other cells results from synaptic input
from other thermosensitive cells and
may originate from the endogenously
active neuron. Such schemes of neuronal
interaction have been previously in-
ferred from extracellular activity pat-
terns. Preoptic thermosensitive cells in
mammals responding in a linear fashion
to temperature have been reported to be
thermodetector cells (8, 12). More recent
extracellular work (/3), however, sug-
gests that those cells with low firing rates
and exponential response curves are
thermodetectors and that they remain
endogenously active and thermosensi-
tive after synaptic blockade.

The research presented here is based
on a lower vertebrate, and the inherent
mechanisms may be unique to these ani-
mals. While our results generally agree
with hypothesized mechanisms based on
extracellularly recorded data from mam-
mals (/3), extrapolation between such
widely separated species may prove fal-
lacious; further investigation of central
thermosensitive neurons in mammals by
intracellular techniques is necessary.
techniques.
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Ohio State University,
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Integration of Visual and Infrared Information in Bimodal

Neurons of the Rattlesnake Optic Tectum

Abstract. Bimodal neurons in the rattlesnake tectum, which receive sensory input
from the retina and from the infrared-sensing pit organ, exhibit novel, highly
nonlinear cross-modality interactions. Some units respond only to simultaneous
bimodal stimulation. Others respond to only one of the two modalities, but show
greatly enhanced or depressed responses when stimulated simultaneously in the
second modality. These cross-modality interactions may play an important role in
recognizing and orienting toward biologically important objects.

The optic tectum (/) is an important
integrative center of sensory informa-
tion. Besides receiving a projection from
the retina, the tecta of many species
receive somatosensory and auditory in-
puts (2—4). These are often organized in
spatiotopic maps that are, to a degree, in
register with the more precise retino-
tectal map of the visual system (2, 3, 5).
The organization of these inputs, along
with evidence obtained from behavioral
studies (6), suggests that the tectum aids
in the control of orientation movements
and the spatial shift of attention.

Many tectal neurons receive inputs
from two or more sensory modalities. In
the mouse, hamster, and rabbit, visual-
tactile bimodal cells and visual-tactile-
auditory trimodal cells have been report-
ed (5, 7). Other studies have described
visual-auditory cells in the cat and mon-
key (4, 8). In most of these investiga-
tions, tectal multimodal responses were
tested through the use of unimodal stim-
uli exclusively (9). Interactions between
modalities were not studied.

We now report an investigation of
cross-modality interactions in tectal neu-
rons of the rattlesnake. The rattlesnake
tectum receives a major input from a
specialized infrared (IR) sense as well as
a normal retinotopically organized visual
projection (I0, 1I). The pit organ of
rattlesnakes and other pit vipers is sensi-
tive to IR radiation, and receives a crude
IR image of the world with its pinhole-
camera optics (12). The IR projection
onto the tectum is organized spatiotopi-
cally and is roughly in register with the
visual tectal map (13).

Hartline et al. (13) showed that many
tectal cells of the rattlesnake receive
input from both the visual and IR sys-
tems. They described two types of multi-
modal neurons: OR units, which are reli-
ably driven by a unimodal stimulus of
either modality, and AND units, which do
not respond well to unimodal stimuli but
which are reliably driven by simulta-
neous visual-IR stimulation. In addition
to these two types, we now describe
neurons showing other unusual kinds of
cross-modality interactions. These cells
display highly nonlinear summation

characteristics, including cross-modality
enhancement and depression, properties
that indicate a complexity of multimodal
integration not previously described (to
our knowledge) in tectal neurons of any
species.

We used NaCl-filled micropipettes to
record the electrical activity of single
units from the exposed tectum of the
southern Pacific rattlesnake (Crotalus
viridis). During recording, the snakes
were lightly anesthetized with Metofane
(methoxyflurane). Visual and IR stimuli
were rigorously segregated through the
use of visible and IR filters and mirrors
positioned in front of the contralateral
eye and pit organ. Visual stimuli (white
spots, 0.1° to 15° in diameter projected
onto a rear-projection screen) were
flashed on or off or moved at controlled
velocities. The IR stimuli (wavelengths
> 850 nm, with an unattenuated intensi-
ty of 3.3 mW/cm? at the pit organ) were
stationary oN flashes of an incandescent
bulb ~ 3° in diameter. Visual and IR
stimuli were adjusted to obtain maximal
responses for each unit characterized.
Stimuli were positioned near receptive
field centers in both modalities. The di-
ameter, velocity, and trajectory of visual
stimuli were also adjusted for maximal
responses; when white spots proved in-
effective, bars and black spots and bars
were tested.

