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Auditory Properties in the Parabelt Regions of the Superior
Temporal Gyrus in the Awake Macaque Monkey: An Initial
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The superior temporal gyrus (STG) is on the inferior–lateral brain surface near the external ear. In macaques, 2/3 of the STG is occupied
by an auditory cortical region, the “parabelt,” which is part of a network of inferior temporal areas subserving communication and social
cognition as well as object recognition and other functions. However, due to its location beneath the squamous temporal bone and
temporalis muscle, the STG, like other inferior temporal regions, has been a challenging target for physiological studies in awake-
behaving macaques. We designed a new procedure for implanting recording chambers to provide direct access to the STG, allowing us to
evaluate neuronal properties and their topography across the full extent of the STG in awake-behaving macaques. Initial surveys of the
STG have yielded several new findings. Unexpectedly, STG sites in monkeys that were listening passively responded to tones with
magnitudes comparable to those of responses to 1/3 octave band-pass noise. Mapping results showed longer response latencies in more
rostral sites and possible tonotopic patterns parallel to core and belt areas, suggesting the reversal of gradients between caudal and rostral
parabelt areas. These results will help further exploration of parabelt areas.
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Introduction
Auditory cortex in primates is arranged in a “core” of primary
areas surrounded by “belt” of secondary areas (Kaas and Hackett,
2000), further bound laterally by tertiary “parabelt” region that
occupies the posterior 2/3 of the superior temporal gyrus (STG)
(Hackett et al., 1998a). The parabelt (PB) region is divided into
two areas, the rostral (RPB) and the caudal (CPB), which receive
auditory inputs from belt areas hierarchically and directly from
extralemniscal thalamic nuclei (Hackett et al., 1998b). The RPB
and CPB are preferentially connected with rostral and caudal belt
areas, respectively (Hackett et al., 1998a), and to ventral and dor-
sal prefrontal cortices (Hackett et al., 1999; Romanski et al.,
1999b; Munoz-Lopez et al., 2010), suggesting their differential
involvement in auditory processing streams (Romanski et al.,
1999a; Rauschecker and Tian, 2000). RPB and CPB connections

with pulvinar, striatum, and amygdala suggest roles in attention,
emotion, and response selection (Romanski et al., 1997).

In humans, the anterior and posterior portions of auditory
cortex, which include the putative belt and parabelt regions, are
proposed to segregate into anterior “what” and posterior “where”
streams (Ahveninen et al., 2006; Rauschecker and Scott, 2009)
and to mediate speech and auditory object processing (Binder et
al., 2004; Leaver and Rauschecker, 2010; Mesgarani et al., 2014),
audiovisual integration (Calvert et al., 1997; Johnson and Za-
torre, 2005), and auditory working memory (Buchsbaum et al.,
2005; Leff et al., 2009). However, the anatomical definition of
human parabelt is still uncertain. Cytoarchitectonic and chemo-
architectonic criteria established in monkeys identified putative
parabelt in the planum temporale portions of area 22 on the STG
(Sweet et al., 2005; Fullerton and Pandya, 2007; Hackett, 2008).
fMRI studies variably located parabelt areas on the upper bank of
the superior temporal sulcus and belt areas on STG and planum
temporale (Humphries et al., 2010; Woods et al., 2010; Striem-
Amit et al., 2011). Physiological characterization of monkey
parabelt may help in solving this ambiguity.

Relatively little is known about auditory response properties
in the macaque STG. An early study in awake monkeys showed
that neurons in the caudal STG (temporal parietotemporal area
and possibly CPB) respond to a wide variety of natural sounds as
well as pure tones and some to visual and/or somatosensory–
motor events (Leinonen et al., 1980). These findings, along with
the reported sensitivity to auditory attention in putative human
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parabelt, suggest that that macaque parabelt is a higher-order
auditory-integrative region with complex response properties
(Petkov et al., 2004; Woods et al., 2009). However, due to its
anatomical location and poor responsiveness under anesthesia,
the basic auditory response properties of parabelt neurons have
been sampled only sparsely (Leinonen et al., 1980; Camalier et al.,
2012), and no systematic studies have been done so far. The pur-
pose of present study was to establish techniques for long-term
recordings from parabelt in awake-behaving macaques and to
characterize the basic auditory responses of macaque parabelt.
Our results raise the possibility that parabelt areas have organized
spectral representations that may parallel those in the lower belt
and core areas.

Materials and Methods
Animals
Ten rhesus monkeys (Macaca mulatta) participated in MRI, two of which
(A, female and B, male) were surgically implanted with recording cham-
bers targeting the STG in the left hemisphere. All experimental proce-
dures were approved by the Institutional Animal Care and Use
Committee of the Nathan Kline Institute.

MRI and image analyses
MRI. All animals were scanned with a Siemens 3T TRIO TIM MRI Sys-
tem with software version VB17A (Siemens Medical Systems) with a
“transmit-receive 8-channel knee coil.” Animals were anesthetized with
same procedures as in the “Surgeries” section (see below) and placed in a
supine position on the scanning table. The monkeys’ heads were stabi-
lized within the imaging coil using soft padding spacers. 3D high-
resolution structural images were obtained with the MPRAGE scan:
256 � 256 matrix, FOV 12.8 � 12.8 cm., slice thickness 1.0 mm, slice
gap � 0 mm. Scans were acquired in sagittal, horizontal, and coronal
planes.

MRI analyses. MRIs of the 10 animals were analyzed individually for
the STG position relative to the zygomatic arch (ZA) to examine the
feasibility of STG chamber implantation (see Fig. 1 A, B). Positions of
landmarks: the lateral sulcus (LS) and the superior temporal sulcus
(STS), critical for identifying the location of STG, were calculated as
follows. Grayscale MRIs of sagittal planes that contained the LS, the STS,
or the ZA were converted to TIFF and each of these structural features
was outlined in red (magenta in Fig. 1), green, and blue (cyan in Fig. 1)
contour lines along the middle of LS, STS, or the upper edge of ZA,
respectively. TIFF images including those lines were then read by
MATLAB to detect the positions of colored lines within those images by
appropriate threshold detection for each color. Those positions were
transformed to stereotaxic coordinates that would be used for the surgery
to implant recording chambers aiming at STG. Due to the idiosyncratic
alignment of MRIs of the head in stereotaxic axes, translations and rota-
tions of landmark positions were necessary.

