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Snakes and their relationships with humans and other primates
have attracted broad attention from multiple fields of study, but
not, surprisingly, from neuroscience, despite the involvement of
the visual system and strong behavioral and physiological evi-
dence that humans and other primates can detect snakes faster
than innocuous objects. Here, we report the existence of neurons
in the primate medial and dorsolateral pulvinar that respond
selectively to visual images of snakes. Compared with three other
categories of stimuli (monkey faces, monkey hands, and geometrical
shapes), snakes elicited the strongest, fastest responses, and the
responses were not reduced by low spatial filtering. These findings
integrate neuroscience with evolutionary biology, anthropology,
psychology, herpetology, and primatology by identifying a neu-
robiological basis for primates’ heightened visual sensitivity to
snakes, and adding a crucial component to the growing evolution-
ary perspective that snakes have long shaped our primate lineage.

evolution | Snake Detection Theory | visual responses |
low-pass filtered images

Snakes have long been of interest to us above and beyond the
attention we give to other wild animals. The attributes of

snakes and our relationships with them have been topics of
discussion in fields as disparate as religion, philosophy, anthro-
pology, psychology, primatology, and herpetology (1, 2). Ochre
and eggshells dated to as early as 75,000 y ago and found with
cross-hatched and ladder-shaped lines (3, 4) resemble the dorsal
and ventral scale patterns of snakes. As the only natural objects
with those characteristics, snakes may have been among the first
models used in representational imagery created by modern
humans. Our interest in snakes may have originated much fur-
ther back in time; our primate lineage has had a long and
complex evolutionary history with snakes as competitors, pred-
ators, and prey (1). The position of primates as prey of snakes
has, in fact, been argued to have constituted strong selection
favoring the evolution of the ability to detect snakes quickly as
a means of avoiding them, beginning with the earliest primates
(2, 5). Across primate species, ages, and (human) cultures,
snakes are indeed detected visually more quickly than innocuous
stimuli, even in cluttered scenes (6–11). Physiological responses
reveal that humans are also able to detect snakes visually even
before becoming consciously aware of them (12). Although the
visual system must be involved in the preferential ability to detect
snakes rapidly and preconsciously or automatically, the neuro-
logical basis for this ability has not yet been elucidated, perhaps
because an evolutionary perspective is rarely incorporated in
neuroscientific studies. Our study helps to fill this interdisci-
plinary gap by investigating the responses of neurons to snakes
and other natural stimuli that may have acted as selective pres-
sures on primates in the past.
Here, we identify a mechanism for the visual system’s involve-

ment in rapid snake detection by measuring neuronal responses
in the medial and dorsolateral pulvinar to images of snakes,
faces of monkeys, hands of monkeys, and geometric shapes in

a catarrhine primate, Macaca fuscata. The medial and the dorsal
part of the traditionally delimited lateral pulvinar are distinctive
in primates, with no homologous structures found in the visual
systems of nonprimate mammals (13), and the medial pulvinar
appears to be involved in visual attention and fast processing of
threatening images (14). Based on this and other indirect evidence,
the Snake Detection Theory (2) hypothesized that these primate-
specific regions of the pulvinar evolved in part to assist primates
in detecting and thus avoiding snakes. If true, then we would ex-
pect snake-sensitive neurons to be found in those regions. Here we
present unique neuroscientific evidence in support of the snake
detection theory (2).

Results
Preferential Responses to Snakes. Of 745 pulvinar neurons recor-
ded, 105 (14.1%) responded to at least one of the visual stimuli.
Of these, 91 neurons were tested with all stimuli. These neurons
responded differentially to the categories of visual stimuli. The
pulvinar neurons were categorized by the stimulus that elicited
the largest responses. “Snake-best” neurons were defined as
those in which the mean response to all snake images was the
largest among the four stimulus categories. “Face-best,” “hand-
best,” and “simple geometrical shape-best” neurons were simi-
larly defined for their respective images. Of the 91 neurons
tested, snake-best neurons were most common (n = 37; 40.6%),
followed by face-best neurons (n = 26; 28.6%), hand-best neu-
rons (n = 17; 18.7%), and simple geometrical shape-best neurons
(n =11; 12.1%) (Fig. 1A).