Of the 196 tectal units we character-
ized, 103 showed some degree of cross-
modality interaction. We categorized
these 103 units into six groups according
to response properties (Table 1 and Fig.
1). (A few units shared properties of two
Or more groups.)

The oR units responded well to both
visual and IR unimodal stimuli and gave
combined responses to simultaneous vi-
sual-IR stimulation. Some oOR units dis-
played greater than linear summation
[cross-modality facilitation (I4)]; re-
sponses (total number of spikes) to
simultaneously presented visual-IR stim-
uli were larger than the sum of the two
unimodal stimulus responses. Other orR
units summed less than linearly [cross-
modality occlusion (I4)], in extreme cas-
es giving bimodal responses equal to
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only the greater of the two unimodal
responses. Not surprisingly, summation
characteristics often varied with stimu-
lus intensity. When visual and IR stimuli
were attenuated to produce smaller uni-

modal responses, simultaneous visual-IR
stimulation produced either greater
cross-modality facilitation or less cross-
modality occlusion.

The IR-enhanced visual and visual-
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Fig. 1. Raster displays of six units representing the six classes of visual-infrared bimodal
neurons of the rattlesnake tectum. Each vertical line represents an action potential (closely
spaced lines are not always distinguishable). Five successive 15-second trials are repeated in
each raster display. The time courses of the IR and visual stimuli are shown in the upper and
lower traces below each display. (A) Per presentation, the oR unit gives a moderate IR response
of 6.0 spikes (average of five trials), a visual response of 12.4 spikes, and a visual-IR bimodal
response of 17.6 spikes, a 4 percent occlusion. (B) A visual response of 3.8 spikes per
presentation is enhanced 63 percent by simultaneous IR stimulation. Unimodal IR stimulation
produces no response. (C) An IR response of 5.6 spikes per presentation is enhanced 100
percent by simultaneous visual stimulation. Unimodal visual stimulation gives no response. (D)
Both IR and visual unimodal stimuli produce unreliable single spikes, while simultaneous
bimodal stimulation produces a brief but strong response of 4,2 spikes per presentation, a 425
percent facilitation. (E) A strong visual response of 15.6 spikes per presentation is depressed 96
percent by simultaneous IR stimulation. (F) An IR response of 6.4 spikes per presentation is
depressed 56 percent by simultaneous visual stimulation. IR stimuli: 1 second on flashes.
Visual stimuli: (A) 1°, 0.5-second oFF flash; (B) 10° spot moved at 40° per second for 1 second;
(C) 5° spot moved at 40° per second for 1 second; (D) 3°, 1-second on flash; (E) 0.5° spot moved
at 20° per second for 1 second; and (F) 15°, 1-second oFF flash.
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enhanced IR units were reliably driven
by only one of the two stimulus modal-
ities (the primary stimulus). The second-
ary stimulus, in the other modality, was
ineffective in driving the unit alone but
enhanced the response to the primary
stimulus when presented simultaneously
with it. The IR-enhanced visual unit il-
lustrated in Fig. 1B, for instance, gave an
average response of 3.8 spikes per pre-
sentation to unimodal visual stimulation,
no response to IR stimulation, and 6.2
spikes per presentation to simultaneous
visual-IR stimulation, an enhancement
of 63 percent over the unimodal visual
response (14).

Enhancement differed widely among
different units. Cells with strong re-
sponses to unimodal primary stimulation
were not enhanced greatly by simulta-
neous secondary stimulation. When pri-
mary responses were reduced by attenu-
ating the primary source, however, the
same secondary stimulus became more
effective in enhancing the response. En-
hancement ranged from ~ 10 percent to
~ 300 percent under conditions where
the unimodal primary stimulus produced
a moderate response.

The AND units responded poorly or
not at all to visual or IR unimodal stimu-
li, but responded reliably when stimuli
were presented simultaneously. We en-
countered few of these units. They habit-
uated rapidly to stimuli of either modal-
ity, making characterization difficult.
AND units gave relatively brief but strong
responses to bimodal stimulation (Fig.
1D).

The IR-depressed visual units were
driven reliably by visual stimulation (the
primary stimulus), gave no response to
IR stimulation (the secondary stimulus),
and showed depressed responses to
simultaneously presented visual-IR stim-
uli. Visual-depressed IR units responded
similarly; their IR-evoked responses
were depressed by simultaneous visual
stimulation.