We identified the center of both ear canals and calculated the midpoint
in 3D that corresponded to the origin of the stereotaxic axes (Fig. 1 A, B).
We also identified the infra-orbital rim of each eye socket; these corre-
sponded to the contact points of eye bars during stereotaxic surgeries
and, together with the stereotaxic origin, form the plane DV � 0. Next, to
correct for misalignments of these landmarks due to variable positioning
of the head relative to the angles of MRI scan, we subtracted the coordi-
nate of the stereotaxic origin from the coordinates of eye and calculated a
3D matrix. This matrix rotated eye position around the stereotaxic
origin to align infra-orbital rim positions at the same height as the
origin. Finally, we calculated another rotation matrix to align infraor-
bital positions symmetrically about the sagittal plane that contained
the stereotaxic origin.

Subsequently, the positions of LS, STS, and ZA were identified as
follows. In images of sagittal sections, the above landmarks were traced
through each image. The coordinates of the landmarks (tracings) were
identified and the stereotaxic origin was subtracted to compensate for
translation. The tracings were rotated to correct for roll, pitch, and yaw
angles using the rotation matrices described above. The subsequent co-

ordinates were all placed in reference to the stereotaxic origin along the
axes that would be the reference during the chamber implantation
surgery.

Manufacturing of the custom chamber
The high-resolution T1 MRI images were loaded into the Brainsight
software (Rogue Research) and used to create 3D reconstructions of the
skin, skull, and brain in Monkey B. In addition to the identification of the
interaural plane, the brain was coregistered to the Paxinos rhesus stereo-
taxic coordinates (Paxinos et al., 2008) and the MNI rhesus macaque
monkey space (Frey et al., 2011). The approximate boundaries of the
auditory cortex were identified (core, belt, and parabelt) on the MRI
images and the 3D brain reconstructions. A rectangular-shaped
computer-aided design (CAD) chamber file was then loaded into the
software and placed over the key areas of the STG (see Fig. 2A), conform-
ing to the skull (see Fig. 2B). The intersection of the skull surface and the
CAD chamber file was clipped and saved as a new CAD file, which was
then transformed into a solid model file using Solidworks software. A
simultaneous five-axis machine was then used to create the titanium
chamber after the solid model file was converted to computer-aided
manufacturing software. After manufacturing, the underside of the
chamber and legs was sand blasted to increase osseointegration of the
implanted part.

Surgeries
All surgical procedures were performed using aseptic techniques. Ani-
mals were sedated with ketamine hydrochloride (10 –15 mg/kg, IM),
atropine, and diazepam, followed by intravenous infusion of saline and
intubation. Anesthesia was maintained with a mixture of isoflurane (1–
2%) and O2. Body temperature was maintained at 37–38°C with a heat-
ing pad. Vital signs (blood pressure, heart rate, body temperature,
oxygenation, and end tidal CO2) were monitored throughout the surgery
and used to adjust anesthetic depth. Limb withdrawal and palpebral
reflexes were measured to insure that the level of anesthesia was sufficient
before placing the animal in the stereotaxic frame. The animal’s head was
fixed in a stereotaxic frame using raised ear and eye bars (David Kopf
Instruments). The use of raised bars provided more space above the
stereotaxic frame to expose the STG, which would be only a few millime-
ters above the height of the ear bars.

Monkey A. As an initial test of the feasibility of a direct lateral approach
to the STG, Monkey A (a 5-year-old female, 7.3 kg) was implanted with a
CILUX recording chamber (inner dimension: 20 � 20 mm, Crist Instru-
ment) targeting the left STG, along with standard head fixation devices
(for chronic-awake recording). After the head was affixed to the frame
and the exposed skin of the surgical area was cleaned, a midline incision
was made to expose the skull. The left temporalis muscle was detached
from the temporal line and retracted laterally until the skull exposure
reached the zygomatic process. Two Synthes plates were used as anchors
for pedestal/headpost integrity and were implanted using Synthes self-
tapping screws at positions anterior and posterior to the area of the
craniotomy (AP 3–23 mm, DV 8 –28 mm) for the STG chamber. To fully
visualize the skull in preparation for the craniotomy, a partial incision of
the temporalis muscle was made. The anterior and posterior portions of
the medial edge of the muscle were separated to create a space in which to
place the chamber. Retractors were used to keep the remainder of the
temporalis muscle under tension and two Synthes plates were implanted
using 6 mm Synthes self-tapping screws at positions anterior and poste-
rior to the area of the craniotomy (i.e., AP 3–23 mm, DV 8 –28 mm) for
the STG chamber. The craniotomy was made using a dental drill and 2.1
mm and 0.7 mm micro burrs (Fine Science Tools). A chamber cap was
used to place and hold the chamber. The chamber was initially secured
using a small “gasket” of Versabond (Smith and Nephew) bone cement.
The bottom section of the chamber was slanted so as to produce an
upward angle of 25 degrees. Additional bone cement was used to inte-
grate the original “gasket” and the anterior and posterior Synthes plates.
After the cement was cured, the cap of the chamber was released. The
ventral portion of temporalis muscle was repositioned below the cham-
ber. The remainder of the temporalis muscle was covered by the temporal
fascia and bone cement was used to ensure a smooth wound margin
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between the superior part of the external ear and the acrylic pedestal. The
chamber was flushed to ensure it was sterile and water-tight before the
surgery was completed.

Though we obtained successful access to STG with Monkey A’s pro-
cedure (Fig. 2E), the entire preparation was cumbersome due to the size
and shape of the implant. For example, some minor deformation of the
external ear in this animal was inevitable due to the size of the acrylic
pedestal surrounding the STG chamber. Note that this did not obstruct
the ear canal.