Significance

The present study shows preferential activity of neurons in the
medial and dorsolateral pulvinar to images of snakes. Pulvinar
neurons responded faster and stronger to snake stimuli than to
monkey faces, monkey hands, and geometric shapes, and were
sensitive to unmodified and low-pass filtered images but not
to high-pass filtered images. These results identify a neuro-
biological substrate for rapid detection of threatening visual
stimuli in primates. Our findings are unique in providing neu-
roscientific evidence in support of the Snake Detection Theory,
which posits that the threat of snakes strongly influenced the
evolution of the primate brain. This finding may have great
impact on our understanding of the evolution of primates.
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The proportion of snake-best neurons was significantly larger
than those of hand- and simple geometrical figure-best neurons
(χ2 tests, P < 0.01), and tended to be larger than that of face-best
neurons (χ2 test, P < 0.10). The proportion of face-best neurons
was significantly larger than that of simple geometrical shape-
best neurons (χ2 test, P < 0.05).
There were also significant differences in mean response

magnitudes to the four stimulus categories [repeated-measures
one-way ANOVA; F(1, 90) = 101.096, P < 0.001] (Fig. 1B). Post
hoc multiple comparisons indicated that the mean response was
significantly greater to snakes than to other stimulus categories
(Bonferroni test, P < 0.05), and that the mean response mag-
nitude was significantly larger to faces than to simple geometrical
shapes (Bonferroni test, P < 0.01). Differential responses of
pulvinar neurons cannot be ascribed to luminance variations in
this study because all stimuli used were controlled for equal lu-
minance and size except the simple geometrical shapes (Materials
and Methods). Furthermore, image scrambling decreased the
selective responses to these stimuli (see below), suggesting that
these responses were not attributed to local textures, but to the
coherent images.
Fig. 2A shows an example of a neuron that responded selec-

tively to snakes. This neuron responded strongly to all four snake
images (Fig. 2A, a–d) and less to other stimuli (Fig. 2A, e–p). Fig.
2B shows response magnitudes of this neuron to all visual
stimuli. There was a significant difference among the response
magnitudes [one-way ANOVA; F(15, 177) = 13.81, P < 0.001].

Post hoc multiple comparisons indicated that the response
magnitudes were significantly larger to the snakes than to the
other stimuli for this neuron (Tukey test, P < 0.001). We further
analyzed whether shapes of the four snake images (coiled or
uncoiled) affected the responses using the 91 pulvinar neurons
(Fig. S1). There was no significant difference in mean response
magnitudes between the coiled and uncoiled snake images
(paired t test, P > 0.05).
Most pulvinar neurons responding to the visual stimuli (Fig. 3,

open circles) were located in the medial (medial pulvinar) and
dorsolateral (lateral pulvinar) parts of the pulvinar. There was no
significant difference in the ratio of the neurons responding to
the visual stimuli between these two parts of the pulvinar (χ2
tests, P > 0.05).

