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Reference Frames for Spatial Frequency in Face
Representation Differ in the Temporal Visual Cortex and
Amygdala

Mikio Inagaki (fgi553%5) and Ichiro Fujita (gEm—ep

Laboratory for Cognitive Neuroscience, Graduate School of Frontier Biosciences, Osaka University, 1-3 Machikaneyama, Toyonaka, Osaka 560-8531, Japan

Social communication in nonhuman primates and humans is strongly affected by facial information from other individuals. Many
cortical and subcortical brain areas are known to be involved in processing facial information. However, how the neural representation
of faces differs across different brain areas remains unclear. Here, we demonstrate that the reference frame for spatial frequency (SF)
tuning of face-responsive neurons differs in the temporal visual cortex and amygdala in monkeys. Consistent with psychophysical
properties for face recognition, temporal cortex neurons were tuned to image-based SFs (cycles/image) and showed viewing distance-
invariant representation of face patterns. On the other hand, many amygdala neurons were influenced by retina-based SFs (cycles/
degree), a characteristic that is useful for social distance computation. The two brain areas also differed in the luminance contrast
sensitivity of face-responsive neurons; amygdala neurons sharply reduced their responses to low luminance contrast images, while
temporal cortex neurons maintained the level of their responses. From these results, we conclude that different types of visual processing

in the temporal visual cortex and the amygdala contribute to the construction of the neural representations of faces.

Introduction

Nonhuman primates and humans rely extensively on facial infor-
mation from other individuals for social communication. The
neural mechanisms for processing facial information have been
broadly studied by recording the neuronal activities in monkeys.
Neurons selectively responding to faces are found in different
parts of the brain, including several subregions of the temporal
cortex (Gross et al., 1972; Bruce et al., 1981; Perrett et al., 1982;
Desimone et al., 1984; Tsao et al., 2006), the inferior frontal con-

vexity of the prefrontal cortex and the orbitofrontal cortex (O
Scalaidhe et al., 1997; Rolls et al., 2006), and in several nuclei of
the amygdala (Leonard et al., 1985; Nakamura et al., 1992;
Gothard etal., 2007). Many of these neurons respond to grayscale
photographs or line drawings of a face but not to scrambled
images, indicating that they respond to face-like patterns and not
to the color or texture of the face (Bruce et al., 1981; Perrett et al.,
1982; O Scalaidhe et al., 1999; Kuraoka and Nakamura, 2006).
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Despite these extensive studies, it remains unclear how the
neural representation of faces differs across different brain areas.
It is plausible that different face representations are constructed
in different brain areas because multiple visual pathways are pre-
sumed to contribute to face processing. Although the cortical
ventral pathway, which includes the temporal cortex, plays an
important role in face processing (Rolls, 2000), brain imaging
studies in human subjects suggest that face processing also occurs
along a subcortical extrageniculostriate pathway (consisting of
the superior colliculus, the pulvinar, and the amygdala), which
bypasses the temporal cortex (Morris et al., 2001; Vuilleumier et
al., 2003; Pasley et al., 2004; Williams et al., 2004).

Here, we investigated neural representation of faces in differ-
ent brain areas by comparing the spatial reference frame for facial
pattern representation in the temporal cortex and amygdala.
When human subjects recognize or identify a face, they depend
on the spatial frequencies (SFs) of the visual image of the face.
Because their performance is only minimally influenced by stim-
ulus size, they depend more on relative SFs or image-based SFs
(cycles/image), which are given by the products of retina-based
SFs (cycles/degree) and stimulus size (degrees/image), than on
retina-based SFs themselves (Hayes et al., 1986; Nésidnen, 1999).
We thus expected that neurons directly involved in face recognition
would be tuned to image-based SFs. Although face-responsive neu-
rons in the temporal cortex are selective for SFs (Rolls et al., 1985,
1987), and different SF contents of faces elicit distinct activation
patterns in the fusiform cortex and the amygdala (Vuilleumier et al.,
2003), the reference frame of the SF tuning (image-based vs retina-
based) has not been examined in any brain area.

We found that the majority of temporal cortex neurons are
tuned to image-based SFs, while many amygdala neurons are
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Visual stimuli. A, Original face images consisted of three different monkeys displaying three different facial expressions (open-mouth, neutral, and pout-lips). B, Bandpass filtered face

images. Bandpass filters with different centerimage-based SFs were applied to an original face image (top leftin A) in seven steps. €, An example of changes in stimulus size. Size manipulation was
applied to a filtered face image (center in B) in five steps. Size manipulation was applied to all filtered face images; thus, a stimulus set consisted of 35 images.

influenced by retina-based SFs. We also found that sensitivity to
stimulus luminance contrast differs in the two areas. We sug-
gest that different neural mechanisms underlie the construc-
tions of face representation in the temporal visual cortex and
the amygdala.

Materials and Methods

Surgery. Two monkeys (Macaca fuscata; Monkey S, male; and Monkey K,
female) were used. All animal care and experimental procedures were
approved by the Animal Experiment Committee of Osaka University in
compliance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

Ahead holder and a recording chamber were attached to the skull. The
recording chamber was centered 20 or 21 mm anterior to the ear canals
and 10 mm lateral with a 10° tilt relative to the midline. This setting
allowed us to record from both the temporal cortex and the amygdala.
Magnetic resonance images guided us to place the recording chamber at
the proper position. A portion of the skull within the chamber was re-
moved to allow for electrode insertion.

