued to increase
until it reached a steady level of 13% (somewhat lower than the
mapping signal of the ocular-dominance map). Finaly, the VH
maps obtained by VSDI had a similar spatial pattern to that
obtained by imaging of the same cortical area with intrinsic
signals (r = 0.7, Fig. 6D).

To compare the dynamics of ocular-dominance and VH
maps at low time resolution (9.6 ms/frame), we plotted the
normalized mapping signal for both maps in Fig. 6E. Their
dynamics were found to be similar. Note, however, that the
relationship of the evoked signal to the mapping signal was
somewhat different for orientation maps and ocular dominance
maps (compareinset in Fig. 5B for ocular dominance with inset
in Fig. 6B for orientation). This may be related to the different
visua stimuli used to get the different maps. Our next step was
to measure the cortical spatiotemporal responses to small local
visua stimuli.

Retinotopic mapping of evoked responses to local stimuli in
areas V1

To measure the size of the visual space that is mapped to the
exposed cortical area, we presented the monkey with four
different small stimuli presented in pairs (Fig. 7, A and bottom
right of B). Figure 7B is composed of atime series of frames
that show the development of the V1 differential retinotopic
maps to two pairs of four small drifting gratings. The cortical
response develops ~50 ms after stimulus onset, and the four
patches that appear in V1 correspond to the four different
stimuli on the screen. The differential map was calculated by
dividing the frames obtained during presentation of the two
vertically displaced stimuli by those obtained during presenta-
tion of the two horizontally displaced stimuli (Fig. 7B, a
definition of the differential map is presented after the last time
frame). The average map is shown in Fig. 7C (averaged over
70—-200 ms after stimulus onset). To estimate the magnification
factor for this eccentricity, we measured the distances over the
cortex between the peaks of the two patches that correspond to

J Neurophysiol « VOL 88 «+ DECEMBER 2002 « WWW.jN.0rg



3429

CHRONIC DYE IMAGING IN THE CORTEX OF BEHAVING MONKEYS

0010

"Iy Asjuow wouy e e pasel|ly ssed-mo| pue-ybiy asem eep ay L “(WyB1) seubis dsuLIUL Yiim paueIqo ey o) ejiws st (WB)) IASA Aq paukeiqo
deww aoueu ILIOP-fe N0 afiesene ay) D *feubis Buiddew pue asuodsal pax0AS PAZIRWIOU (18SU| 1URISUOD ARAITR ] SU LS. 11 YD IYM Jo1e ‘Sl 0G—0f UlylimaneA
Jew IXew S1sayJeal pue ‘Jesuo SN NS WoJ) SW 09~ ‘SLIels asuodsal paxoAe 8yl Se uoos se steadde dewu aoueu ILIOp-fe[ndo ay | auwkelysw 9'6 (v ul ueyl) Jaybiy
SeMm aJiay UoNN|osal awil] ‘(an|q) asuodsal paxone ay) Jo pue (paJ) eubis Buiddew ay) Jo 85IN00 awW g "W T S1aWel) 1S111 8yl apisul Jeq 9[eds "9/4a e1uod ayl
1o} s 9T Ag papialp afe 1sdi ay) 1o} Sl 9T Jo afielone Ue Sse pae|nded Sem asuodsal 8y "SAOH.LIN 885 ‘SNINWINS JO S|P 104 "0 = 1 e 1BSUO snnwiis
UM ‘Buo| sl Z'6T S1awel) yoeT “(umoys ate sdewl [euaeliip) TA Ul sdew soueu ILop-e|ndo JO SaLies Wl @y ‘Sdewl aoUeu ILop-1e|ndo JO SOIWRUAQ  °G 'O

(sw) awi
ooe 002 001 0

oolL-

- (sw) oun n
00Z 001 -0 0oL-
=
=
LEL|
Loix ot
d

J Neurophysiol « VOL 88 « DECEMBER 2002 « WWW.jn.org



-28.8

H

WA
&

C D

x10"

0100 200 300 400

Time (ms)

H. SLOVIN, A. ARIELI, R. HILDESHEIM, AND A. GRINVALD

B

ok v
-100 0 100 200 300

Time {ms)