Response Latencies of the Pulvinar Neurons. Latencies of pulvinar
neuronal responses ranged from 30 to 450 ms. The distribution
of the latencies formed two peaks: a short latency group (30–120
ms) and a long latency group (170–450 ms). Mean latency of the
short latency group was 60.6 ± 2.8 ms, whereas mean latency of
the long latency group was 253.5 ± 26.7 ms. In the short latency
group (Fig. 1C), the mean response latency to snakes was very
short (55.4 ± 3.4 ms), and was significantly shorter than re-
sponse latencies to angry faces, neutral faces, hands, and simple
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Fig. 1. Neurophysiological characteristics of pulvinar neurons. (A) Ratio of
the neurons that responded best to each stimulus category. **P < 0.01, *P <
0.05, #P < 0.10, significant difference (χ2 test). (B) Mean response magnitude
to each stimulus category. ***P < 0.001, **P < 0.01, *P < 0.05, significant
difference (Bonferroni test after one-way ANOVA). (C) Mean response la-
tency to each stimulus category. **P < 0.01, *P < 0.05, significant difference
(Bonferroni test after one-way ANOVA).
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Fig. 2. An example of a pulvinar neuron that responded most strongly to
snakes. (A, a–p). Raster displays of neuronal activities and their summed
histograms in response to each stimulus. (a–d) responses to snakes, (e–h)
responses to monkey faces, (i–l) responses to monkey hands, and (m–p)
responses to simple geometrical shapes. Horizontal bars above the raster
displays indicate the stimulus presentation periods (500 ms). Vertical line in
each of the raster displays and histograms indicates the stimulus onset.
Calibration at the right bottom of the figure indicates the number of spikes
per trial in each bin. Bin width = 50 ms. (B) Response magnitudes of the
neuron shown in A to the 16 visual stimuli. The neuron responded most
strongly to the snakes (***Tukey test after one-way ANOVA, P < 0.001).
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geometrical shapes (Bonferroni test after repeated measures
one-way ANOVA, P < 0.05). There was also a significant dif-
ference between angry faces and the emotionally nonarousing
neutral faces, hands, and simple geometrical shapes (Bonferroni
test after repeated measures one-way ANOVA, P < 0.05).

Responses to the First Stimuli. In this study, visual stimuli in the
same categories were presented in the same blocks. Therefore,
habituation to the visual stimuli could potentially occur through
repetition of the stimuli of the same categories. To avoid a po-
tential confounding habituation effect, we also analyzed the
responses to only the first visual stimulus of each block. Statis-
tical comparison indicated that similar results were obtained
(Fig. S2). There were significant differences in mean response
magnitudes to the four stimulus categories [repeated-measures
one-way ANOVA; F(1, 90) = 31.725, P < 0.001] (Fig. S2A). Post
hoc multiple comparisons indicated that the mean response was
significantly greater to snakes than to other stimulus categories
(Bonferroni test, P < 0.05). Furthermore, there were significant
differences in mean response latencies to the four stimulus cat-
egories [repeated measures one-way ANOVA; F(1, 78) = 178.1,
P < 0.001] (Fig. S2B). Post hoc multiple comparisons indicated
that the mean response to snakes was significantly shorter than
to other stimulus categories (Bonferroni test, P < 0.05).

Effects of Image Transformation. Fig. 4A shows an example of a
neuron responding to scrambled and filtered images. This neu-
ron responded strongly to the original snake image (Fig. 4A, a).
Although low-pass filtering (LPF) did not affect the neuronal firing
to the snake image (Fig. 4A, c), scrambling and high-pass filtering
(HPF) decreased it (Fig. 4A, b and d). There was a significant
difference among the response magnitudes to these stimuli [one-
way ANOVA; F(3, 42) = 11.729, P < 0.001] (Fig. 4B). Post hoc
multiple comparisons indicated that scrambling significantly de-
creased (Tukey test, P < 0.001) and HPF tended to decrease the
response magnitudes to the snake image (Tukey test, P < 0.10).
A total of 20 neurons were tested with scrambled and filtered

snake images in the same way; Fig. 4C displays averaged re-
sponse magnitudes to these stimuli. Statistical analysis showed
a significant difference among the response magnitudes [one-way
ANOVA; F(3, 80) = 17.334, P < 0.001]. Post hoc multiple

comparisons indicated that both scrambling and HPF signifi-
cantly decreased the firing rate to the snake image (Tukey test,
P < 0.001 for both comparisons).