All surgical procedures were performed under anesthesia and aseptic
conditions (Kotake et al., 2009). The monkeys were premedicated with
atropine sulfate (0.03 mg/kg, i.m.; Tanabe) and sedated with ketamine
hydrochloride (Ketalar, 5 mg/kg, i.m.; Sankyo). Surgical anesthesia was
maintained by inhalation of isoflurane (1-3%) in 70% N,O and 30% O,
through an endotracheal cannula. Local anesthesia was applied with lido-
caine (2% Xylocaine; AstraZeneca) as needed. A vasotropic drug (Adona, 1.0
mg/kg i.m.; Tanabe) and an anti-plasmin agent (Transamine, 17 mg/kg,
i.m.; Dai-ichi) were given to reduce bleeding. Lactated Ringer’s solution
(Solulact-D, 3 ml/kg/h; Terumo) containing atropine sulfate (0.005 mg/
kg/h) was infused through an intravenous tube. Electrocardiogram, ar-
terial oxygen-saturation levels, and the heart rate were continuously
monitored throughout the surgery. Body temperature was maintained at
37-38°C with a heating pad. After the surgery, an antibiotic (Pentcilin, 40
mg/kg, i.m.; Toyama Chemical), an anti-inflammatory/analgesic agent
(Voltaren, 1 mg/kg; Novartis Pharma), and a corticosteroid (Decadron,
0.1 mg/kg, i.m.; Banyu) were given.

During the first postoperative week, the monkeys were treated with an
anti-inflammatory/analgesic agent (Menamin, 0.8 mg/kg, i.m.; Chugai),
Pentcilin, and Decadoron. After a period of >2 weeks, we started to train
the monkeys to perform a fixation task.

Behavioral task. The monkeys were required to perform a fixation task.
They were seated with their head fixed in a primate chair in a dark room
and faced a CRT monitor (HM903D-A, liyama; screen size, 36.5 X 27.5
cm; resolution, 1600 X 1200 pixels; refresh rate, 85 Hz). The screen

subtended 32.8° X 25.5° in visual angle. Gaze direction was monitored
with an infrared camera system (Matsuda et al., 2000). At the start of each
trial, a dot (0.18° X 0.18°) was presented on the center of the screen. After
the monkeys fixated on it for 0.5 s, a visual stimulus was presented for
0.5 s. The fixation point was overlaid by visual stimuli. During the stim-
ulus period, the monkeys were required to keep fixation on the center of
the screen without the fixation point. When completing fixation for a
total of 1 s, they were rewarded with a drop of water. The fixation window
was 2° X 2° for Monkey S and 3.5° X 3.5° for Monkey K. If the monkeys
moved their gaze beyond the window, the trial was terminated without
any reward and the data were discarded.

Visual stimuli were presented with an OpenGL program. Gamma cor-
rection was applied to accomplish a linear relationship between the ac-
tual luminance and the gun intensity of the CRT monitor. The lowest and
maximum luminances were 0.02 cd/m? and 46 cd/m?, respectively, and
the background luminance was 22 cd/m?>.

Face stimuli. Face images were created from nine photographs of three
monkeys displaying three different facial expressions (open-mouth, neu-
tral, and pout-lips) (Fig. 1A4). Open-mouth is an aggressive expression in
monkeys and pout-lips is an affiliative expression indicating a wish for
food or positive social interaction (Van Hooff, 1967). The nine photo-
graphs were first masked by a filter to isolate faces from body features and
background scenes. Then, two-dimensional (2D) Fourier transforms of
the photographs were calculated. The 2D amplitude spectrum of each
face was replaced with the average 2D amplitude spectrum across all
photographs, while the phase spectrum for each face was preserved. After
this manipulation, the nine photographs were inverse-transformed to
the space domain. Thus, the nine photographs had identical stimulus
energy.

To examine the SF tuning of face-responsive neurons, we used band-
pass filtered face images (Fig. 1 B). Bandpass filtering was done by mul-
tiplying a Gaussian function that has an annulus shape in the 2D Fourier
domain. The centers of the Gaussian functions were set at 2.0 cycles/
image, 2.8 cycles/image, 4.0 cycles/image, 5.7 cycles/image, 8.0 cycles/
image, 11.3 cycles/image, or 16.0 cycles/image. The full-width at half-
maximum of the Gaussian function was always 2.4 octaves, regardless of
the center image-based SFs. We set the amplitude spectrum of the orig-
inal face images to be flat so that the total luminance contrast of the
filtered face images was determined solely by the multiplied Gaussian
function. The total luminance contrast was balanced among the filtered
face images by setting the peak amplitude of the Gaussian function in-
versely proportional to the center image-based SF. We varied the size of
the filtered face images between 3.8° X 3.8°, 5.4° X 5.4°, 7.7° X 7.7°,
11.0° X 11.0° and 15.3° X 15.3° (Fig. 1C).
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To test for luminance contrast sensitivity, face images of different total
luminance contrast were created from an effective image (see Fig. 9A4).
We defined luminance contrast of each pixel as the deviation from the
mean luminance across a face image, and calculated the total luminance
contrast by integrating the luminance contrast over the image. Total
luminance contrasts, relative to that of the original face image, were
0.038, 0.054, 0.086, 0.15, 0.27, 0.51, and 1. The size of the stimuli was
fixed at 7.7° X 7.7°.