FIG. 6. Dynamics of orientation maps. A: real-time development of orientation domains in V1 (differential maps are shown).
Each frame is 28.8 ms long. For stimulus description see text; n = 28 trials with horizontal orientation and n = 27 trials with
vertical orientation. B: average differential orientation map obtained by VSDI. C: the latency of the mapping signal (red, calculated
as the time course from white patches minus the time course from black patches) is similar to that of the evoked response (blue,
calculated as the average of all trials with abinocular visual stimulus divided by the average of al blank trials). The time resolution
here was higher (than in A): 9.6 mg/frame. Inset: normalized evoked response and mapping signal. Data are from monkey G. D:
confirmation of the VSDI differential orientation map. The average orientation domain map obtained by VSDI (left) is similar to
that obtained with intrinsic signals (right). The data were high-pass filtered. Data are from monkey G. The gray area masks blood
vessel artifacts. Scale bar = 0.5 mm. E: normalized mapping signal of ocular-dominance (green) domains and orientation domains

(orange), as a function of time (stimulus onset at t = 0).

the two horizontally and the two vertically displaced stimuli
(2° distance between each pair of stimuli). These were found to
be 3.45 and 4.43 mm, respectively. These values are close to
the range of the estimated cortical magnification factor based
on the results of Tootell et a. (1988) (3.0 and 4.1 mm,
respectively). Thus it is possible to measure the coordinates of
the exposed cortical area: the center of the chamber was
roughly 2° below the horizontal meridian and 1.5° lateral to the
vertical meridian.

Evoked responses to a small local stimulusin areas V1
and V2

Figure 8A is composed of a time series of frames showing
the spatiotemporal evoked cortical response, over an area of 16
mm diam, to asmall visual stimulus of 0.5 X 0.5° (location: 2°
below the horizontal meridian and 1.5° from the vertical me-
ridian) with a temporal resolution of 9.6 mg/frame. Two
patches of activation appear after stimulus onset: the first patch
emerges after 50 ms in V1, and one to two frames later an
activation patch emergesin V2 (the border between V1 and V2
is demonstrated by the intrinsic ocular-dominance map at the

bottom right). However, comparison of the activation between
areas V1 and V2 in this case is problematic because the
activation pattern in V2 becomes maximal and then abruptly
declines at the lunate sulcus (Fig. 8, A and B), indicating that
the V2 response is partialy buried inside the lunate, and
therefore we could not tell where was its peak. Figure 8B
shows that the dye response in V1 to asmall stimulus contain-
ing sharp borders does not itself have sharp borders; rather, the
cortical response declines gradually asit spread laterally across
the cortical surface.

Figure 9 shows atime series (temporal resolution: 9.6 ms) of
vertical and horizontal spatial profiles through the center of the
response (blue lines in Fig. 9A). The horizontal profiles are
paralel to the V1/V2 border (Fig. 9B, top) and the vertical
profiles are perpendicular to it (Fig. 9B, bottom). This figure
showsthat in area V1, within ~30—40 ms from response onset
(i.e., ~80 ms after stimulus onset) the activity in response to a
stimulus of 0.5° already spreads over the full extent of ~9 mm
on the axis paralel to the V1/V 2 border and to ~6.5 mm on the
axis perpendicular to the V1/V2 border. Figure 9C shows the
amplitude of the evoked response in area V1 and the width at
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FIc. 7. VSD imaging of retinotopic activation by 4 stimuli. A: schematic representation of the visual stimulus. B: real-time
development of adifferential map of the response to 4 stimuli. Each frame is 9.6 mslong. The 4 patches that appear over area V1
correspond to the 4 stimuli in the matrix (see A for details of the stimulus). A definition of the differential map is presented after
the last time frame. C: average differential map of a matrix of 4 stimuli (n = 20 trials). Data are from monkey M. Scale bar = 1

mm.

half-height (WHH), in V1 area alone, as a function of time for
the successive spatia profiles (marked along the lines in Fig.
9A). The activity in V1 spreads to a WHH of 5.3 mm on the
axis parallel to the vertical meridian and to 3.7 mm on the axis
perpendicular to the vertical meridian. The large spread of
optically detected activity appeared to cover amuch larger area
than that predicted by the cortical magnification factor for this
eccentricity based on previous studies using classical tech-
niques (Dow et a. 1981, Tootell et a. 1988). This large spread
is characteristic of subthreshold activity, as previously shown
for anesthetized monkeys using VSDI (Grinvald et al. 1994).