Population Coding of Snakes by the Pulvinar Neurons. The datasets
of response magnitudes of the 91 visually responsive pulvinar
neurons in epochs 1 (0–50 ms), 2 (50–100 ms),and 3 (100–150
ms) after stimulus onset were subjected to multidimensional
scaling (MDS) analysis (Fig. 5). After measurement of R2 and
stress value for up to four dimensions, 2D spaces showed the best
results. In the 2D spaces, R2 values of epoch 1, 2, and 3 were 0.843,
0.938, and 0.871, respectively. In epoch 1 (Fig. 5A), two groups
were recognized: a cluster containing the snakes and the other
containing hands. Discriminant analyses indicated significant
separation between snake and hand pictures and between snake
and all nonsnake stimuli (P < 0.05) (Table S1). There was also
significant separation between hand pictures and simple geo-
metrical shapes (P < 0.05). In epoch 2 clustering becomes clearer
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Fig. 3. Stereotaxic plots of the pulvinar neurons on the MRI photo of the
monkey brain. The 745 pulvinar neurons were recorded from AP 8.0 to AP
5.0, but plotted on the plane at AP 7.0. The number in the left upper corner
indicates the distance (in millimeters) anteriorly from the interaural line. The
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Fig. 4. Effects of scrambling and filtering of the images. (A) An example of
neuronal responses to the original (a), scrambled (b), and filtered [c (LPF),
d (HPF)] images (same neuron shown in Fig. 1). (B) Response magnitudes to
the stimuli shown in A. Scrambling significantly decreased (***Tukey test
after one-way ANOVA, P < 0.001) and HPF tended to decrease the responses
to the original image (Tukey test after one-way ANOVA, P < 0. 10). (C) Mean
response magnitudes to the scrambled and filtered images (n = 20).
Scrambling and HPF significantly decreased the responses to the original
image (***Tukey test after one-way ANOVA, P < 0.001).
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(Fig. 5B). Discriminant analyses indicate significant separations
of snakes vs. faces, snakes vs. hands, snakes vs. simple geometrical
shapes, and snakes vs. all nonsnake stimuli (P < 0.01). Separations
of hands vs. faces, and hands vs. simple geometrical shapes were
also significant (P < 0.05) (Table S1). The results in epoch 3 (Fig.
5C) were similar to those in epoch 2; hands were more clearly
separated from the other stimuli (P < 0.01) (Table S1).

Discussion
Primates have substantially modified and expanded the verte-
brate visual system, and they rely heavily on vision as their pri-
mary sensory interface with the environment. Among other
changes, the medial and dorsolateral pulvinar exist only in pri-
mates (13). Major modification of the visual system, including
the addition of complex and energetically costly neural compo-
nents, demands an adaptive explanation.
We show that neurons located especially in the medial and

dorsolateral pulvinar respond selectively to snakes and in ways
that facilitate their rapid visual detection: (i) the ratio of neu-
rons that responded best to snakes was larger than those of neu-
rons that responded best to other categories; (ii) mean response
magnitudes were larger to snakes than to other stimuli; and (iii)
snakes elicited neuronal responses with the shortest latencies.
These responses were dependent on low-frequency images; HPF

of the visual stimuli decreased neuronal responses but LPF did
not. Distinct spatial frequencies of visual stimuli convey different
information; high spatial frequencies of images convey fine visual
details, whereas low spatial frequencies encode coarse visual in-
formation. Our results provide clear evidence that snakes provide
coarse visual information that is effective in eliciting strong and
rapid responses from a subset of visually active pulvinar neurons.
The medial and lateral pulvinar have been suggested to assist

in shifting attention to relevant visual stimuli (15–17). Bi-
ologically meaningful stimuli relevant to our primate ancestors
must have included snakes (1, 2, 5). Even today, deadly inter-
actions with snakes are best avoided with early detection and
a shifting of attention to them. The medial pulvinar receives
direct inputs from the retina (13, 18) and the deeper layers of the
superior colliculus (15, 19). Although the superior colliculus is
considered a visual structure, it is also involved in threat-rel-
evant motor behavior. Stimulation of its deeper layers causes
animals to turn, dart, or freeze (20). Infant monkeys with bi-
lateral neurotoxic lesions of the superior colliculus continue to
reach for food in the presence of a snake model, whereas sham-
operated monkeys avoid the food (21). Evasive movements such
as these are typical of animals that are surprised or threatened by
others (22, 23). The pulvinar is also connected to the amygdala
(24). Studies of humans have implicated a pathway involving the
superior colliculus, pulvinar, and amygdala in fast, automatic
visual detection of fear-related stimuli, including snakes, at low
spatial frequency (25–31). Similarly, the short response latencies
and dependence on low spatial frequency to snakes in neurons of
the nonhuman primate medial and dorsolateral pulvinar that we
found corroborate the view that the pulvinar plays a crucial role
in quickly conveying essential information affecting survival via
bottom-up fast visual information processing (14).
This is not to suggest the subcortical route is the only pathway