Electrophysiology. We recorded neuronal activity with tungsten elec-
trodes (0.2-2.0 MQ at 1 kHz; Fredrick-Haer). The voltage signals were
amplified and filtered by an amplifier (MEG-6116; Nihon Kohden) and
monitored on an oscilloscope. We isolated extracellular action potentials
or spikes from a single neuron with an on-line spike sorting system
(Multi Spike Detector; Alpha-Omega). The voltage signals were sampled
at 20 kHz and stored on a computer for off-line spike sorting. All results
reported in this paper were based on data from off-line spike sorting.

Experimental protocol. When we put electrodes toward the recording
site, we noted transition patterns of spike occurrence and estimated the
location of sulci, gray and white matter, as well as nuclei. The patterns
were consistent with magnetic resonance images. Once a face-
responding neuron was isolated, we presented a set of filtered face im-
ages, created from the most effective face, in a pseudo-random order. For
this SF-size test, each stimulus was presented at least six times (mean, 9.8
times). For a subset of the recorded neurons that were clearly isolated
even after completing the SF-size test, we examined luminance contrast
sensitivity. Trials with a fixation point only were also included in this test.
Face images were always centered on the fixation point. For this lumi-
nance contrast test, we presented each stimulus at least 10 times (mean,
10.2 times). We performed these tests only for the most effective face of
the recorded neurons.

Data analysis. We quantified neuronal responses by calculating the
mean firing rate during a 500 ms time window of the stimulus period.
The time window was delayed by 80 ms to compensate for response
latency. We focused our analysis on face-responsive neurons that were
selective to image-based SFs (Kruskal-Wallis test; p < 0.01) at two or
more stimulus sizes. The neurons that responded only to a particular
stimulus size were excluded from the analysis.

To characterize the dependence of the SF tuning on stimulus size, we
fitted the neuronal responses with five Gaussian functions; each Gaussian
function characterized the SF tuning for a particular stimulus size:
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where i is the index of the stimulus size (—2, —1, 0, 1, 2 corresponds to
3.8° 5.4° 7.7°,11.0° 15.3°, respectively), R(sf) denotes the response to
the image-based SF, sf, at the corresponding size, A, is the peak at the
corresponding size, o; is the width at the corresponding size, B is the
baseline activity, sf,, is the preferred image-based SF at a stimulus size of
7.7°, and shift index, SI, is the parameter that quantifies the dependency
between the preferred image-based SFs and the sizes. When SI is 0, the
preferred image-based SF does not change across stimulus sizes (i.e.,
ideally tuned to image-based SFs). When S is 1, the preferred “image”-
based SF is proportional to the stimulus size and the preferred “retina”-
based SF does not change (i.e., ideally tuned to retina-based SFs).
Parameters A; and o; were independent across stimulus sizes, while B, sf,,
and SI were the same for different sizes. All of these 13 parameters were
estimated from data. This is a variant of the method used for character-
izing speed tuning of neurons in area MT/V5 (Priebe et al., 2003). We
used the “fmincon” function in MATLAB (Mathworks) to fit the param-
eters of the five SF tuning curves.

We constrained the parameters as follows. The amplitude of the
Gaussian functions, A;, and the baseline, B, were constrained to pos-
itive values. The width of the Gaussian functions, o, was constrained
to values between 0.25 and 4. The center of the Gaussian function at
7.7° sf,, was constrained to values between 2 and 16. The parameter
quantifying the size dependency, SI, was constrained to values be-
tween —2 and 2.
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Figure 2.  Tunings forimage-based and retina-based SFs. 4, B, Optimal stimuli at different

sizes for hypothetical neurons tuned to image-based SFs () and retina-based SFs (B). These
images were created by applying two-dimensional bandpass filters that share the same center
image-based SF (4) or same center retina-based SF (B) across different sizes. €, D, Tuning curves
forimage-based SFs of hypothetical neurons tuned to image-based SFs (€) and to retina-based
SFs (D). Curves with different colors correspond to tuning curves at different sizes. E, F, Response
fields of neurons tuned to image-based SFs (E) and to retina-based SFs (F). The response
magnitude is indicated by a color map.

We estimated the response latency of each neuron by Poisson spike
train analysis (Legéndy and Salcman, 1985; Hanes et al., 1995; Tanabe et
al., 2004). One neuron in the amygdala was excluded because its response
latency could not be determined.

We quantified the strength of selectivity for facial expression and face
identity by calculating the transmitted information for each dimension
(Panzeriand Treves, 1996; Sugase et al., 1999). If a neuron was tested only
with a small number of repetitions (<10 times) in the initial test, or
spikes from a neuron were sorted in the SF-size test but not in the initial
test, the neuron was excluded from the analysis.