To compare the cortical responses for different stimulus
sizes, we presented the monkey with a small moving grating
square of 1 or 0.5°, located 3° below the horizontal meridian
and 1.5° from the vertical meridian. In each recording session,
we calculated the WHH for area V1 over an average of ~40
trials and then calculated the average over severa recording
sessions. Thus for a stimulus size of 1°, we calculated the
WHH (n = 4 recording sessions) during steady state as 6.7 =
0.2 parallel to the vertical meridian and 5.2 + 0.2 mm perpen-
dicular to the vertical meridian and having an amplitude of
1.2 X 10 2 + 6 X 10 °. For astimulus size of 0.5°, the WHH
during steady state decreased by 25-30%. Thus the WHH for
a0.5° stimulus was 5.3 = 0.5 parallel to the vertical meridian
and 3.8 = 0.2 mm perpendicular to the vertical meridian (n =
4), and the amplitude was 1.1 X 102 + 8 X 10>,

It is aso evident from Fig. 9 that the evoked cortical re-
sponse was anisotropic in area V1, with the longer axis located
paralel to the V1/V2 border. We define the local anisotropy
factor as the ratio between the spread in V1 along the axis

paralel to the V1/V2 border (Fig. 9C, middle) and the spread
along the axis perpendicular to the V1/V2 border (Fig. 9C,
bottom). The local anisotropy factor in V1 was 1.4 for this
eccentricity (Fig. 9C). The local anisotropic value can aso be
estimated from Fig. 7B as the ratio between the distances of the
peaks on the different axes. Here we obtained an anisotropy
factor of 1.3. When averaged for several recording sessions,
the anisotropy factor was 1.3 = 0.05 (n = 8) for a stimulus of
1° located 3° below the horizontal meridian and 1.5° from the
vertical meridian. Thus the evoked optical signal was aniso-
tropic at this eccentricity, close to the V1/V2 border, confirm-
ing previous reports using traditional techniques (Dow et al.
1985; Tootell et a. 1988; Van Essen et al. 1984).

To calculate the velocity of spread of the optically evoked
signal in area V1, we calculated the average slope of WHH
(parallel to the vertical meridian), over one to three frames,
after response onset. The spreading velocity of the optical
signal in area V1 ranged from 0.15 to 0.19 m/s, with a mean
value of 0.174 = 0.006 m/s (n = 7 recording sessions). These
values are in agreement with previous studies (Bringuier et al.
1999; Grinvald et a.1994) and suggest that this conduction
velocity is likely to be mediated by long-range nonmyelinated
connections or polysynaptic pathways or feedback from higher
areas. However, the spreading velocity can be defined as the
first derivative in time of the WHH; in this case, the spreading
velocity after alocal visua stimulation contain more than one
component and is dynamic with time.

Having characterized the dynamics of the responses to basic
visual stimuli in areas V1 and V2, we proceeded to study the
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evoked response after a simple behavior such as a saccadic eye
movement.

Dynamic cortical response after a saccadic eye movement

To measure the cortical response to saccadic eye move-
ments, we trained the monkey to perform a saccade to a small
local visual stimulus (Fig. 10A; see meTHops for details). Figure
10B shows a time series of the average evoked cortical re-
sponse (from 17 trials) triggered at the onset of a saccade to the
small peripheral stimulus. The stimulus was turned on
500—800 ms earlier in the trial, and thus the initial frames
show that before the saccade started, the retinotopic response
over the cortical area was fully developed: two patches of
activation appear, one in area V1 and the other in area V2. At
time 0, the monkey made a saccade to the visual stimulus, and
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Fic. 8. Dynamics of the response to a small
retinotopic visual stimulus in areas V1 and V2.
A: spatiotemporal response to an isoluminant,
small square drifting grating (size, 0.5 X 0.5°%
spatial  frequency, 3 cycles/°; tempora fre-
quency, 1°/s; orientation, 0°) located 2° below
the horizontal meridian and 1.5° from the verti-
cal meridian, at a temporal resolution of 9.6
mg/frame. Stimulus onset isat t = 0. The maps
were calculated as average of al trials (n = 26)
in which the monkey was fixating and was pre-
sented with a visual stimulus divided by the
average of al trias (n = 23) in which the mon-
key was fixating but was not presented with the
visual stimulus. The border of V1/V2 was delin-
eated from the intrinsic ocular-dominance map
shown in the last panel of A. B: surface diagram
plotting the amplitude of the optically detected
signals at each cortical sitein areas V1 and V2,
over an area of 16 X 16 mm?, for data from A
averaged from frames obtained 80—200 ms after
stimulus onset. Data are from monkey M.

