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Abstract

In the cortex, neural responses to crossmodal stimulation are seen both in higher association areas
and in primary sensory areas, and are thought to play a role in integration of crossmodal sensations.
We used voltage-sensitive dye imaging (VSDI) to study the spatiotemporal characteristics of such
crossmodal neural activity. We imaged three cortical regions in rat: primary visual cortex (V1), barrel
field of primary somatosensory cortex (S1bf) and parietal association area (PA, flanked by V1 and
S1bf). We find that sensory-evoked population activity can propagate in the form of a distinct
propagating wave, robustly in either crossmodal direction. In single trials, the waveforms changed
continuously during propagation, with dynamic variability from trial to trial, which we interpret as
evidence for cortical involvement in the spreading process. To further characterize the functional
anatomy of PA, we also studied the propagation of spontaneous sleep-like waves in this area. Using
a novel flow-detection algorithm, we also detected a propagation bias within PA of spontaneous
waves—these tend to propagate parallel to the crossmodal axis, rather than orthogonal to it. Taken
together, these findings demonstrate that intracortical networks show pre-attentive crossmodal
propagation of activity, and suggest a potential mechanism for the establishment of crossmodal
integration.
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Introduction

Combining input from several modalities can improve perception and behavior [38]. Recent
findings in human imaging have directed attention to multisensory responses in the early stages
of cortical processing [7,8]. Crossmodal influences in early cortical stages have been observed
in humans [8,11,13,22,24,27], nonhuman primates [4,17,21,36,37], cats [1], ferrets[5], and
rodents [25,40]. Such widespread observations of multisensory responses in sensory cortex
has lead to the proposal that all “unisensory” areas may indeed encompass multisensory
characteristics [9,12,35], especially when measures sensitive to subthreshold activity such as
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evoked potentials [6,25], but also in unit activity [40]. Little is known, however, of how this
neural activity manifests spatiotemporally on the population level.

Crossmodal transmission of activity may potentially be observed with voltage-sensitive dye
imaging (VSDI), as has been predicted previously [31]. This technique measures activity in
cortical surface layers, and mainly reflects dendritic postsynaptic potentials [32]. In this study,
we directly tested whether it is possible to capture crossmodal transmission of neural activity
with voltage-sensitive dye imaging. In particular, we tested the hypothesis that modality-
specific activation is followed by the spread of this activation to surrounding non-specific areas,
in the form of propagating waves of population activity [10].

Materials and Methods

Surgery

Imaging

Eleven adult Sprague Dawley rats (250 — 400 g) were used. Surgical procedures were approved
by Georgetown University Animal Care and Use Committee following NIH guidelines. For
details, see Lippert, et. al., 2007 [23].

Briefly, animals were pretreated with atropine sulfate (40 pg/kg IP) and xylazine (2 mg/kg),
intubated via tracheostomy, and ventilated with isoflurane in conditioned room air. End-tidal
carbon dioxide (ETCO5) was maintained at 3.4-3.6%. Anesthesia was closely monitored, and
supplemented with additional xylazine. Physiological support included maintenance of
normothermia, infusion of Ringer solution (approx. 2.5 ml/kg/hr SQ), and application of bland
ophthalmic ointment. Cranial windows were drilled over visual cortex (bregma —4 to -9 mm,
lateral 1 to 6 mm), barrel field (bregma —0 to —5 mm and lateral 2 to 7 mm), or parietal
association area (bregma —2 to —7 mm and lateral 1.5 to 6.5 mm). Voltage-sensitive dye
RH-1691 (Optical Imaging) was applied transdurally (2 mg/ml in ACSF), for 1.5 to 2 hr. After
staining, excess dye was rinsed for >15 min.

Imaging utilized a macroscope with large numerical aperture [19,23]. Excitation light was
filtered at 630 + 15 nm and reflected onto the cortex via a 655 nm dichroic mirror. Signal was
filtered through a 695 nm long pass filter and projected onto the aperture of a 464-channel
hexagonally packed photodiode array. Each detector of the array received light from an area
of approximately 160 um in diameter, and was individually amplified. Neuroplex
(RedShirtimaging) was used to coordinate data acquisition, at 1.6 kHz. An ECG-triggered
subtraction algorithm was used to subtract heartbeat artifact, when present [23]. All data
presented were recorded in single trials, without averaging. For frame images, a 7-tap
hexagonal spatial filter (nearest neighbors) was applied. Traces were filtered between 1-100
Hz for display. Custom programs were used (Java/Mathematica), and are available upon
request.

For visual stimulation, a white LED was positioned in front of the contralateral eye. The visual
stimulus lasted for 10 ms and covered approximately 40° of the visual field of the animal. The
stimulus light path was shielded to avoid contamination of the optical recordings. For whisker
stimulation, we used a 200 ms ramp-and-hold deflection to whisker alpha, in the anterior
direction, delivered via a modified galvanometer providing rapid deflections of 3 mm (~15°).
Other whiskers were cut off to prevent inadvertent stimulation.