Monkey B. Using the information gained from Monkey A, we designed
a custom chamber that provided improved access, reduced bulk, and
improved tissue interface by eliminating the use of bone cement. Monkey
B (a 6-year-old male, 12 kg) underwent an initial surgery to implant a
headpost. After scalp healing and osseointegration was complete (8
weeks), a custom titanium chamber with 5 feet (Rogue Research) was
implanted during a second surgery. The chamber was affixed to the skull
by Synthes titanium screws through each foot. To better target the STG
perpendicularly, this chamber was designed based on the presurgical
MRI to fit the surface of the animal’s skull (Fig. 2B). The chamber had an
inner dimension of 15 � 20 mm with coordinates measuring [�0.5
11.5], [3.7 25.9], [18.7 5.9], and [22.9 20.3] ([AP, DV] mm) of the inner
corners.

After the surgical preparation in the stereotaxic frame, a parasagittal
incision was made on the left hemisphere approximately above the tem-
poral line. The medial and lateral skin edges were retracted to expose the
temporalis muscle. The temporalis muscle was retracted laterally from
the temporal line while leaving the anterior and posterior attachments
intact. A medial-to-lateral incision of the lateral skin was made to fully
expose the skull. The temporalis muscle was cauterized vertically at two
points (�AP 2 and 21 mm) and the segment in between (i.e., ��DV 6
mm) was removed (Fig. 2C). The remaining anterior and posterior mus-
cle tissue was kept moist with saline sponges and placed under retraction.
The recording chamber was placed onto the skull and screw holes were
drilled at the positions of the chamber feet and then fixed with Synthes
self-tapping screws. The edges created by the feet of the chamber were
covered by Mi-Mix calcium phosphate bone cement (Biomet Microfix-
ation). The inner wall of the chamber was also sealed to the skull using
Mi-Mix cement. The anterior and posterior muscle lobes were placed to
flank the anterior and posterior aspects of the chamber (Fig. 2D). The
chamber was then flushed with saline and 0.5 cc of Baytril (Butler Schein)
as a final rinse. The chamber was then partially filled with SILASTIC
(Dow Corning) to preserve the integrity of the bone because the crani-
otomy was not being opened at the time of the chamber implant. The
lateral skin was pulled up to cover the chamber and the skin covering the
rectangle portion on the rim of the chamber was excised to provide a tight
tissue edge around the chamber. The remaining skin was draped over the
temporalis muscle as close to the original position as was possible. The
lateral and medial skin edges were sutured to close the wound.

Unlike Monkey A (female), a portion of the temporalis muscle of
Monkey B (male) was removed rather than being displaced downward by
the implant. Therefore, the external ear of Monkey B was relatively nor-
mal (Fig. 2F ). We also reduced the height of the custom chamber to 20
mm during manufacturing so as to reduce acoustic interference.

In both monkeys, longer screws (8 mm) were used in the supramastoid
crest, the temporal bone posterior to the chambers where the bone is
thicker.

In Monkey B, the craniotomy was performed �6 weeks after initial
implantation of the STG chamber. The SILASTIC was removed and the
inside of the chamber was sterilized using betadine and saline before
initiating the surgery. Initial access (�4 � 4 mm) was gained using a
dental drill with a 2.1 mm microburr (Fine Science Tools). Once we had
removed this small section of bone, we used a 7 inch Kerrison rotating
rongeur with a 2 mm bite to remove the majority of the bone within the
STG chamber. We ensured that the edges of the craniotomy were smooth
using the Foredom drill with a 0.7 mm micro burr (Fine Science Tools).
The chamber was flushed to ensure it was sterile and remained water-
tight before the surgery was completed. The chamber was then flushed
with 0.5cc of Baytril (Butler Schein) as a final rinse.

Postsurgery behavior. After the implant surgery, both Monkey A and
Monkey B were offered “wet” chow (soft fruits and vegetables, etc.) and
both animals started to eat food normally within a few days. Monkey B
has been trained for behavioral tasks before surgeries (not reported yet).
His performance on the tasks was comparable before and after surgery.

Stimulus presentation
Tones and noises were delivered binaurally through two individually
calibrated, free field speakers (TDT) placed 4 inches from both ears. Tone
frequencies and center frequencies of band-pass noise (BPN) ranging
from 353.55 Hz to 32 kHz with 0.5 octave intervals (14 frequencies) and
broad-band noise (BBN) were presented in a quasirandom order at 60 dB
SPL (duration: 100 ms, SOA: 625 ms). For Monkey A, an additional
battery of sounds including click trains, linear frequency modulation
sweeps, amplitude-modulated noise, vocal sounds, and other natural
sounds were also presented passively. To ensure attention to the stimuli,
Monkey B was trained to perform auditory and audiovisual discrimina-
tion tasks using a different set of stimuli including movie clips of conspe-
cific vocalization. Sites unresponsive to any sound but responsive to
macaque face images during the audiovisual tasks were defined as sites of
activity related to visual events (see Fig. 4B). Two sites unresponsive to
sounds but that had elevated activity when aqueous reward was delivered
during tasks were defined as the sites of activity related to somatosensory–
motor events (see Fig. 4B). The influences of the behavioral task are under
continuing study in an additional study and will be presented in a subsequent
report.

Electrophysiological recordings and data analysis
Recordings. All electrophysiological recordings were completed while
monkeys were awake and sitting quietly in a standard monkey chair
(Crist Instruments). Reference electrodes were positioned in saline in the
chamber above the dura. The electrodes (Plexon U-probes) consisted of
a linear array with 23 contacts (0.3– 0.5 M� at 1.0 kHz) spaced either 0.1
or 0.2 mm apart. Electrode penetrations were made on a grid of 1 mm
intervals. The field potentials (FPs; 0.1 Hz–500 Hz) and multiunit activ-
ity (MUA: 200 –5000 Hz, further band-pass, zero phase shift digital fil-
tering 300 –3000 Hz, 48 dB/octave and rectifying) were recorded from
each contact. From the simultaneously recorded FPs, current source den-
sity (CSD) was also calculated to estimate the distributions of synaptic
activity. Based on laminar CSD patterns, current sinks corresponding to
granular, supragranular, and infragranular layers were identified (Ka-
jikawa and Schroeder, 2011, 2015).