the visual stimulus was therefore shifted across the retina
toward the fovea. Similarly, cortical activation was shifted
toward a more foveal location, after a latency of ~80 ms. At
this time point, however, the correlation between the temporal
behavior of the stimulus and the cortical activation was dis-
rupted: while the cortical response in the foveal location was
increasing, the response in the previously responding periph-
eral locations (both in V1 and in V2) had not yet returned to
baseline. Figure 11, A and B, shows that there is a period of
~100 ms in which two cortical regions [peripheral (cyan) and
more foveal (black)] are activated simultaneously to a similar
extent, i.e., for an interval of ~100 ms, the activities of the
more foveal and the peripheral cortical locations overlap. Dur-
ing this period, the cortical activation patterns looked as if two
visua stimuli were present in visual space, one at the periphery
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FIG. 9. Spread, magnification factor, and anisot-

[+

ropy in V1. A: location of the horizontal and ver-
tical spatial profiles over the center of the average
cortical response from Fig. 8. B: successive tempo-

WHH (mm)

ral displays of the spatial profiles through axes that
are parallel (top) and perpendicular (bottom) to the
V1/V2 border. The different colors indicate succes-
sive frames from the time of stimulus onset. The
full extent of spread is ~9 mm in the axis parallel
to the V1/V2 border and ~6.5 mm in the axis
perpendicular to the border. C: evoked response as
a function of time, calculated over area V1 (top).
The figure shows the width at half-height (WHH)
as afunction of time for the horizontal (middle) and
vertical spatial profiles (bottom), calculated only for
area V1. The response spreads in an anisotropic

way, and there is less spread in the axis perpendic-
ular to the V1/V2 border than in the axis parallel to
the border. Data are from monkey M.

WHH (mm)

{00 0

and the other at the fovea, whereas on the screen there was only
one visual stimulus.

We wondered whether this apparent contradiction between
the cortical activation patterns and the visual stimulus, has a
simple explanation. For example, the overlap of cortical activ-
ity in two completely different retinotopic locations after a
saccade to a previously presented local visual stimulus may
have been merely aresult of the relatively slow fall-off of the
cortical response to the stimulus offset (see Fig. 3C) that
probably doesn’t influence the monkey’ s perception. To exam-
ine this possibility, we compared the cortical fall-off response
to a previoudly presented local visua stimulus, for two cases.
after a saccade to the visual target and after the visual stimulus
offset (Fig. 11D). We found that the cortical fall-off responses
after stimulus offset and after a saccadic eye-movement do not
differ significantly. Therefore the overlap of activity in two
completely different cortical locations results from the slow
fall-off response. We also found that another intermediate
region of V1 (marked by a green square in Fig. 11A), which is

i
|
100 200

Time (ms)

between the two above-mentioned locations, responds to the
saccadic eye movement with a transient increase in activation,
which decayed rapidly (Fig. 11B, green curve). Thisregion had
low response amplitude prior to saccadic onset (2 X 10~ %) due
to its retinotopic location relative to the stimulus position.
Following a saccade, the response amplitude for this location
was much smaller, and its latency appeared to be dightly
shorter than the later activation at the more foveal location
(black and green curves, Fig. 11, B and C), suggesting that the
observed transient increase in activation does not result from
spreading of activation from the most foveal region (Fig. 11A,
black square). This finding suggests that population activity is
evoked in areas V1 and V2 following a stimulus that shiftsin
space with saccadic velocity. However, it is not clear whether
thislevel of activation isthe same or different from what would
be produced without the eye movement, an experiment that
remained to be done.

Having characterized the dynamics of the response follow-
ing a saccade to a visual target, we proceeded to examine the
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FIG. 10.
stimulus. B: time series of the average optical signal triggered at the onset of a saccade to the visual stimulus (n = 17 trials). The
first few frames show the fully developed evoked response to the small (0.5°) single isoluminant drifting grating, which was turned
on 500—800 ms earlier. After a saccadic eye movement to the stimulus (t = 0), the activity on the cortex is shifted to amore foveal
location (lateral direction). The thin black line in the first frame denotes approximately the VV1/V2 border. Scale bar =3 mm. C:
black-and-white image of the blood vessel pattern from the imaged cortical area, measured using an ocular-dominance map
obtained by intrinsic imaging. A, anterior; P, posterior; L, lateral; M, medial.

cortical response in a single trial. This was done because the
detailed exploration of cortical dynamics can derive much
benefit from methodol ogies that provide a good signal-to-noise
ratio in a single trial without relying on signal averaging.