Histology. After completing all experiments with Monkey S, we made
electric lesions by passing an electric current (10 A, 10 or 20 s, electrode
negative) to histologically verify the recording sites. The monkey was
overdosed with pentobarbital sodium (100 mg/kg, i.p.) and transcardi-
ally perfused with 0.9% sodium chloride solution and 4% paraformalde-
hyde. The brain was immersed in sucrose solutions (10-30%), frozen,
and cut into 80 wm sections. The sections were stained with cresyl violet.
Recording sites were reconstructed using the position of the electric le-
sions and the readings of the electrode manipulator. Monkey K is still
alive and participating in other experiments.

Results

We used bandpass filtered face images of various stimulus
sizes as visual stimuli (Fig. 1). We tested whether face-
responsive neurons are tuned to image-based SFs or retina-
based SFs by examining the effects of stimulus size on
neuronal tuning to image-based SFs. If a neuron is ideally
tuned to image-based SFs, by definition, its tuning curves to
image-based SFs do not change across different stimulus sizes
(Fig. 2A,C). Ifa neuron is tuned to retina-based SFs, on the other
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Recording sites. A, Lateral view of the right hemisphere of Monkey S. The vertical line is positioned at 25 mm anterior to the ear canal (A25). B, A coronal slice of magnetic resonance

images at A25. The white trapezoid indicates the recording chamber. Dotted and dashed lines indicate electrode penetrations to the temporal cortex and the amygdala, respectively. C, A coronal
section corresponding to a region surrounded by the black rectangle in B. D—F, Photographs of regions corresponding to the gray squares in C. Arrows indicate electric lesions made along the
penetrations. G, Reconstructed recording sites in the right hemisphere of Monkey S. H, Hippocampus; L, lateral nucleus; B, basal nucleus; AB, accessory basal nucleus; C, central nucleus of amygdala;
sts, superior temporal sulcus; amts, anterior middle temporal sulcus; rs, rhinal sulcus. The SI values did not differ in the lateral (n = 21) and basal nuclei (n = 6) of the amygdala in Monkey S

(Mann—Whitney test; p = 0.66).

hand, its tuning curves should systematically shift along the axis
of the image-based SFs to compensate for changes in retina-based
SFs accompanying changes in stimulus size (Fig. 2B,D). We see
this difference in a 2D plot of the responses where the abscissa
denotes image-based SFs and the ordinate denotes stimulus sizes.
For neurons tuned to image-based SFs, the peak positions of
image-based SF tuning curves are aligned vertically (Fig. 2 E). For
neurons tuned to retina-based SFs, the peak position shifts sys-
tematically and the response field tilts to the right (Fig. 2 F).

Database

We recorded 115 and 120 face-responsive neurons in the tempo-
ral cortex and amygdala, respectively. Magnetic resonance im-
ages of the two monkeys indicated that face-responsive neurons
in the temporal cortex were from both upper and lower banks
and the fundus of the superior temporal sulcus as well as the
inferior temporal gyrus (cytoarchitectonic area TE), spanning
from A18 to A24. The recording area in the amygdala spanned
from A20 to A25. In one monkey (Monkey S), we performed
histological examination of the recording sites (Fig. 3). Recording
sites were confirmed to reside in the lower bank of the superior
temporal sulcus, the inferior temporal gyrus, and the lateral,
basal, and central nuclei of the amygdala (Fig. 3G).

Fifty-one of the 115 temporal cortex neurons and 50 of the 120
amygdala neurons were selective for SFs of bandpass filtered face
images for at least two stimulus sizes (Kruskal-Wallis test; p <
0.01). Neurons not tuned to SFs were excluded from the analysis

(44 temporal cortex neurons and 56 amygdala neurons). Neu-
rons tuned to SFs only at a particular size (20 temporal cortex
neurons and 14 amygdala neurons) were also excluded because
they were not suitable for testing the reference frame of the SF
tuning. This test requires an assessment of shifts in the SF tunings
across at least two stimulus sizes. Among the 101 SF-selective
neurons (51 temporal cortex neurons plus 50 amygdala neu-
rons), the SF tuning data of 47 neurons in the temporal cortex (29
from Monkey S, 18 from Monkey K) and 44 neurons in the
amygdala (28 from Monkey S, 16 from Monkey K) were fitted
well by a set of Gaussian functions (R*> > 0.7). The following
results were based on these 91 (47 + 44) neurons.