to detecting and avoiding danger. We also found medial and
dorsolateral pulvinar neurons with longer latencies, and we sug-
gest that these may receive top-down inputs from cortical visual
areas (32). We also note that both the medial and dorsolateral
pulvinar have reciprocal connections with association cortices
(33). Interactive activity via reciprocal connections between sub-
cortical nuclei and cortical areas likely enhances stimulus recog-
nition and attention (34, 35). Although threatening visual inputs to
the pulvinar and conveyed to the amygdala may be quickly pro-
cessed, the pulvinar also likely coordinates cortical evaluation of
the biological significance of affective visual stimuli (36).
The neuronal response to angry faces, albeit weaker than to

snakes, was also faster and stronger than to hands and simple
geometrical shapes. As is the case with snakes, being able to
quickly detect and evade an angry conspecific undoubtedly has
substantial survival value (1, 37). However, because the degree of
facial expression in primates varies by body size, phylogenetic his-
tory, and group size (as a proxy for sociality) (38, 39), detecting
threat from facial expression alone may not be universal among
primates. In contrast, since the origin of primates, snakes have
been a universal threat; both primates and snakes that can kill them
(i.e., constrictors and venomous snakes) have their greatest di-
versity in tropical ecosystems (1, 2, 40, 41). Our data provide unique
neuronal evidence supporting the hypothesis that snakes provided
a novel selective pressure that contributed to the evolution of the
primate order by way of visual modification (2, 5). We urge neu-
rophysiologists to engage in similar studies across a wide range of
primate species and closely related mammals to further examine
the phylogenetic fingerprint of fast snake detection.

Materials and Methods
Animals. Two adult (one female and one male) macaque monkeys (M. fuscata),
weighing 7.0–8.8 kg, were used in this experiment. The monkeys were
born and kept in a walled-off enclosure at a national monkey farm in
Amami Island in Japan for 2 y, and then kept inside at the University of
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Fig. 5. Distributions of the 16 visual stimuli in a 2D space resulting fromMDS
using responses of the 91 neurons to these stimuli in epoch 1 (A), epoch 2 (B),
and epoch 3 (C). In epochs 1 and 2 (A and B), the snakes were separated from
the remaining stimuli. In epoch 3 (C), three groups were separated: snakes,
hands, and a cluster containing the faces and simple geometrical shapes.
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Toyama, Japan for the experiment. We believe that they had no chance to
encounter snakes before the experiment. Each monkey was individually
housed with food available ad libitum. The monkeys were deprived of water
in their home cage and received juice as a reward during training and re-
cording sessions. Supplemental water and vegetables were given after each
day’s session. To assess the monkeys’ health, their weight was routinely
monitored. The monkeys were treated in strict compliance with the United
States Public Health Service Policy on Human Care and Use of Laboratory
Animals, the National Institutes of Health Guide for the Care and Use of
Laboratory Animals, and the Guidelines for the Care and Use of Laboratory
Animals of the University of Toyama. This study has been approved by the
Committee for Animal Experiments and Ethics at the University of Toyama.

The subject monkey sat in a monkey chair 68 cm away from the center of
a 19-inch computer display for behavioral tasks during the training and re-
cording sessions in a shielded room. The CRTmonitor was set so that its center
was on the same horizontal plane as the monkey’s eyes. The monkey chair
was equipped with a responding button, which was positioned so that the
monkey could easily manipulate it. An infrared charge-coupled device
camera for eye-movement monitoring was firmly attached to the chair by
a steel rod. During training and recording sessions, the monkey’s eye posi-
tion was monitored with 33-ms time resolution by an eye-monitoring system
(42). The juice reward was accessible to the monkey through a small spout
controlled by an electromagnetic valve. A visual stimulus generator (ViSaGe
MKII Visual Stimulus Generator, Cambridge Research Systems) controlled the
electromagnetic valve and the timing of visual stimuli onset.