Evoked response to single trials

Single trial analysis is essential to correlate the monkey’s
behavior to the cortical response. Almost al of the recording
sessions had a good signal-to-noise ratio in single trias, and
the dye response to visual stimulation was clearly observed in
thesetrials. Figure 12 showstypical single evoked responses to
a small moving square grating in area V1, from one recording
session. Blank singletrials are plotted as a control for the noise
level. Thus evoked responses to the visual stimulation were
clearly observed on-line in response to a single presentation of
the stimulus. In the present behavioral paradigm, where the
monkey was simply fixating, we did not find any interesting
correlation between the monkey behavior and the concomitant
cortical responsesin V1 and V2.

DISCUSSION

Using VSDI, we explored the spatiotemporal responses of
neuronal populations to different visual stimuli. We examined
the functional architecture and retinotopic dynamics of those
populations as well as the cortical activity following a saccadic
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Imaging of the response dynamics resulting from a saccadic eye movement. A: schematic representation of the visual

eye movement. The results obtained here in the behaving
monkey can probably be applied, with minimal modifications,
to chronic long-term VSDI in other cortica areas or many
other preparations. In a recent work, we have aready used
long-term V SDI to investigate saccadic eye movements evoked
by microstimulation in the frontal cortex of behaving monkeys
(Seidemann et a. 2002). The results of the present method-
ologica study showed that VSDI does not cause significant
accumulated damage to the cortical architecture as tested by
intrinsic imaging. Moreover, we demonstrated the ability to
obtain single-trial results with a high signal-to-noise ratio and
were able to clearly observe on-line evoked responses to the
visual stimulation after a single presentation of the stimulus
(Fig. 12). This|latter ability would be particularly important for
the study of behavior and cortical dynamics. However, the
noise in the awake monkey is larger than that we observed in
VSDI imaging on anesthetized animals. Thus it remains im-
portant to improve the dyes further or to develop a new
analytical approach to remove the biological noise that occurs
in awake animal and not in the anesthetized monkey.

Effects of long-term VSDI in behaving monkeys

The short- and long-term effects of cortical VSDI on cortical
activity were examined by intrinsic functional mapping of the
visual cortex over a period of many months. We showed in this
study that throughout the entire period of the VSDI, the spatial
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FIG. 11. Response dynamics resulting from a sac-
cadic eye movement and stimulus offset. A: 3 different

regions in area V1 of monkey M are marked on a map
showing the activation before and after a saccade
(marked with different colored squares). Data are the
same as in Fig. 10B. B: time course of the evoked

activity from these 3 different locations after onset of a
saccade to the visual stimulus. Errors bars represent 1
SE and are plotted for every 2nd sample point (n = 17
trias). The time course in cyan shows the cortical re-
sponse caculated from the region that responded ini-
tidly to the onset of the local visua stimulus (cyan
square in A). After saccadic onset, the response gradu-
aly decreased. The region enclosed in the black square,
responded only after the saccadic eye movement. The

A B15£1°.4. e
e D
4+
o.
-100 0
C D

gray area marks the temporal overlap of ~100 ms
between the evoked responses in these 2 retinotopicaly
activated regions. Following the saccade, the region
enclosed in the green square was activated more wegkly

by the visua stimulus passing through its retinotopica
coordinates, relative to the activation in the region where
the stimuli reached its retinotopical coordinates at the
end of the saccade (marked in black). C: time course of
responses shown in B, normalized to the maxima re-
sponse amplitude. Activation of the green response
starts before the response in black. D: average cortical
response fall-off after a saccade to a visud stimulus
(blue, t = 0 is the onset of saccade; n = 20 trials) and
after stimulus offset (red, t = O isthe offset of the visua
stimulus, n = 8 trias). Data were normalized to the

100
time (ms)

pattern of functional architecture obtained by intrinsic imaging
was preserved. Other observations supported this result: time-
course amplitude was preserved across several months of
V SDI, behavioral performance of contrast discrimination was
not affected by the long-term VVSDI, and single-unit recording