Data analysis. At all recording sites, signals were averaged over 40 or
more trials for each sound. For each recording site, the presence of sig-
nificant responses was determined as follows. The timing of response
peak was derived from the MUA responses at or near the granular layer
averaged across all trials and response period was defined around its peak
timing (�5 ms or longer for sluggish slow responses). Response magni-
tude for each trial was calculated by subtracting the baseline mean am-
plitude (��50 to �0 ms from the stimulus onset) from the mean MUA
amplitude during the response period. Averages of magnitudes across all
trials that were significantly above zero (bootstrap, 1000 resample, p 	
0.05, two-tailed) were considered as responses. For each site, the best
frequency (BFTone) was identified as the frequency of tone that evoked
the largest significant MUA response. Similarly, BF of responses to BPN
(BFBPN) was identified. The latency of responses to BBN was derived
from the mean MUA across trials as the shortest delay from the onset of
sound that MUA exceeded the threshold level defined from the baseline
period (mean plus 3 times the SD).

Topographic pattern analysis. We tested for the presence of clusters of
similar BF statistically. Based on the BFs of sites included in the present
study (see Fig. 5 E, F ), sites were sorted into groups of low BF (2.8 kHz or
low) and high BF (4 kHz or higher). If there were clusters of low and high
BF sites, a location surrounded by high or low BF sites was likely to represent
high or low BF, respectively. In other words, the probability of a site being
high or low BF (pHIGH or pLOW � 1 � pHIGH) is high. On the other hand, if
topographic pattern of BF is random, it is likely that every site is surrounded
by both high and low BF sites and that both pHIGH and pLOW are at the chance
level (e.g., probability � 0.5) at every site. Such randomness in topographic
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pattern of categorized groups results in large entropy, H, quantified by the
sum of � pHIGHlog2
pHIGH� and � pLOWlog2
pLOW� over all sites.

We calculated maps of pHIGH and pLOW as follows. High and low BF
sites were assigned a value 1 and 0, respectively. Convolution of such
binary-valued maps with 2D volume-normalized Gaussian distribution
(SD of 1 mm same as the grid intervals in both dorsal-ventral and ante-
rior–posterior dimensions) resulted in the pHIGH maps in which domains
of high and low BF cluster, if present, had values of probability larger and
smaller than 0.5. For random maps in which high and low BF sites (1 and 0)
are intermingled or equally likely around every site, the values of the distrib-
uted probability are near 0.5. In calculating these maps, sites that were nei-
ther tested for tone responses nor tone-responsive were not included in
derivation of pHIGH by convolution and did not take pHIGH values. The pLOW

map was obtained by 1 � pHIGH from its counter map of pHIGH. Given maps
of pHIGH and pLOW, entropy of topographic maps were calculated as follows:
H � �

k
� pHIGH

k log2
pHIGH
k � � pLOW

k log2
pHIGH
k �, in which k indexes the

tone-responsive sites.
To test the presence of clustered high and low BF domains, we set the

null hypothesis that topographic patterns are random. Hypothesis test-
ing was to examine whether H of the observed pattern was as large as
those of random patterns. The value of the entropy H could range from 0
for complete segregation of high and low BF clusters to a value same as
the number of sites for the case of uniformly random mixtures or alter-
nating configurations of high and low BF. However, spatially sparse sam-
pling isolates some sites from others and reduces the H value because
Gaussian convolutions cannot operate to adjust pHIGH and pLOW from 1
and 0 to intermediate values. The distribution of H for random distribu-
tions was derived by calculating H for 1000 topographic patterns per-
muted of the positions of BF.

To analyze topographic patterns of BFTone and BFBPN along (posterior
to anterior) STG and tone response latencies along and across (dorsal to
ventral) STG, we fit circular curves to the positions of recording sites that
take into account the shape of the STG from posterior to anterior, as a
partial lower right quadrant arc the radian of which changes from 0 to
��/2 (see Fig. 6). Curves were fit using Taubin’s method (Chernov,
2010). By projecting the recording sites on the arc radially, positions of
sites were expressed in the format of polar coordinates of angle and
radius, corresponding to the anterior-to-posterior and dorsal-to-ventral
dimensions of STG, respectively.

To derive the mean BF curves along STG (see Fig. 6 B, C), the angular
positional range of recording sites for each monkey was divided into 18
bins of equal sizes. For each bin, the mean BF was estimated from the BF
of all sites contained within a 3 bin window (2 bin window for the most
caudal and rostral bins).

Histology
After mapping of STG was completed, Monkeys A and B were deeply
anesthetized by a lethal dose (100 –200 mg/kg) of sodium pentobarbital.
Just before cardiac arrest, the animal was perfused intracardially with
saline (room temperature), followed by 4 L of ice-cold 4% paraformal-
dehyde in 0.1 M phosphate buffer. The brain was removed, photo-
graphed, and placed in buffered (30%) sucrose for 1–2 weeks. Coronal
sections (40 �m) were cut and immunostained for the neuronal marker
NeuN (Hackett and de la Mothe, 2009; Hackett et al., 2014).

Results
Location of the STG
The STG is on the lateral-inferior brain surface, flanked above by
the LS and below by the STS. Figure 1, A and B, shows parasagittal
MRIs of the head of one monkey. The STS is �20 mm above the
center of ear canal and �10 mm above ZA over AP 0 –20 mm. To
estimate the reliability of this positioning, we first analyzed struc-
tural MRI from 10 macaques to examine the relative positions of
the STS, LS, and ZA relative to the stereotaxic landmarks (inferior
rim of eye socket and ear canal). The results are summarized for
the left (Fig. 1C) and right hemispheres (Fig. 1D). Across our
sample of 10 animals, the STS, the inferior edge of STG, was
minimally 4 mm above the ear canal and ZA. The positions of the

LS, STS, and ZA thus derived are transposed in stereotaxic coor-
dinates onto the skull of a single subject (Fig. 1E). This exercise
confirmed the feasibility of positioning a recording chamber over
the squama above and anterior to ear canal and above the ZA
throughout most its A–P extent.