Visual Stimuli. Fig. S3A shows the stimulus set, consisting of consisting of
photos of snakes, photos of monkey faces (angry and neutral faces), photos
of monkey hands, and simple geometrical figures (circle, cross, square, and
star) used in the present study. The species of snakes used in the study were
a Cottonmouth (Agkistrodon piscivorus, sn1), a Tsushima Island pitviper
(Gloydius tsushimaensis, sn2 and sn3), and a Japanese mamushi (Gloydius
blomhoffii, sn4). We used color images in the present study because previous
studies reported that color of the stimuli affected detection of snakes (43,
44). The stimuli were 256 digitized RGB color-scale images with their reso-
lution of 270 × 270 pixels. Stimuli were presented on a black background of
0.7 cd/m2 with their centers at the center of the display. The luminance of
each stimulus was determined by measuring luminance of the circular area
(radius, 6.35 cm) including each stimulus inside the circle by means of a lu-
minance meter (BM-7A; Topcon). The luminance of these color stimuli was
almost identical (6.005–6.445 cd/m2) [luminous intensity (total luminance)
ranged from 38.432 to 41.248 mcd]. Luminance of the white areas inside the
simple geometric patterns was 36.5 cd/m2 (total luminance of the circle,
cross, square, and star was 45.6, 38.72, 53.592, and 20.64 mcd, respectively).
These stimuli were displayed on a CRT monitor with a resolution of 640 ×
480 pixels, and the size of the stimulus area was 5–7 × 5–7°.

Transformation of Visual Stimuli. To analyze what features of the stimuli the
neurons responded to, the visual stimuli were transformed. In scrambling,
original images were cut into 64 pieces (8 × 8 pieces), and the fragments were
randomly reassembled. Fig. S3B, b showed a scrambled image of the original
snake image (Fig. S3B, a). In spatial filtering, we chose LPF with six cycles per
image and HPF with 20 cycles per image based on previous studies (31, 45).
First, colors of each image were separated into three color channels (red,
green, and blue) and converted to grayscale images so that both LPF and
HPF could be rendered in grayscale. Then, these three channel images were
converted into frequency domain by the Fourier transform. Next, these
images in each channel were processed with Gaussian LPF and HPF. Finally,
these images in three channels were merged (Fig. S4 for HPF). Fig. S3B, c and
d show the images processed with LPF and HPF, respectively. These images
were processed using MATLAB 7.0.

Behavioral Tasks. The monkeys were trained to perform a sequential delayed
nonmatching-to-sample task (DNMS) that required the discrimination of the
visual stimuli (Fig. S3 A and B). As illustrated in Fig. S3C, the task was initiated
by a buzzer tone. Next, a fixation cross appeared in the center of the display.
When the monkeys fixated on the cross for 1.5 s within a 0.5–1.0° window,
a sample stimulus was presented for 500 ms (sample phase). The control
phase was defined as the 100-ms period before the sample phase. Then,
after an interval of 1.5 s, the same fixation cross and stimulus appeared
again for 500 ms between one and four times (selected randomly for each
trial). Finally, a new stimulus was presented (target phase). When the target
appeared, the monkey was required to press a button within 2 s to receive
a juice reward (0.8 mL). When the monkey failed to respond correctly during
the target phase or to press the button before the target phase, the trials

were aborted and a 620-Hz buzzer tone was presented. The intertrial
intervals lasted 15–25 s (Fig. S3C). Visual stimuli were presented in separate
blocks; stimulus pairs in the DNMS task within the same block consisted of
the same category of stimuli (snakes, faces, hands, and simple geometric
patterns). The presentation sequence of each category of the stimuli and
presentation sequence of each stimulus within the same category were
pseudorandomly determined so that presentation number of times of each
stimulus was equal. After completion of behavioral training, a head-
restraining device was attached to the skull under anesthesia (46, 47).
Upon recovery from the surgery, the monkeys were retrained in the
DNMS task while the head was painlessly fixed to the stereotaxic appa-
ratus with the head-restraining device.