2 X10°

AFIF

AF/F

Time (ms)

Time (ms)

FIG. 12. Evoked response can be detected in single trials. Evoked re-
sponses from single trials (top and right bottom) and blank single trials as a
control for the noise level (left bottom). All traces were spatially averaged over
asmal areain V1. All traces were divided by the average blank value. The
stimulus was an isoluminant, square drifting grating (size, 0.5 X 0.5°; spatial
frequency, 3 cycle/°; temporal frequency, 1°/s; orientation, 0°; located 3.5°
below the horizontal meridian and 1.5° from the vertical meridian, stimulus
onset at t = 0). In the blank condition the monkey was fixating but was not
presented with the visual stimulus. Data were weakly low-pass filtered.

maximal response amplitude; error bars represent 1 SE.
For both conditions, the visud stimulus was presented
300—800 ms before saccadic onset or visua stimulus
offset.

showed no rough abnormal activity. We therefore conclude
that long-term VSDI in behaving monkeys, as implemented
here, does not produce significant cortical damage.

Evoked response dynamics

The evoked response latency in area V1 varied between 46
and 68 ms among the different monkeys. These results are in
line with previous studies of single- and multiunit recordings
that were done in behaving monkeys and showed similar
latenciesin V1 (Celebrini et al. 1993; Knierim and Van Essen
1992; Maunsell and Gibson 1992; Petersen et a. 1988;
Schmolesky et a. 1998; Schroeder et al. 1998; Vogels and
Orban 1991).

Another finding of this study was that the decay in the
neuronal population response to baseline level after stimulus
offset was slower than the increase in neuronal activity from
baseline after stimulus onset. This may suggest that the re-
sponse of the neuronal populationis better synchronized during
the onset of thalamic input than during the offset, when cortical
circuits remain reverberating for a while until the neuronal
activity decays and returns to baseline (A. Sterkin, D. Ferster,
I. Lampl, A. Arieli, unpublished observations).

A recent work (Bair et al. 2002) has also found that the
timing response of onset and offset in monkey’s visual
neurons is different in latency and stimulus dependence.
They also indicated that the onset latency could be more
variable compared with offset response. However, this was
found only for a small population of simple cells (n = 16)
and could be related to the unique stimulus configuration
that was used in this work.
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Dynamics of functional domains

Both ocular-dominance and orientation domains developed
as soon as the evoked response started (temporal resolution of
9.6 mg/frame). Thisis in agreement with studies showing that
orientation tuning in the macaque primary visual area develops
within a short time after stimulus onset (Celebrini et al. 1993;
Ringach et al. 1997, Sharon and Grinvald 2002). The similar
latencies of ocular-dominance and VH map development sug-
gest not only ocular-dominance selectivity but also orientation
selectivity in the organization of thalamic input. The similar
dynamics of the ocular-dominance and VH maps (as seen with
a temporal resolution of 9.6 ms/frame and the current signal-
to-noise ratio) suggest that the ocular-dominance and orienta-
tion inputs have similar cortical processing. The present results
do not however rule out dynamics in the orientation tuning that
is represented in the cortex at early time because of the limited
temporal resolution and signal-to-noise ratio of the present
orientation maps. Such early changes, revealed by VSDI, were
recently reported in the anesthetized cat, where the signal-to-
noise ratio was higher (Sharon and Grinvald 2002).

The mapping signa (the differential responses for both
orientation and OD) reached its maximal value within 40-50
ms from response onset, whereas the evoked response in-
creased throughout the response and continued to increase until
~250 ms after stimulus onset. Further analysis showed that
V SD response latencies were similar between the preferred and
nonpreferred orientation as well as between the dominant and
nondominant eye. Given the current time resolution of 9.6
ms/frame, we do not rule out that a latency difference smaller
than ~10 ms may exist; some difference is expected from the
anatomy, at least for the OD case. Indeed, severa studies
showed some indications for a latency difference between the
preferred versus nonpreferred (e.g., Celebrini et al. 1993; Vol-
gushev et al. 1995).

Even at thistime resolution we found that the response to the
dominant eye or preferred orientation increased faster and
reached a larger amplitude relative to that of the nondominant
or nonpreferred response, respectively (per definition, it isthis
difference that produced the mapping signal). Similar results
have been reported in Gillespie et a. (2001) and in the recent
work of Sharon and Grinvald (2002) (time resolution was 9.6
ms/frame.) It is important to repeat these experiments with
higher time resolution.