Flow Field Calculation

Our flow-field calculation is based on time-shifted correlations between detector pairs in the
field, and is described in detail in the supplemental material. Briefly, if two waveforms from
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neighboring detectors show high correlation with each other with a certain temporal delay, this
delay can be taken as a measure of propagation speed between these neighboring detectors
(Supplemental Figure 2A). The two-dimensional flow for a given detector can be calculated
by isotropic aggregation of this measure for neighboring pairs (Supplemental Figure 2B). We
used a correlation window of 100 ms (160 frames); windows of 75 ms and 150 ms yielded
similar results (data not shown). We calculated the following metrics for each detector: flow
direction, flow velocity, and flow reliability (i.e. the average correlation coefficient of all pairs
sampled). Detected events with flow reliability lower than 0.9 were discarded.

Crossmodal Propagation of Sensory-Evoked Activity Between Visual and Somatosensory

Cortex

We expected crossmodal propagation of population activity to be low in amplitude, and
theferore tested under conditions where a large population of spatially proximal neurons is
activated synchronously, to facilitate voltage-sensitive dye imaging [14]. Namely, we used
higher concentration isoflurane anesthesia (> 1.5 % isoflurane). Evoked activity was recorded
with voltage-sensitive dye imaging in three fields: primary visual cortex (1), barrel field of
primary somatosensory cortex (S1bf) and parietal association area (PA) (Figure 1A). PA is
abutted spatially by S1bfand V1, and has shown crossmodal responsivity in electrical recording
studies [40]. Each field was imaged in independent experiments, both because we failed to
attain physiological stability with larger craniotomies, and because the curvature of the rat
brain prohibits simultaneous imaging of all three fields in totality. Subsequent quantification
was based on images centered on the PA (e.g. red hexagon in Figure 1A), which included
significant portions of both V1 and S1bf.

Under these conditions, we observed a robust and spatiotemporally coherent wave of sensory-
evoked activity between V1 and S1bf (Figure 1C). Visual flash stimulus resulted in activity
propagating from V1 through PA to S1bf (Figure 1C, “F”), whereas somatosensory whisker
stimulus evoked the reverse pattern (Figure 1C, “W”). Under these anesthetic conditions, all
recording trials (flash, n=156 trials, whisker, n=156; 8 animals) without spontaneous activity
within 500 ms prior to stimulus presentation (i.e. preceding activity was <25% of maximum)
showed such robust crossmodal propagation, resulting in propagating activity similar to the
representative trials shown in Figure 1C. Crossmodal propagation was defined as propagation
of a waveform initiating at a detector within the modality-specific area (within 100 ms of
stimulus onset), and showing correlation with waveforms in proximal detectors, thus
transmitting continuously into the non-specific area. No waveforms jumped detectors at the
scale of observation (i.e. no waveforms showed correlation between two remote detectors but
not in the detectors between them).

This crossmodal propagation was bidirectional, but asymmetric, as illustrated for
representative trials (Figure 2). In order to better visualize the trial-to-trial variability and
asymmetry of this crossmodal propagation, we created linescans by selecting a single row of
detectors from the imaging field along the crossmodal axis (approximately parallel to the
anterior-posterior axis), and plotting the normalized signal from each detector as a function of
time [3] (Figure 2C-E). The flash caused V1 activity (latency 39.8 + 2.6 ms) which generally
invaded PA rapidly (latency 47.93 + 11.0 ms), but showed a variable delay before propagating
into the S1bf (latency 118.9 + 36.7) (Figure 2C,Supplemental Figure 1B). This delay is
manifested as the elongated horizontal section within the linescan (broken arrow in trial 1).
This pattern resembles that seen at the rat V1/V2 border [41]. Whisker deflection caused
activity in S1bf with less latency (14.6 + 2.1 ms). This activity spread in the reverse direction
into V1 with no clear delay within the PA area (Figure 2D, broken arrow, and Supplemental
Figure 1B) into S1bf (latency 112.3 + 42.2). When stimuli were applied simultaneously, the

Neurosci Lett. Author manuscript; available in PMC 2009 February 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Takagaki et al.

Page 4

resulting spatiotemporal pattern was altered, and did not present as a linear sum of the two
independent patterns (Figure 2E, Supplemental Figure 1A). For example, longer-latency
crossmodal components were absent with simultaneous stimulation (Figure 2E, Supplemental
Figure 1A).