Stereotaxic Localization of the Pulvinar for Recording. Before recording from
the pulvinar in each hemisphere, a tungsten marker (diameter: 500 μm) was
inserted near the target area under anesthesia, and 3D MRI scans of the
monkey head were performed. The 3D pictures of the monkey brain with
the marker were reconstructed by computer rendering. Three-dimensional
stereotaxic coordinates of the target area were determined in reference to
the marker in the 3D reconstructed brain (48). The locations of pulvinar
neurons were based on the zero coordinates defined in the stereotaxic atlas
of the brain of M. fuscata individuals (49).

Recording and Analysis of Pulvinar Neurons. Neuronal activity was recorded
from each hemisphere in both subjects by stereotaxically inserting a glass-
insulated tungsten microelectrode into the pulvinar. Spike sorting was per-
formed with the offline sorter program for cluster analysis (Off-line sorter,
Plexon). Each cluster was checked manually to ensure that the cluster
boundaries were well separated and that the waveform shapes were con-
sistent with the action potentials. Finally, superimposed waveforms of the
isolated units were drawn to check the consistency of the waveforms. Fur-
thermore, all pulvinar neurons were analyzed by autocorrelograms. The
autocorrelograms indicated that the refractory periods of the all pulvinar
neurons were greater than 2 ms throughout the recording sessions, which
indicates that the isolated spikes were recorded from single neurons.

We analyzed single neuronal activity during the following two periods:
100 ms before (pre) and 500 ms after (post) the onset of stimulus presen-
tation in the sample phase. The baseline firing-rate was defined as the mean
firing rate during the 100-ms preperiod. Significant excitatory or inhibitory
responses to each stimulus were defined by a Wilcoxon signed-rank test (P <
0.05 for statistical significance) of the neuronal activity between the 100-ms
pre- and the 500-ms postperiods. Furthermore, to investigate the temporal
changes in the neuronal responses, the 500-ms postperiod was divided into
ten 50-ms epochs. The mean neuronal firing rate was calculated for each of
these epochs. The response magnitude was defined as follows: the mean firing
rate in each epoch minus the mean firing rate during the 100-ms preperiod.

For each neuron, the response magnitudes during the visual stimulation
period (for the whole 500-ms period and for each epoch) for all visual stimuli
were analyzed by one-way ANOVA (P < 0.05). Response magnitudes between
the stimuli were compared by Tukey post hoc tests (P < 0.05).

In addition, we analyzed the response latency to each visual stimulus. For
each neuron, one perievent histogram was constructed with the entire set of
data for all trials and all stimuli. Neuronal response latency was defined as the
interval from the onset of stimulus presentation to the time at which the
neuronal firing rate exceeded the mean ± 2 SD of the baseline firing-rate. All
data were expressed as mean ± SEM.

MDS Analysis. MDS is a method that is used to simplify the analysis of rela-
tionships that exist within a complex array of data. MDS constructs a geo-
metric representation of the data to show the degree of the relationship
between stimuli that are represented by the data matrix [see Young (50) for
more details]. In the present study, the 16 visual stimuli were used to elicit
neural activity in pulvinar neurons.

Data matrices of neural activity in a 91 × 16 array derived from the 91
visually responsive neurons were generated. Euclidean distances as dissimilarity
between all possible pairs of two visual stimuli were calculated by using the
visual responses of the 91 pulvinar neurons. Then, the MDS program (PROXS-
CAL procedure, SPSS statistical package, v16) positioned the visual stimuli in the
2D space with the distances between the stimuli representing the original
relationships (i.e., Euclidean distances in the present study) (51, 52). Finally, the
clusters of the visual stimuli were evaluated by discriminant analysis.
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