Responses to filtered face images in the temporal cortex

Most temporal cortex neurons exhibited little or no change in the
peak position of their tuning to image-based SFs across different
stimulus sizes (Fig. 4). The neuron shown in Figure 4 A maxi-
mally responded to a middle range (4.0 cycles/image) of image-
based SFs, regardless of stimulus size. Four cycles/image
corresponds to 1.1 cycles/degree for the smallest stimulus (3.8° X
3.8°) and to 0.26 cycles/degree for the largest stimulus (15.3° X
15.3°). Despite a difference of two octaves in retina-based SFs,
this neuron consistently demonstrated the maximal response to
an image-based SF of 4.0 cycles/image. Plotting the tuning curves
with an axis of retina-based SFs instead of image-based SFs
showed a systematic shift depending on the stimulus size (see Fig.
6A). Another temporal cortex neuron (Fig. 4B) strongly re-
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Figure 4.  Responses of face-responsive temporal cortex neurons to filtered face images of

different sizes. A, B, Tuning curves of two different neurons forimage-based SFs. Symbols and
error bars show mean = SEM. of firing rates during stimulus presentation. Solid curves indicate
a set of Gaussian functions fitted to the data. Different symbols with different colors represent
tuning curves obtained with five different stimulus sizes. Dotted lines indicate the mean firing
rate during the fixation period before stimulus presentation. Preferred original face images
were Monkey A displaying pout-lips (Fig. 1A, top right) in A and Monkey B displaying a neutral
expression (Fig. 14, middle center) in B. C, D, Response fields in a 2D plot of image-based SFs
and stimulus sizes. The mean firing rates for each stimulus condition of the neuronsin A and B
are replotted in Cand D, respectively. The data are linearly interpolated and represented by a
color map.
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that the preferred image-based SF does not change across stimu-
lus sizes (i.e., the neuron is ideally tuned to image-based SFs). On
the other hand, when SI equals 1, the preferred image-based SF is
proportional to the stimulus size, and the preferred retina-based
SF does not change (i.e., the neuron is ideally tuned to retina-
based SFs). The SF tunings of the neuron shown in Figure 4 A
were well fitted by a set of Gaussian functions (R* = 0.92). The
response field in the SE-stimulus size plot was not tilted (Fig. 4C).
The SI for this neuron was close to 0 (—0.0003), indicating the
peak position for image-based SFs was independent of size. This
neuron was thus tuned to image-based SFs rather than to retina-
based SFs. SF tuning curves of another temporal cortex neuron
(Fig. 4 B) were also well fitted by a set of Gaussian functions (R* =
0.96). The SI of this neuron was also close to 0 (0.06). This neuron
kept its preferred image-based SFs across different stimulus sizes
(Fig. 4B,D).

Responses to filtered face images in the amygdala
Face-responsive neurons in the amygdala demonstrated a variety
of dependences of their SF tuning on stimulus size, including
strong (Fig. 5A, D), weak (Fig. 5B, E), and little or no dependence
(Fig. 5C,F). The neuron responses shown in Figure 5, A and D,
have a systematically shifted peak of the SF tuning curve depend-
ing on the stimulus size. This neuron maximally responded to a
low image-based SF of 2.8 cycles/image with a medium stimulus
size of 7.7° but responded to a higher image-based SF of 8.0
cycles/image with a large stimulus size of 15.3°. The SI of this
neuron was close to 1 (1.15), indicating that the peak position for
image-based SFs was nearly proportional to the stimulus size. If
we consider retina-based SFs instead of
image-based SFs, the peak position of the
Sl=—oq4 <1530  Deuron tuning curve only minimally de-
rR=099 ¥ 110°  pended on stimulus size (Fig. 6 B). This

77° .
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Figure 5.

sponded to lower image-based SFs (2.0 cycles/image to 2.8 cycles/image)
but not to higher SFs. Most neurons in the temporal cortex preferred
low to middle image-based SFs, such as those shown in Figure 4.

We fitted Gaussian functions to a set of SF tunings obtained
with five different stimulus sizes. Some parameters defining the
Gaussian functions were independent across stimulus sizes, while
others were shared (see Materials and Methods). We exploited
one of the shared parameters, SI, to assess the dependency of
image-based SF tuning on stimulus size. An SI value of 0 indicates

(cycles/image)

Image-based spatial frequency
(cycles/image)

Responses of face-responsive amygdala neurons to filtered face images of different sizes. A-C, Tuning curves of three
different neurons. Preferred original face images were Monkey C displaying open-mouth (Fig. 14, bottom left) in A, Monkey A displaying
open-mouth (Fig. 14, top left) in B, and Monkey B displaying a neutral expression (Fig. 1A, middle center) in C. D—F, Response fields of the
same neurons for combinations of image-based SFs and stimulus sizes. Other conventions are the same as in Figure 4.

tuned to retina-based SFs (Fig. 2 F).

Responses of a neuron with a weak de-
pendence are shown in Figure 5, B and E.
Although this neuron demonstrated shifts
in its tuning curves, the maximal responses
were evoked only by low to middle image-
based SFs when the stimulus became larger.
The SI of this neuron was 0.42, a value inter-
mediate between 0 and 1. The peak posi-
tions for retina-based SFs as well as for
image-based SFs weakly depended on the
stimulus size.