Access to the STG is complicated by the complex structure of
the temporal bone; the STG lies beneath the squama, the smooth
convex surface of the anterior aspect of the temporal bone, and
slightly above the ZA. The temporalis muscle attaches at the tem-
poral line above the squama and passes over the squama through
ZA and attaches to the mandible. The masseter muscle extends
inferiorly from the ZA and also attaches to the mandible: both
muscles are important for chewing. Posteriorly, the ZA continues

Figure 1. A, B, Sagittal MRI of Monkey B. Left is anterior. Two yellow dots indicate positions
of the infra-orbital rim for the left eye socket (anterior) and the center of the left exterior
auditory meatus (posterior). The two lines in A are drawn along the left LS (magenta) and STS
(green). The line in B (cyan) is along the ZA. C, Mean coordinates (n � 10) of LS (magenta), STS
(green), and ZA (cyan) relative to the position of ear bar in sagittal plane on the left hemisphere.
Dotted lines are 95% confidence intervals (bootstrap, 1000 resample). D, Same as C but for the
right hemisphere. E, Position of the STG relative to the overlying skull surface and musculature.
Pink area depicts the typical extent of the temporalis muscle up to its tendonous insertion along
the “temporal line.” Dotted black lines depict the vertical and horizontal zero stereotaxic axes.
Magenta and green lines depict the average locations of the LS and STS bracketing the STG in
relation to the position of the ZA as reconstructed using structural MRIs in 10 monkeys. Dotted
lines represent confidence intervals. See text for further details.
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to become the supramastoid crest, the interior of which is formed
with hollow cells. The ridge of the crest runs upward to surpass
the posterior part of STG and then shifts anteriorly to form the
temporal line. This ridge line is the upper–posterior tendon in-
sertion of the temporalis muscle. Immediately inferior to the
crest is the tympanic portion of the temporal bone that houses the
external ear meatus. A craniotomy to expose the STG and adja-
cent inferior temporal regions is challenging because of its prox-
imity to the ZA. In addition, such a craniotomy must avoid
damage to the external ear and the posterior temporal bone, as
well as deformation the external ear (which would interfere with
the external ear acoustics). Our approach was to tenotomize and
remove the posterior portion of the temporalis muscle and to
confine the craniotomy to the squama, which is relatively thin
and devoid of complex intrabone structure, while taking care to
spare the ZA and the temporal bone posterior to the squama.

Electrophysiological recordings from STG
We implanted chronic recording chambers over the left STG in
two monkeys (Fig. 2). Both monkeys were also implanted with
headposts to permit restraint of the head during chronic awake
recordings. After recovery from surgeries, both monkeys under-
went electrophysiological recordings from the STG using the 23
channel linear array multielectrodes with 100 or 200 micron in-
tercontact spacing. These “laminar” electrodes allowed simulta-
neous recordings from all cortical layers at each penetration site
(Fig. 3). For superficial cortical regions such as the STG, the
electrode arrays are lowered into a position straddling the zone of
active cortical tissue as defined by the response to broad-band
noise. Because this “active zone” (large current sources and sinks

with concomitant MUA) generally extends over �2 mm depth,
we can provisionally assign CSD and concomitant MUA features
to middle (granular), upper (supragranular), and lower (infra-
granular) laminar groupings based on the known anatomy of the
STG cortex. This is an extension of the procedure used to identify
layers in A1 (Lakatos et al., 2007; Kajikawa and Schroeder, 2011,
2015) and is subject to histological verification.

Figure 3A shows a representative example of FP responses
recorded simultaneously across the cortical layers at a site in the
middle of the STG. The laminar CSD profile derived from this FP
profile outlines a laminar activation pattern characterized by a
small sink at the estimated depth of layer 4, followed by large
source-sink pair in the superficial layers, and by a third current
sink below the initial sink in layer 4 (Fig. 3B). It appears that,
qualitatively, the parabelt regions’ laminar activation profiles in
response to pure tones are comparable to those of core and belt
areas (O’Connell et al., 2011).

Mapping of STG
By presenting 14 different pure tones with frequencies ranging
over seven octaves, we found that many STG sites responded to
pure tones with distinct spectral preferences. We mapped the best
frequency (BF) of MUA responses to pure tones across the STG
surface in the two monkeys (Fig. 4A,B). Figure 5, A and B, shows
layer 4 MUA responses to different tones recorded in two differ-
ent STG sites labeled with asterisks in Figure 4, A and B, respec-
tively. Site A responded best to a 0.5 kHz tone and site B
responded best to a 22 kHz tone. Large portions of STG sites (36
of 45 in Monkey A and 30 of 44 in Monkey B) showed responses
to tones with spectral preference.

In both monkeys, the distribution of auditory responsive sites
stretched posterior–anteriorly. In Monkey B, the modalities of
the cortices flanking the auditory responsive region superiorly
and inferiorly were somatosensory-motor and visual, consistent
with the known anatomy and physiology of the lateral surface of
the temporal lobe. A feature common to the two maps was rela-
tively dense populations of high BF sites in posterior and anterior