Crossmodal Propagation of Spontaneous Activity

Recent studies suggest that spontaneous patterns of population activity in visual cortex may
encapsulate underlying spatial patterns of sensory processing networks [18]. We predicted that
this may also hold true for interareal organization. Namely, if the sensory-evoked crossmodal
propagation that we observe reflects a cortical processing pathway, spontaneous activity may
also favor this type of propagation. To test this hypothesis, we quantified the propagation of
spontaneous sleep-like waves recorded within segments of our data prior to stimulation, under
lighter isoflurane anesthesia (< 1% supplemented with xylazine) [23]. A tendency for
propagation in the crossmodal direction would suggest an adaptation of the underlying circuitry
to support preferential propagation in this cortical axis.

In order to measure the propagation direction of spontaneous waves, we first developed an
algorithm to quantify wave propagation (see Experimental Procedures, Supplemental
Experimental Procedures, and Supplemental Figure 2 to Supplemental Figure 4). Previous
analytical methods of optical data rely mainly on areas of activation in multi-trial averages
[33, 42], and thus do not take into account the waveform data from single detectors.
Furthermore, these methods give global geometrical metrics, and are not suited for
characterizing the spatial distributions of function in local areas of cortex.

We applied this method with a sliding window of 100 ms, and detecting only events where the
average correlation coefficient (“flow reliability”) within each calculation field exceeded 0.9.
The result of this analysis for a representative experiment is demonstrated in Figure 3.
Spontaneous events were detected for the selected detectors in PA (yellow detectors in Figure
3A and 3B). All of the spontaneous events from these detectors were plotted in Figure 3C (in
this dataset, data for ~1 min of spontaneous activity was analyzed, and an average of ~280
events were detected for each of the 21 detectors chosen). The speed distribution of these
events, regardless of the direction, is shown in the normalized histogram in Figure 3E, in
yellow. The direction distribution of these events, regardless of the speed, is shown in the
normalized rose histogram in Figure 3F, also in yellow. For comparison, similar data from the
center of the barrel cortex (overlying barrel C2) is also displayed in Figures 3D, 3E (white),
and 3F (white). PA spontaneous waves (Figure 3E, yellow) were significantly slower than S1bf
spontaneous waves (Figure 3E, white) (0.200 [m/s] vs. 0.322 [m/s]; Wilcoxon rank sum test,
p<10~6). Moreover, whereas spontaneous waves from inside the barrel cortex showed no
significant bias in the distribution of directions, spontaneous waves within PA showed a clear
preference for propagation within the crossmodal axis (Figure 3F). A Kruskal-Wallis
nonparametric ANOVA showed high significance for the propagation bias (p<10~%), when
comparing the anterior, posterior, medial and lateral quadrants in Figure 3F (indicated by
yellow dashes). All animals showed similarly strong bias. This result suggests that the two
primary sensory areas are coupled preferentially, even in the absence of sensory input. In order
to demonstrate this finding qualitatively, we have also compared single detector traces of data
(Supplemental Figure 5).

Discussion

We report that crossmodal neural activity can propagate in the form of propagating waves of
population activity between V1 and S1bf. Propagating waves recorded with voltage-sensitive
dye imaging can represent suprathreshold as well as subthreshold activity [31], but findings in
electrophysiology suggest that our crossmodally propagating waves likely reflect network
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population patterns of subthreshold, modulatory activity [1]. Combined with the
aforementioned reports, our results suggest that wave-like propagation of population activity
may be one correlate of crossmodal information transmission.

Such propagating waves as we observe may have several mechanisms [10]. Anatomically
speaking, they may have subcortical (thalamic) mechanisms, intracortical mechanisms, or
both. While our experimental design can not fully distinguish between these possibilities,
several properties of the phenomena suggest cortical involvement. First, the timing and
propagation velocities of these waves are variable from trial to trial (Figure 2,Supplemental
Figure 1A), which suggests intracortical propagation rather than a patterned sequence of
thalamic relay input. Second, the response to simultaneous crossmodal stimulation is
spatiotemporally quite distinct from stimulation of each modality independently (Figure
2E,Supplemental Figure 1A), suggesting complex intracortical interactions [39]. Third, the
voltage-sensitive dye signal originates, as mentioned previously, in the surface layers (mainly
layers 11/111) of the rat cortex, reflecting both suprathreshold and subthreshold activity [19,
23,31]. These layers receive predominantly intracortical input, and support intracortical lateral
transmission of population activity [20,39]. Direct anatomical projections between visual and
somatosensory cortex in rat have also been documented [26,30]. Fourth, the waveforms change
continuously as they propagate, which suggests a strong intracortical component [34]. Fifth,
the amplitude of these propagating waves did not decline suddenly at the areal borders, which
demarcate area-specific thalamic projection patterns (Figures 2A, 2B). However, “non-
specific,” diffuse thalamic afferents projecting to the supragranular layers [16] may also play
a role—indeed, for some crossmodal local field responses, timing suggests this to be the case
[21]. Since our waves show a larger crossmodal delay (118.9 + 36.7 ms from V1 to S1bf, 112.3
+42.2 ms from S1bfto V1) and clear spatiotemporal organization, they may be mechanistically
distinct from this local field response. Sixth, we observe a congruent crossmodal transmission
bias even in spontaneous sleep-like waves, the bias oriented in an axis connecting the two
neighboring sensory areas (Figure 3).