SF tunings of an amygdala neuron with
only slight dependency on stimulus size are
shown in Figure 5, C and F. The maximal
responses were always evoked by a low
image-based SF of 2.8 cycles/image. Like the temporal cortex neu-
rons shown in Figure 4, the peak positions were independent of
stimulus sizes and the SI was close to 0 (—0.14). This neuron was
tuned to image-based SFs.
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N
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Comparison between the temporal cortex and the amygdala

We compared the dependency of SF tuning curves on stimulus
size in the temporal cortex and the amygdala (Fig. 7). The distri-
bution of SIs across the 47 face-responsive neurons in the tem-
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poral cortex peaked near 0 (Fig. 7A) (median = 0.10). The peak
positions for image-based SFs did not depend on size in most of
the temporal cortex neurons. In contrast, the distribution across
the 44 face-responsive neurons in the amygdala was deviated
from 0 and peaked at a value between 0 and 1 (Fig. 7C) (median =
0.38). The peak positions for image-based SFs depended on size
in many of the amygdala neurons. The distribution across the
amygdala neurons was shifted toward higher values (Mann—
Whitney test; p = 0.018) and was broader (F test; F = 2.24,p =
0.004) compared with that of the temporal cortex. The averaged
response field across the amygdala neurons (Fig. 7D) had a
diagonally elongated peak area (roughly corresponds to 0.25
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cycles/degree) and was more tilted than that of the temporal
cortex neurons (Fig. 7B). The quality of the fitting assessed by
R’ was comparable between the two areas (Mann-Whitney
test; p = 0.92).

One might expect that neurons with different SI values repre-
sent different processing stages. Assuming that the response la-
tency reflects the functional hierarchy (Maunsell and Gibson,
1992; Raiguel et al., 1999), we might expect an area difference in
the response latency. However, the response onset of population
peristimulus time histograms summed across the sampled neu-
rons was comparable between the temporal cortex and the
amygdala (Fig. 8A,C). We found no statistically significant dif-
ference between the two areas in the distribution of response
latencies determined for individual neurons (Mann—-Whitney
test; p = 0.28) (Fig. 8B,D), even though the median of the
amygdala neurons (126 ms) was slightly shorter than that of the
temporal cortex neurons (138 ms). Because SIs were distributed
across a wide range of values in both areas (Fig. 7), we analyzed
the correlation between the response latencies and SIs within
each area. No correlation was found in either the temporal cortex
(Fig. 8E, filled circles) (Spearman’s rank correlation; r = 0.063,
p = 0.67) or the amygdala (Fig. 8 E, open circles) (r = —0.073,
p =0.64).

We also analyzed the correlation between SIs and the strength
of selectivity for facial information to see if neurons with different
SI values are involved in different functions such as discriminat-
ing facial expressions and recognizing face identities. No correla-
tion was found between SIs and the strength of facial-expression
selectivity in either the temporal cortex (Spearman’s rank corre-
lation; r = 0.013, p = 0.93) or the amygdala (r = —0.22, p =
0.20). For face-identity selectivity, no correlation was found in
either the temporal cortex (r = 0.18, p = 0.24) or amygdala (r =
—0.16, p = 0.36). SI values did not depend on the strength of
selectivity for facial information.

Luminance contrast sensitivity of face-responsive neurons
Despite extensive anatomical input from the temporal cortex to
the amygdala (Aggleton et al., 1980; Amaral et al., 1992; Cheng et
al., 1997), we found the size effect on the SF tuning of the face-
responsive neurons differed between the two areas, as shown
above. One possible explanation is that responses of amygdala
neurons to faces may depend not only on the ventral visual path-
way but also on a visual pathway that bypasses it. Several lines of
evidence suggest that the superior colliculus, pulvinar, and
amygdala form another route for face processing (LeDoux, 2000;
Morris et al., 2001; Vuilleumier et al., 2003; Johnson, 2005) (see
Pessoa and Adolphs, 2010 for an alternative view). We assessed
the relative contribution of this extrageniculostriate pathway to
the responses of amygdala neurons by testing luminance contrast
sensitivity. It has been shown that V1-damaged patients and
monkeys can respond to a visual target of high luminance
contrast but not to a target of low luminance contrast (Miller
etal., 1980; Cowey and Stoerig, 2004; Yoshida et al., 2008). We
therefore reasoned that if the responses of amygdala neurons
to faces critically depend on the extrageniculostriate pathway,
they should attenuate their responses to low luminance con-
trast stimuli.

We compared luminance contrast sensitivity between face-
responsive neurons in the temporal cortex (n = 23) and those in
the amygdala (n = 21) (Fig. 9). The responses of a temporal
cortex neuron only gradually diminished as the total luminance
contrast of the face image became lower (Fig. 9B). The response
magnitude was roughly constant over a range of luminance con-
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Figure 8.  Temporal profiles of responses of face-responsive neurons. A, €, Average normalized peristimulus time histograms
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across all of the trials for stimuli that elicited statistically significant responses. We then normalized the PSTH of each neuron by
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PSTHs, we defined a bin as the onset of the responses where the value first exceeded a criterion (mean + 3 SD during the fixation
period before stimulus presentation). The onset of the responses was in the 71 to 80 ms bin for both the temporal cortex and the
amygdala. Shaded areas indicate mean == SEM. Dotted lines indicate 70 ms after stimulus onset. B, D, Distribution histograms of
the response latency for temporal cortex neurons (B) and amygdala neurons (D). Arrows indicate median values (138 and 126 ms
for the temporal cortex and amygdala neurons, respectively). E, Relationship between the SI and the response latency for the
temporal cortex neurons (filled circles) and the amygdala (open circles). There was no correlation between the two in either the
temporal cortex (Spearman’s rank correlation; r = 0.063, p = 0.67) oramygdala (r = —0.073, p = 0.64).
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Figure 9.  Luminance contrast sensitivity of face-responsive neurons. A, An example of visual stimuli when testing for lumi-