A B

E F

C D

Figure 2. A, B, Blueprints of custom-made chamber on the brain (A) and skull (B) of Monkey
B. C, Schematic drawing of the intact temporalis muscle superimposed on a skull with a model
of the custom-chamber at its approximate final position. The approximate dimension of cau-
terization is indicated by dashed black line. D, Schematic drawing of the cauterized temporalis
muscle in its approximated final position after the implant surgery. The muscle flanks the
implanted recording chamber anteriorly and posteriorly. E, Side view of the brain of Monkey A.
Dotted gray line circumscribes the rim of the bottom of the implanted chamber. F, Side view of
Monkey B’s head after implant.
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Figure 3. Laminar patterns of trial-averaged auditory responses (50 trials) to the BF tone
(707 Hz, 60 dB SPL, 100 ms) in one representative STG site. A, FP responses recorded at 22
depths using a linear array multielectrode (left inset) with 100 �m intercontact spacing. B,
Color plots of the laminar CSD profile derived from FPs shown in A. Superimposed black lines are
MUA responses at selected channels. Vertical thin lines indicate the stimulus onset.
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STG. To test the presence of high BF clusters statistically, we
calculated the entropy H of binary map indicating whether a site’s
BF is at 4 kHz or higher. Whereas the H of Monkey B’s map was
25.2 and significantly below those of random patterns (p � 0.024,
permutation test, n � 1000 resampling), the H of Monkey A’s
map, 24.0, was not (p � 0.68). These results suggest that the
clustering of �4 kHz sites was significant only in Monkey B. In
the map of Monkey A, however, 5 of 6 sites adjoining 4 and 5.6
kHz sites were of low BF. Therefore, we also examined the clus-
tering of 8 kHz or higher BF in Monkey A. The results indicated
that the presence of such clusters in Monkey A reduced H to 19.9,
which is marginally significant (p � 0.072). Although these re-
sults are not conclusive, they suggest an organized representation

of acoustic spectra in STG. Separate do-
mains of high BF in posterior and anterior
portions of the STG appear to flank the
presumptive border of A1 and R around
�AP10 (Recanzone et al., 2000). This is
reminiscent of the tonotopic progressions
seen in the core and belt regions.

We examined the gradients of BFTone

along STG as was done for the core region
(Bendor and Wang, 2008; Scott et al.,
2011; Fukushima et al., 2014). To match
the shape of fitting to the arching of STG,
an arc was fitted to the positions of re-
cording sites (n � 36 and 30) in each
monkey (Fig. 6A). BFTone values are plot-
ted against angular position (Fig. 6B).
Curves of mean BF showed the patterns of
gradients with the reversal across the low
BFTone region in both monkeys. We as-
sumed the BF reversal as the border be-
tween CPB and RPB. Within each area,
linear regressions were calculated to eval-
uate the linear dependence of BFTone on
position (black and gray dotted lines for
CPB and RPB, respectively, in Fig. 6B).
Although they were not statistically signif-
icant except for Monkey B’s RPB, regres-
sion coefficients were generally consistent
with caudal-to-rostral gradients of high-
to-low BFTone in CPB and low-to-high
BFTone in RPB.

We also examined responses to 1/3 oc-
tave BPN in a large fraction of sites (35
and 25 in Monkeys A and B, respectively).
Figure 5, A and B, shows the pattern of
MUA response tuning to tone and BPN
center frequencies. Patterns of pure tone
and BPN tuning across parabelt sites were
similar in these examples (Fig. 5C,D).
Across all sites in each monkey (Fig.
5E,F), BFBPN correlated significantly with
BFTone (Pearson’s correlation coefficient:
r � 0.91 and 0.94 for monkeys A and B,
p 	 10�10 in both monkeys). Therefore,
the spectral tuning for pure tones and
BPN is similar across sites in the parabelt
(Fig. 4C,D), as it is in core and belt areas
(Rauschecker and Tian, 2004; Kusmierek
and Rauschecker, 2009; Kajikawa et al.,
2011). The entropy of a binary map indi-

cating whether a site’s BFBPN was at 4 kHz or higher for Monkey
B was 24.0 and significantly below those of random patterns (p �
0.001). In Monkey A’s map, whether a site’s BFBPN is at 8 kHz or
higher, was 20.2, and not significantly different from those of
random patterns (p � 0.53). The results indicated the presence of
high BFBPN clusters was significant only in Monkey B. Gradients
of BFBPN along STG generally aligned with those of BFTone and
the positions of tonotopic reversal across low BFBPN region were
similar to those of BFTone (Fig. 6C).

We compared the magnitudes of the MUA responses to pure
tones, 1/3 octave BPN, and BBN. Median magnitudes of re-
sponses to 3 sounds were 0.57, 0.67, and 0.62 �V (n � 36, 35, and
33) in Monkey A and 0.36, 0.43, and 0.29 �V (n � 31, 25 and 26)
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Figure 4. Mapping of the left STG in two monkeys. A, B, Tonotopic maps in Monkey A (A) and Monkey B (B). Grid patterns of
recording sites were tilted relative to the stereotaxic axes to indicate the stereotaxic coordinates of the sites. Upper and lower black
dotted lines indicate the positions of the LS and STS, respectively. The color of square grids indicates the best frequency (BF). In B,
yellow and green sites had activity related to somato-sensorimotor or visual events during the behavioral tasks, respectively.
Gray-labeled sites responded to sounds other than tones and BPNs. Sites labeled with open squares did not have clear MUA and CSD
responses to any sounds we presented. Asterisks in A and B label the exemplar sites of Figure 5, A and B, respectively. C, D, Maps
of BFBPN in Monkey A (C) and Monkey B (D). E, F, Maps of response latency to the BF tones in Monkey A (E) and Monkey B (F ).
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in Monkey B (Fig. 7A). Median BPN responses did not signifi-
cantly differ from median tone responses in either monkey (Wil-
coxon signed-rank test, z � 0.20, p � 0.23 for Monkey A and z �
0.014, p � 0.98 for Monkey B). Similarly, median BBN responses
did not significantly differ from median tone responses in either
monkey (z � 1.44, p � 0.15 for Monkey A and z � �0.83, p �
0.41 for Monkey B). However, the relative magnitudes of re-
sponses to the 3 types of stimuli depended on recording sites.
Several sites responded significantly more strongly or weakly to
BPN or BBN compared with tone (bootstrap p 	 0.05), whereas
for the majority of sites, neither BPN nor BBN response magni-
tudes were significantly different from tone response magnitude
(Fig. 7B). These results suggest that spectral envelope preferences
may differ between sites and that none of spectral envelope cate-
gories that we tested dominates the representation in the ma-
caque parabelt.