Flash-evoked and whisker-evoked activation showed asymmetric spatiotemporal patterns
(Figure 2C and 2D). Experiments in other species have also suggested asymmetry in
crossmodal influence [17, 28, 29]. Such inequalities may be a manifestation of individual
stimulus characteristics, and the types of neural activity that they evoke. For example, the waves
evoked by stimulation of a single whisker have a discrete point source, which is limited to the
somatotopic barrel [23], and may therefore have more favorable propagation characteristics
than waves evoked by a full-field flash, which diffusely activates the whole V1 almost
instantaneously [23]. Crossmodal asymmetry may also be a manifestation of anisotropies in
global anatomical projections [15, 26] or local coupling of the underlying network [10], both
of which should be modifiable through developmental deprivation schemes or training. Further
experiments will explore these matters.

In summary, we demonstrate robust feed-forward propagation of population neural activity
between visual and somatosensory cortices, observed with single-trial voltage-sensitive dye
imaging (VSDI) [2,23]. Furthermore, we demonstrate that even in the absence of sensory
stimulation, spontaneous sleep-like waves tend to propagate parallel to the crossmodal axis,
rather than perpendicular to the crossmodal axis. Taken together, our results support the
hypothesis that crossmodal propagation of neural activity, in the form of propagating waves
of activity [10], may contribute to multimodal responses in primary sensory areas.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Examples of crossmodal propagation

A. Three hexagonal imaging fields, were positioned over V1 (orange), PA (red) or S1bf (green).
The imaging apparatus consisted of a 464-channel photodiode array, and the imaging area was
10.4 mm2. B. Sensory stimulus consisted of either a 10 ms white LED flash (F) or a 200 ms
deflection of a single whisker in the anterior direction (W). C. Crossmodal propagation was
observed in single trials in each area, but with varying latencies. Six representative single trials
are shown. Sampling rate was 1.6 kHz, and one in every eight frames is displayed. Fluorescence
changes in each trial were normalized to emphasize propagation patterns (scale bar, 2.0 mm).

Neurosci Lett. Author manuscript; available in PMC 2009 February 6.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Takagaki et al.

Page 9

A Flash stimulus

e e TR |
e e . WS (|
E Flash and whisker stimulus

L B e B CECN
= %" —  — . HEE
E— a0 _HCE PP

? 100 200 300 [ms]

Figure 2. Variability in crossmodally propagating waveforms

A,B. Single-trial waveforms from five single detectors along the crossmodal propagation path
(yellow dots) are displayed for single trials with flash stimulus (A) and whisker stimulus (B).
Waveforms change continuously and dynamically as they propagate across the cortex, and
their amplitudes do not diminish suddenly at areal borders. C, D, E. Linescans of four
representative trials each, with either flash stimulus (C), whisker stimulus (D), or both (E). In
each linescan, signal from all detectors highlighted in yellow were aligned along the ordinate.
Each row of each linescan depicts the temporal evolution of the normalized signal from a single
detector. Flash-evoked activity (C) propagates from the upper detectors in V1 towards the
lower detectors in S1bf; whisker-evoked activity (D) propagates in the reverse direction.
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Differences in onset and propagation pattern are seen in single trials. Simultaneous whisker

and flash stimulation (E) leads to overall propagation from S1bf to V1; however, the
spatiotemporal pattern is not a simple combination of those seen in C and D.
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Figure 3. Crossmodal propagation preference of spontaneous waves

A. Imaging field for this figure. Selected detectors within PA are highlighted in yellow. B. The
average crossmodal flow field in response to flash (blue) or whisker deflection (orange) was
quantified, using the flow-detection algorithm described in the text (n=60 trials for each
condition). Selected detectors from A are highlighted here as well. C. The flow of spontaneous
events was detected using the same algorithm, at the detectors highlighted in A and B. Each
dot represents a single flow event. Only flows with a reliability (mean correlation coefficient)
higher than 0.9 were plotted. D. Similar analysis of data acquired from the center of the barrel
cortex, around barrel C2. E. Normalized histograms of the event speeds of data in C and D.
The data from panel C, which is from area PA, was plotted in yellow. The data from panel D,
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from the center of S1bf, is plotted in white profile. F. Normalized rose histograms of the events

are shown, in the same color scheme. Spontaneous events in PA (yellow) show a preference
for the crossmodal direction, whereas those from the center of barrel cortex (white) do not.
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