nance contrast sensitivity. Total luminance contrast of an original face image (Fig. 14, top left) was reduced in seven steps. B, C,
Example responses of a temporal cortex neuron (B) and an amygdala neuron (C) to a series of contrast manipulated face images.
Symbolsand error barsindicate mean = SEM. of firing rates during stimulus presentation. The neurons were tested by the stimulus
set created from an original face image of Monkey A displaying a neutral expression (Fig. 14, top center) in B, and Monkey A
displaying pout-lips (Fig. 14, top right) in C. D, Average normalized responses of temporal cortex neurons (n = 23; filled circles
with a solid line) and amygdala neurons (n = 21; open circles with a dotted line). Symbols and error bars indicate mean = SEM.
of normalized mean firing rates across populations.

trast from 0.27 to 1. The slope of the sensitivity curve was modest.
An example neuron in the amygdala strongly responded to
higher luminance contrast images but greatly reduced its re-
sponses to lower luminance contrast images (Fig. 9C). The slope
of the sensitivity curve was steep at a middle range between 0.086
and 0.51, compared with the temporal cortex neuron shown in Fig-
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ure 9C. Across populations, face-responsive
neurons in the amygdala were less sensitive
to low luminance contrast than those in the
temporal cortex (Fig. 9D) (two-way
ANOVA; area, p = 0.001; contrast, p <
0.0001; interaction, p = 0.12). Manipula-
tion of luminance contrast dissociated re-
sponse profiles of face-responsive neurons
between the temporal cortex and the
amygdala.

Discussion
Image-based SF tuning versus
retina-based SF tuning
Image-based SFs characterize spatial infor-
mation of the face itself, whereas retina-
based SFs characterize spatial information
of the image on the retina. Recognition or
identification of faces in human subjects de-
pends more on image-based SFs than on
retina-based SFs (Hayes et al., 1986; Nésinen,
1999). The visual system transforms the ref-
erence frame of SFs from retina-based to
image-based. We examined quantitatively
how neural processing of a face advances
in a manner consistent with the known
psychophysical properties. The distribu-
tion of SIs peaked near 0 (median = 0.10) in
the temporal cortex. Because neurons that
are ideally tuned to image-based SFs, re-
gardless of stimulus size, have an SI of 0, we
concluded that most face-responsive neu-
rons of the temporal cortex are tuned to
image-based SFs rather than retina-based SFs.
Many neurons in the temporal visual cor-
tex acquire size-invariant, hence distance-
invariant, representation of face patterns.
Previous studies have examined the ef-
fects of stimulus size on shape selectivity
in neurons of the inferior temporal cortex
(Sato et al., 1980; Schwartz et al., 1983; Ito
et al., 1995). A population of these neu-
rons preserves shape selectivity across dif-
ferent stimulus sizes, which is similar to
our image-based SF tuning results. One
might consider that size-invariant shape
selectivity and image-based SF tuning are
different aspects of the same property.
Size-invariant shape selectivity, however,
does not always equal image-based SF
tuning. Because shape stimuli contain a
wide range of image-based SFs, it is possi-
ble to discriminate the stimuli based on
lower image-based SFs when the stimuli
are small and on higher image-based SFs
when the stimuli are large. Therefore,
neurons tuned to retina-based SFs, such
as in Figure 5, A and D, could preserve

shape selectivity across stimulus sizes. This means that neurons
are not necessarily tuned to a particular range of image-based SFs,
such as in Figure 4, to accomplish size-invariant shape selectivity.

We recorded only from the anterior part of the temporal cor-
tex (A18—A24). We chose this anterior—posterior level for our
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analysis because only that part of the temporal cortex, among the
ventral pathway areas, strongly projects to the amygdala (Aggle-
ton et al., 1980; Amaral et al., 1992; Cheng et al., 1997). However,
face processing relies on interconnected functional modules dis-
tributed over a large portion of the temporal cortex, including
more posterior parts (Tsao et al., 2006; Moeller et al., 2008).
Therefore, applying this paradigm to other face processing re-
gions in the temporal cortex should further advance our under-
standing of face processing.

The distribution of SIs across face-responsive neurons of the
amygdala was broad and biased toward 1 (median = 0.38) (Fig.
7). The broad distribution may reflect the many possible routes of
visual inputs to the amygdala (Aggleton et al., 1980; Amaral et al.,
1992). Unlike the temporal cortex, SF tunings in the amygdala
were influenced by both image-based and retina-based SFs. Nor-
malization by stimulus size (hence viewing distance) was incom-
plete. Although this response property is incompatible with face
recognition or identification performance in human subjects, the
sensitivity to the size of faces may be an important part of social
distance computation, such as detection of an approaching
threatening monkey. This property is consistent with neuropsy-
chological results like that of an amygdala-damaged patient fail-
ing to regulate interpersonal distance (Kennedy et al., 2009).