The distributions of response latency to BF tones are mapped
in Figure 4, C and D. Many posterior sites in Monkey A re-
sponded to BF tones with relatively short latencies of 	30 ms,
whereas most latencies longer than 30 ms were found in the more
anterior recording sites. Although fewer sites with latencies
shorter than 30 ms were found in Monkey B, sites with longer
latencies were found mostly in anterior half of recording sites.
Therefore, in both monkeys, the density of sites with longer la-
tencies was higher in more anterior loci.

Based on the progression of auditory cortical stages from me-
dial to lateral, longer latencies in STG sites closer to STS than LS
might also be expected. We examined the gradients of latencies
along both the posterior–anterior and the dorsal–ventral orien-

tations (Fig. 6A). Latencies are plotted for the posterior–anterior
orientation in Figure 6D and the correlation of latency with dis-
tance along the anterior–posterior dimension was significant in
both monkeys (Pearson’s correlation coefficient: r � �0.61 for
Monkey A and �0.47 for Monkey B, both p 	 0.01). For the
dorsal–ventral dimension, correlation coefficients, r � �0.21 for
Monkey A and 0.21 for Monkey B, were not significant (p � 0.23
and 0.25, respectively) in either monkey (Fig. 6E). Therefore, al-
though responses were delayed more in rostral than caudal parabelt,
no change in latency from dorsal to ventral STG was detected.

Median latencies of CPB and RPB sites were 13.5 and 31 ms in
Monkey A and 28.8 and 40.5 ms in Monkey B. In both monkeys,
the latencies in RPB were significantly longer than those in CPB
(Wilcoxon rank-sum test, p 	 0.05). For comparison, median A1
and CM response latencies to BF tones at 70 dB SPL reported in a
study using similar techniques were 9 and 12 ms, respectively
(Lakatos et al., 2005). Between the two monkeys, latency in CPB
was significantly shorter in Monkey A than Monkey B (p �
0.0019), whereas not significantly different in RPB (p � 0.092),
suggesting large intersubject variability of response latencies in
parabelt.

Response latency to BF tones was found to be longer in RPB
than CPB. There are two anatomical connection patterns that
support the caudal to rostral gradient of latency. One is that
parabelt areas inherit the gradient present within the belt region.
The other is an additional hierarchy within the parabelt region,
from the caudal parabelt to rostral parabelt area (Hackett, 2011;
Camalier et al., 2012; Hackett et al., 2014). Both possibilities are
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consistent with “feedforward” pattern of activation starting at the
layer 4 in RPB.

The gradient of response latencies from CPB to RPB contrasts
with a recent human study that found shortest latency of electro-

corticographic (ECoG) responses to click and vowel sounds in
the middle portion of STG (Nourski et al., 2014a). Although
experimental conditions differ from the present study, the pat-
tern of findings in humans suggests that the specific anatomical
arrangement of PB areas differs between the species and/or that
there may be an additional higher-order region in the human that
either does not exist or has not yet been detected in the macaque.

Histological confirmation of electrode tracks
Penetrations into the STG at nearly right angles in Monkey A
were confirmed in coronal sections of the brain. In Figure 8, a
track of one penetration that went to the middle of the STG can
be seen (arrows). Parts of adjacent penetration tracks are also
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visible. Some tracks were observed penetrating into the ITG and
the upper bank of the LS (not shown in Fig. 8). Most penetrations
were made nearly perpendicular to the surface of those gyri; re-
cordings from penetrations tangential to the layers in the sulci
above and below the STG were excluded from analysis.

Discussion
We report the first systematic study of neuron response proper-
ties of the parabelt region of auditory cortex in the STG of awake
macaques. Our study used a novel, direct approach to the surface
of the STG that required a new surgical strategy and custom-
designed recording chambers. Initial survey of the STG yielded
several surprising findings. Based on earlier reports, we expected
that parabelt neurons would be poorly responsive to passive (i.e.,
task-irrelevant) auditory stimulus presentation of pure tones.
Contrary to these expectations, our results show that neuron
ensembles throughout the parabelt region are responsive in
awake, even passive, subjects and that they respond robustly to
pure tones. Our findings also suggest the presence of organized
spectral representation in the parabelt areas that may mirror the
organization of the tonotopic gradients in the adjacent belt re-
gions of auditory cortex (Rauschecker et al., 1995; Romanski et
al., 1999a). Therefore, the tonotopic gradients established in the
A1 and rostral areas of the auditory “core” may extend into the
parabelt in macaques, as suggested in humans (Humphries et al.,
2010; Woods et al., 2010; Striem-Amit et al., 2011).

Technical considerations
Several recent studies of unit recordings approached the STG
indirectly by crossing the LS vertically in awake macaques, which
presumably required fine control of penetration angle of elec-
trodes traveling over long distance to reach the cortex (Russ et al.,
2008; Tsunada et al., 2011; Camalier et al., 2012). Such methods
leave uncertainty about the laminar position of recording sites
and whether they were in the lateral belt or the parabelt region. To
make basic characterizations of the STG (e.g., topographic map-
ping, identifying specific cortical layers’ activity, and tracer injec-
tions into physiologically defined sites), a better approach would
be to make multiple penetrations oriented perpendicular to cor-
tical laminae.

Other studies mapped portions of the STG directly in anes-
thetized macaques (Rauschecker et al., 1995; Romanksi et al.,
1999a; Tian et al., 2001). In these studies, most of the penetrations
were concentrated in the dorsal aspect of the STG encompassing
the edge of the lateral belt region. Those recordings showed evi-
dence of tonotopic organization, as well as selective responsive-
ness to spatial versus nonspatial categories of acoustic stimuli.
Given its position in the anatomical hierarchy (Hackett et al.,
1998a; Hackett, 2011), it was expected that the parabelt region
would also be engaged in signal processing of higher-level audi-
tory attributes (Wollberg and Newman, 1972; Newman and
Wollberg, 1973; Glass and Wollberg, 1983; Rauschecker et al.,
1995; Smith et al., 2013) and influenced by cognitive states (e.g.,
attention). Therefore, it was desirable to establish a technique
that allowed recordings from the entire extent of STG to explore
the properties of parabelt areas in awake subjects.