Depression (/4) in these two types of
units varied considerably. In some cases
the response to primary stimulation was
abolished completely by simultaneous
presentation of the secondary stimulus.
In other cases the primary response was
depressed only 5 to 10 percent. In gener-
al, the weaker the primary response, the
greater was the degree of depression
produced by secondary stimulation.

Tectal depths at which the six classes
of units are recorded are listed in Table
1. Kass et al. (11), using depth measure-
ments and lesioning techniques in C.
viridis, found that visual units (which
included our IR-enhanced and IR-de-
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pressed visual classes) were located in
the stratum fibrosum et griseum superfi-
ciale (SFGS) and the superficial region of
the stratum griseum centrale (SGC),
while IR units (including our visual-en-
hanced and visual-depressed IR classes)
were located in the SGC [nomenclature
of Huber and Crosby (15)]. Our depth
measurements indicate that IR-enhanced
visual and IR-depressed visual cells are
located in the superficial SGC and ex-
tend into the SFGS, that or and AND
units are located throughout the SGC,
and that visual-enhanced IR and visual-
depressed IR units are located in the
deep SGC. Unimodal visual units are the
only cells found in the superficial SFGS.

The multimodal interactions reported
here are equal in complexity to those
seen in cortical cells of mammalian spe-
cies (16, 17). Visual-auditory oR, AND,
and depressed units are seen, for exam-
ple, in monkey orbital and temporal cor-
tex (16). There are no similar descrip-
tions of multimodal interactions in tectal
cells however. Previous reports of multi-
modal cells in the tectum have described
unimodal response properties but have
failed to investigate cross-modality inter-
actions. The enhancing and depressing
interactions described here are, to our
knowledge, the first complex cross-mo-
dality interactions to be reported in the
tectum of any species.

These interactions could play an im-
portant role in tectal function and sug-
gest some forms of neural processing not
previously attributed to the tectum. A
few examples are sketched below.

Stimulation and ablation experiments
(6) indicate that, in many species, the
tectum is involved in the control of ori-
enting movements and spatial direction
of attention. oR units may play a role in
such an attentional system since they sig-
nal the occurrence of events in particu-
lar regions of space, regardless of wheth-
er the events are of a visual or IR nature;
Hartline et al. (I13) have shown that, in
the anterior half of the tectum, the visual
and IR receptive fields of single rattle-
snake OR units have similar spatial loca-
tions (I/8). Enhancing neurons might also
play a role in an attentional system by
priming areas of the tectum for further
sensory stimulation. The IR input arising
from a portion of the external world, for
instance, would make IR-enhanced visu-
al cells more likely to respond to visual
stimuli arising from the same area.

Cross-modality interactions could gen-
erate multimodal ‘‘feature detectors.”
For instance, AND units are driven reli-
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Table 1. Classification of 196 rattlesnake tec-
tal neurons.

Approx-
imate
depth

Neurons N beneath
tectal
surface
(um)
Bimodal
OR 25 350 to 1300
IR-enhanced visual 15 150 to 800
Visual-enhanced IR 27 500 to 1300
AND 3 300 to 1000
IR-depressed visual 17 250 to 700
Visual-depressed IR 16 500 to 900
Unimodal
Visual 66 50 to 1000
IR 27 400 to 1500

ably only by objects that simultaneously
stimulate the visual and IR systems, for
example, a warm-blooded, moving ani-
mal. On the other hand, IR-depressed
visual units respond better to thermo-
neutral, visual objects. Natural stimuli
having different visual-IR characteristics
could be distinguished by these bimodal
units. Such units could aid in the initia-
tion of behavioral responses appropriate
to the stimuli encountered.

Excitatory cross-modality interactions
increase the sensitivity of enhancing and
OR tectal cells to warm visual objects,
eliciting responses in these cells under
conditions when visual and IR unimodal
units might remain silent. These interac-
tions could lead to better localization of
dual-modality objects in space at times
when visibility is poor.

The use of a unimodal-bimodal stimu-
lus procedure and the rigorous compari-
son of response magnitudes permitted us
to identify subtle multimodality interac-
tions in many units we otherwise would
have classified as unimodal. (Only ~ 10
percent of deep tectal units of the rattle-
snake were identified as bimodal by
Hartline et al. (12), who used more quali-
tative methods.) Some visual-auditory
and visual-somatosensory tectal neurons
in mammals might also show subtle in-
teractions if examined with appropriate
techniques. We anticipate that multi-
modal neurons, having modality combin-
ing properties similar to those described
here, will be found in the tecta of many
species.

EriCc A. NEWMAN
PETER H. HARTLINE
Eye Research Institute of Retina
Foundation, 20 Staniford Street,
Boston, Massachusetts 02114
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