Image-based SF tuning required a convergence of a wide range
of retina-based SF information (lower retina-based SFs for a large
stimulus and higher retina-based SFs for a small stimulus) (Fig.
6A), whereas retina-based SF tuning only covered a narrow range
(Fig. 6 B). Therefore, the retina-based SF range required for the
SF tunings of the amygdala neurons is narrower than that of the
temporal cortex neurons. In addition, the averaged response field
of the amygdala was peaked at a low retina-based SF (~0.25
cycles/degree) (Fig. 7D). These results suggest that the face rep-
resentation in the amygdala is mainly constructed by using the
narrow range of low retina-based SF information. This is consis-
tent with the result of a functional magnetic resonance imaging
(fMRI) study, that human amygdala preferentially responds to
faces with low SF information (Vuilleumier et al., 2003).

Face processing along the extrageniculostriate pathway
Because the temporal visual cortex sends its major projections to
the amygdala (Aggleton et al., 1980; Amaral et al., 1992; Cheng et
al., 1997), and the SI distributions for the two areas overlapped
(Fig. 7), input from the temporal cortex is likely to contribute to
the construction of the face representation in the amygdala.
However, it is unlikely that the retina-based SF tuning of many
amygdala neurons is rebuilt solely based on the image-based SF
information from the temporal cortex. Rather, the difference in
the reference frame suggests the involvement of another pathway.
Brain imaging studies in human subjects suggest that the subcor-
tical extrageniculostriate pathway contributes to the responses of
the amygdala to faces (Morris et al., 2001; Vuilleumier et al., 2003;
Pasley et al., 2004; Williams et al., 2004; Johnson, 2005) (see
Schmid et al., 2010 for another possible pathway). To probe the
contribution of the extrageniculostriate pathway, we compared
luminance contrast sensitivity of face-responsive neurons in the
temporal cortex and amygdala (Fig. 9). Face-responsive neurons
in the amygdala were less sensitive to low luminance contrast
than those in the temporal cortex. Because the extrageniculostri-
ate pathway is unresponsive to stimuli of low luminance contrast
(Miller et al., 1980; Cowey and Stoerig, 2004; Yoshida et al.,
2008), the results support the hypothesis that the extrageniculo-
striate pathway feeds input on faces to the amygdala.

A current hypothesis from studies on human subjects pre-
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sumes that face processing along the extrageniculostriate path-
way is faster than that of the ventral pathway (Johnson, 2005;
Pourtois et al., 2010). If this is applicable to monkeys, one would
expect that face-responsive neurons of the amygdala have shorter
response latencies than those of the temporal cortex. Although
the median latency of the amygdala neurons (126 ms) was shorter
than that of the temporal cortex neurons (138 ms), we did not
find a statistically significant difference in the latency distribu-
tions (Fig. 8). This may result from relatively small samples in our
study. Another concern is the recording site within the amygdala.
Leonard et al. reported that response latencies of face-responsive
neurons in the accessory basal nucleus of the amygdala, where we
did not record from, at least in Monkey S, are longer than those of
the temporal cortex (Leonard et al., 1985). More extensive studies
focusing on the subnuclei of the amygdala are required to clarify
the response latency issue.

Implication for face representation in infants

Human infants show a preference for visually presented face-like
patterns compared with scrambled nonface-like patterns (Goren
et al., 1975; Johnson et al., 1991), suggesting that face represen-
tation exists in the infant brain. Psychophysical studies using
grating stimuli (Atkinson et al., 1974; Banks and Salapatek, 1976;
Boothe et al., 1988; Movshon and Kiorpes, 1988) indicated that
only a narrow range of retina-based SF information is available in
the infant visual system. Therefore, face representations in the
infant brain are most likely constructed by using a narrow range
of retina-based SF information. As mentioned earlier, retina-
based SF tuning only requires a narrow range of retina-based SF
information, suggesting the possibility that face-responsive neu-
rons in infants are tuned to retina-based SFs.

Although some temporal cortex neurons of infant monkeys
respond to faces (Rodman et al., 1993), the existence and prop-
erties of face-responsive neurons in the amygdala of infants are
still unclear. We demonstrated in adult monkeys that a popula-
tion of face-responsive neurons in the amygdala was not tuned to
image-based SFs, instead responding to retina-based SFs. More-
over, the poor sensitivity to luminance contrast we observed in
the amygdala of adult monkeys is consistent with psychophysical
properties of infants (Atkinson et al., 1974; Banks and Salapatek,
1976; Boothe et al., 1988; Movshon and Kiorpes, 1988). The neu-
ral mechanisms that contribute to the amygdala response to faces
in adults may apply to infants as well.

In conclusion, the reference frame for SF tuning and lumi-
nance contrast sensitivity of face-responsive neurons differs in
the temporal visual cortex and the amygdala. This suggests that at
least two types of visual processing exist and contribute differ-
ently to the neural representations of faces in the temporal cortex
and the amygdala. The experimental paradigm we describe can be
applied to other brain areas, to infant brain, or to human fMRI
experiments to explore further details on the neural mechanisms
involved in face processing.
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