The methods developed in the present study minimized the
limitations imposed by anesthesia and suboptimal electrode
mapping strategy. The results indicate that direct approach or-
thogonal to the surface and layers of the STG is a promising
method to study these regions. A topographic distribution of any
response properties would guide further exploration (e.g., the
study of interactions between loci of similar properties). Direct

exploration of the STG can be used to compare with the findings
of fMRI studies and the addition of behavioral manipulations
allows the assessment of the influence of behavioral states on
response properties. The approach in macaques also permits
comparison of the parabelt with the lateral belt areas, which are
partly located on the STG surface.

One consequence of implanting a chamber directly over the
STG is its potential influence on acoustic and spatial filtering by
the subject’s head due to its proximity to a pinna. In the present
study, the right ear contralateral to the implanted chamber was de-
void of this type of chamber that may have reduced such compro-
mise. However, to study the spatial coding in STG, it will be
necessary to measure the head-related transfer functions (HRTFs)
before the implant for each monkey and to deliver sounds filtered by
the HRTF through earphones (Spezio et al., 2000).

It is noteworthy that the methods we developed for this study
open up several additional possibilities. One is more direct map-
ping of the insular cortex, inferior temporal gyrus, and a number
of subcortical structures, all of which have pial surfaces relatively
parallel to that of the STG. Other avenues of research are also
made possible by our direct approach; for example, direct imag-
ing such as intrinsic optical signals or activity-indicating fluores-
cent dye signals of the STG and surrounding regions (Grinvald et
al., 1991; Grinvald and Hildesheim, 2004; Sit et al., 2009).

Auditory properties of the parabelt
When tones were effective in evoking robust MUA responses,
laminar CSD activation patterns reminiscent of upstream corti-
ces were observed in the STG. This suggests that the parabelt
regions share the general scheme of sensory cortical activation
initiated at the thalamocortical projection-recipient layer 3b/4.
In the belt and parabelt, the thalamorecipient laminae receive
thalamic afferents mainly originating from dorsal nucleus of the
medial geniculate (MGd) (Burton and Jones, 1976; Hackett and
de la Mothe, 2009) and inputs to layer 4 from lower cortical areas
(Hackett et al., 2014). Our findings pose questions about the
differential roles of thalamocortical afferents and corticocortical
projections from belt areas and prompt additional investigation.
Given that thalamic and upstream cortical inputs preferentially
target the superficial and middle layers (Jones and Burton, 1976;
Romanski et al., 1999b) and that these inputs are proposed to
have distinct roles in information processing (Jones, 1998; Laka-
tos et al., 2007), it will be important to distinguish their influences
at the level of the cortical columnar neuron ensemble using lam-
inar activity profile analysis.

There are no previous anatomical or physiological studies that
have addressed tonotopic organization of the parabelt directly.
Within and between core and belt regions, interareal connections
have preferential weight between tonotopically matched zones
(Morel et al., 1993; Lee et al., 2004). The CPB and RPB have
topographic connections with belt areas, but the connection pat-
terns are not specific enough to determine whether those connec-
tions favor tonotopically matched locations in belt/parabelt
(Hackett et al., 1998a; Hackett et al., 2014). The connections with
the MGd are not informative either because MGd is not orga-
nized tonotopically (Hackett et al., 1998b). These anatomical
findings so far suggest that the tonotopic organization of the
parabelt areas might be less orderly than in core or belt regions.

In contrast, mapping results in the present study suggest the
clustering of high BF sites at posterior and anterior parts of STG.
Even though gradient patterns were not as clear as the core and
belt regions, the portion flanked by high-frequency representa-
tions was occupied by relatively low-frequency representations,
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suggesting the putative border between the caudal and rostral
parabelt areas. That suggests, in turn, that the parabelt region has
tonotopic gradients parallel to those of the core and belt regions.
It should be noted that the distances between the caudal and
rostral high-frequency zones differed between two monkeys. Ad-
ditional mapping in more animals will properly gauge the degree
of variability in these representations, as well as the extent to
which the tonotopic organization of the macaque STG parallels
that of Heschl’s gyrus in humans, as suggested by functional im-
aging and ECoG studies (Woods et al., 2009, 2010; Nourski et al.,
2014b).

Our results indicate that, although the parabelt region may
exhibit preferential processing of complex sounds such as vocal-
izations (Gross et al.,1967; Leinonen et al., 1980), its distributed
response patterns appear to follow the spectral content of sounds
to some degree. Earlier studies suggested that BPNs evoke stron-
ger responses than tones in belt areas (Rauschecker et al., 1995;
Rauschecker and Tian, 2004; Petkov et al., 2006) and showed
bandwidth tuning (Rauschecker et al., 1995; Rauschecker and
Tian, 2004) or harmonic sound preference (Kikuchi et al., 2014).
Our findings indicate spectral tuning in parabelt areas, but do not
indicate a preference for BPN over pure tones. We did not investi-
gate bandwidth tuning or harmonic representations. Further studies
are needed to examine the representations of those features system-
atically in the parabelt.

The present study explored only the left STG. Considering the
functional organization of sensory cortices in general, it is likely
that the parabelt on the right STG is also organized as the parabelt
in the left STG. However, the representation of other features
may differ between hemispheres. Application of our technique to
both sides of STG in awake subjects would also help understand-
ing the mechanistic difference that supports different functions
of hemispheres.

Given its position in the auditory processing hierarchy, the
parabelt is thought to be more involved in cognitive functions
than lower-level auditory areas. Of particular interest for future
studies would be vocalization perception, especially considering
possible correspondence of the parabelt region to the human
STG (Hackett, 2003, 2007). In visual systems, higher cognitive
cortices such as the inferior temporal cortex maintain crude ver-
sions of the spatiotopic patterns originating in the receptor sur-
face in the retinae. Similar organization principles may apply to
the parabelt, where cortical areas devoted to higher cognitive
processing also maintain spectral relationships like those noted
on the receptor surface in the cochleae.
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