Intracellular recording have shown that neurons with orien-
tation selectivity responded with an increase of their membrane
potential and spiking activity to the preferred orientation. Sim-
ilarly, the same neurons exhibited subthreshold depolarization
to nonpreferred orientation (Gillespie et al. 2001; Volgushev et
al. 1995). Thus in a similar way to the orientation, single
neuronsin layer 2—3 should show depolarization in response to
the nondominant eye visual stimulus.

VDI and imaging based on intrinsic signals: sensitivity to
subthreshold and spiking activities

As we showed in the present work, there is clear similar-
ity between the ocular-dominance or VH functional domains
obtained by VSDI and those obtained by intrinsic imaging
whenever the maps are obtained by differential imaging. Per
definition, with differential imaging, the common mode of
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the responses to orthogonal stimuli is eliminated. The ratio
of the evoked signal to the mapping signal is an indication
to the relative size of the common mode response. In the
case of ocular dominance and orientation, it is well known
that the two orthogonal domains both exhibit subthreshold
activated in response to the null stimulus. In contrast, su-
prathreshold activation occurs amost exclusively in re-
sponse to the optimal stimulus. We found that the fractional
change of the mapping signal (for either VH or ocular
dominance) is significantly higher for the intrinsic maps
than for maps obtained by VSDI (Grinvald et al. 2000;
Shtoyerman et al. 2000). This finding indicates that the
intrinsic signal obtained at 605 nm is emphasizing supra-
threshold activity more than the dye signal and vice versa;
the dye signal places more emphasis on subthreshold activ-
ity. This possibility is further supported by the observation
that the evoked responses of both ocular-dominance and VH
stimuli reached their maximal amplitudes only ~100 ms
after maximal amplitudes had been reached by the mapping
signals, suggestive of reverberating subthreshold synaptic
activation.

Response to small localized visual stimuli

VSDI emphasizes subthreshold activity of neurona popula
tions. It is therefore not surprising that the spatial extent of the
evoked cortical response to a small stimulus imaged by VSD
(Fig. 9) substantially exceeded that expected by classical tech-
niques, which typically are biased to the suprathreshold activ-
ity (Dow et al. 1981; Tootell et al. 1988; Van Essen et a.
1984). The results of the present study are in line with previous
findings on the point spread function studied by VSDI in
anesthetized monkeys (Grinvald et a. 1994). More recent
studies of intracellular recordings showed that the size of the
subthreshold receptive field is indeed much larger than the
classical or spiking receptive field (Bringuier et a. 1999).
Moreover, we showed that the response reached its maximal
extent within 30—40 ms, which means that the magnification
factor we measured for population synaptic activity was dy-
namic and increased to its full extent within 30—40 ms after
response onset (Fig. 9). The evoked responses to small visual
stimuli in V1 were anisotropic close to the vertical meridian,
and were similar to those described previoudly (Dow et al.
1985; Tootell et al. 1988; Van Essen et al. 1984).

Cortical activity after a saccadic eye movement

The rapid optical signal triggered by a saccadic eye move-
ment (Figs. 10 and 11) showed that there is an overlap period
of ~100 ms during which the visual cortex simultaneously has
two locations of activation but only one visual target appears
on the screen. This results from the slow fall-off of the cortical
response following cessation of the stimulus. Moreover, we
found cortical responses to a small stimulus moving with
saccadic velocity as shown by the fact that cortical regions
located in the saccadic trgjectory responded with a direct
transient activation after the saccadic eye movement to the
visual target (Fig. 11, A, green box, and B). It remains to be
explored what is the relationship between these transient acti-
vations and perception.

In summary, this work lays the foundation for a new way

J Neurophysiol « VOL 88 « DECEMBER 2002 « WWW.jN.0rg



CHRONIC DYE IMAGING IN THE CORTEX OF BEHAVING MONKEYS

of recording and analyzing the dynamics of population
activity in behaving monkeys, with both a high spatial and
temporal resolution. The combination of VSDI with tradi-
tional electrical recordings can also be readily adapted for
the behaving monkey and would facilitate the selective
visualization of neuronal assemblies (Arieli et al. 1995,
Tsodyks et al. 1999) involved in dynamic representations
and processing of sensory input, as well as in the planning,
control, and execution of motor output.
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