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ABSTRACT
The association cortex of the superior temporal gyrus

(STG) is implicated in complex social and linguistic

functions. Thus, reliable methods for quantifying cellular

variation in this region could greatly benefit researchers

interested in addressing the cellular correlates of typi-

cal and atypical function associated with these critical

cognitive abilities. To facilitate this task, we first pres-

ent a general set of cytoarchitectonic criteria targeted

specifically toward stereological analyses of thick, Nissl-

stained sections for the homotypical cortex of the STG,

referred to here as BA22/TA. Second, we use the opti-

cal fractionator to estimate pyramidal neuron number

and the nucleator for pyramidal somal and nuclear vol-

ume. We also investigated the influence of age and sex

on these parameters, as well as set a typically develop-

ing baseline for future comparisons.

In 11 typically developing cases aged 4–48 years, the

most distinguishing features of BA22/TA were the pres-

ence of distinct granular layers, a prominent, jagged

layer IIIc, and a distinctly staining VIa. The average

number of neurons was 91 6 15 million, the volume of

pyramidal soma 1,512 mm3, and the nuclear volume

348 mm3. We found no correlation with age and neuron

number. In contrast, pyramidal somal and nuclear vol-

ume were both negatively correlated and linearly asso-

ciated with age in regression analyses. We found no

significant sex differences. Overall, the data support the

idea that postnatal neuron numbers are relatively stable

through development but also suggest that neuronal

volume may be subject to important developmental var-

iation. Both measures are critical variables in the study

of developmental neuropathology. J. Comp. Neurol.
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The homotypical association cortex covering the crown

and lower wall of the superior temporal gyrus (STG), and,

accordingly, the upper wall of the superior temporal sul-

cus (STS), is a polysensory region known to processes

and integrate complex auditory, somatosensory, and vis-

ual information in human and nonhuman primates (Gha-

zanfar et al., 2005; Sch€onwiesner et al., 2007;

Beauchamp et al., 2008; Redcay, 2008). Specific func-

tions that consistently elicit activation in this region

include speech processing, motion processing, theory of

mind, audiovisual integration, gaze processing, and face

processing (Allison et al., 2000; Hein and Knight, 2008;

Otsuka et al., 2009). Although all of its associated func-

tions do not necessarily fall into this domain, it appears

particularly responsive to socially relevant stimuli (Allison

et al., 2000; Norris et al., 2004; Lahnakoski et al., 2012).

Thus, this region is now recognized as a critical compo-

nent in the cortical circuit subserving social cognition and

perception (Kennedy and Adolphs, 2012).

Historically, attempts at parcellating the cortex of the

superior temporal association region have arisen from

research programs with diverse objectives, making the

nomenclature and parcellation schemes for this region par-

ticularly complex (Table 1). Classical anatomists interested
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in providing holistic parcellations of the complete cerebral

cortex have consistently recognized a distinct, reasonably

homogenous, strip of homotypical (six-layered, granular)

cortex located on the STG ventral to the lateral sulcus (Fig.

1). Using cytoarchitectonic criteria, this region was desig-

nated as area 22 by Brodmann (1909) and later Sarkisov

and colleagues (1949), as area TA by von Economo (1929)

(including caudal TA1 and rostral TA2), and type II tempo-

ral cortex by Campbell (1905) (Fig. 1). Smith (1907) was

able to identify a similar region in fresh brain tissue, which

he described as the area temporalis superior. More recent

studies have suggested further segregating the gyral and

sulcal portions of these classically defined regions based

on immunohistochemical (Ding et al., 2009) and autoradio-

graphic receptor-architectonic (Morosan et al., 2005) tech-

niques (Table 1).

An additional set of nomenclature has been introduced

by analyses primarily concerned with functionally defined

territories associated with auditory processing, which have

been localized, experimentally, to Heschl’s gyrus and adja-

cent regions on the dorsal wall and crown of the STG in

humans (Galaburda and Sanides, 1980) (Table 1). In Gala-

burda and Sanides’s (1980) early attempts to resolve

human cytoarchitecture with the more extensive nonhu-

man primate auditory cortex literature, they described two

auditory belt regions, the parakoniocortical area (PaAe)

and the temporoparietal area (Tpt), as corresponding to

von Economo’s anterior TA2 and rostral TA1, respectively

(Fig. 1). These parcellations have been further corrobo-

rated by using immunohistochemical stains (Sweet et al.,

2005). Perhaps the most extensive parcellation scheme in

this vein was recently proposed by Fullerton and Pandya

(2007), who designated three additional, more rostral sub-

divisions of homotypical cortex on the STG, including the

Ts1e, Ts2, and Ts3 (Table 1).

Given the functional importance of the superior tem-

poral cortex and its relevance to multiple psychiatric

and neurodevelopmental disorders (Redcay, 2008; Pala-

niyappan et al., 2012; Achiron et al., 2013), we sought

to develop a consistent set of cytoarchitectonic criteria,

based on multiple nonpathological human cases, that

can easily be applied in quantitative neuroanatomical

and stereological analyses. In this analysis, we targeted

the homotypical association cortex located on the gyral

Figure 1. A map of the approximate location of BA22/TA (middle) compared with classical maps of the region. Open arrowheads (D) indi-

cate the position of the lateral sulcus. Closed arrowheads indicate the position of the superior temporal sulcus (STS) (~). [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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crown of the STG and upper sulcal wall of the STS,

approximating the position of von Economo’s (1929) TA

and Brodmann’s (1909) area 22. As Brodmann’s

nomenclature is most commonly used and von Econ-

omo provided the most detailed criteria for delineating

the region, we incorporate both authors’ terminology

when defining our region of interest, which we refer to

as BA22/TA.

Our goal was twofold. First, we established a general

set of cytoarchitectonic criteria for BA22/TA that could

be applied to thick, cell-body (Nissl) stained sections

based on an assessment of multiple cases at different

developmental stages. Such criteria could be applied

across laboratories to provide greater consistency and

reproducibility of stereological results. Second, we car-

ried out the first stereological assessment of pyramidal

neuron number, somal volume, and nuclear volume in

this region to provide a baseline for developmental,

comparative, and neuropathological studies addressing

the association cortex of the STG. Pyramidal neurons

were specifically chosen as they are a common focus

in the developmental and neuropathological literature,

e.g., pyramidal neuron numbers and somal volume are

altered in cases with autism spectrum disorder (van

Kooten et al., 2010; Jacot-Descombes et al., 2012). We

predicted that neuron numbers would fall within a simi-

lar range in children and adults, given cortical neuro-

genesis is considered largely completed at birth

(Bhardwaj et al., 2006; Gould, 2007; Bystron et al.,

2008). There is some suggestion in the literature that

neuronal volume may be subject to age-related effects.

However, to our knowledge, stereological analyses have

not directly quantified developmental trajectories focus-

ing only on the typically developing cerebral cortex,

likely due to the limited availability of pediatric cases.

Therefore, we further investigated potential variation in

pyramidal somal and nuclear volume in our develop-

mental sample.

MATERIALS AND METHODS

Sample
This study included a complete postmortem histologi-

cal series of 11 human brains from individuals who

were 4–48 years of age at death with no known psy-

chological or neurological disorder (Table 2). In no case

was brain trauma the primary cause of death. Postmor-

tem tissue was obtained from the Autism Celloidin

Library (Autism Tissue Program, Autism Speaks). Donor

next of kin provided all necessary written consent, and

the study was exempt from Internal Review Board

approval.

Tissue processing
Tissue was processed at one of two sites, the New

York State Institute for Basic Research in Developmental

Disabilities, Staten Island, NY, or the Morphologic Brain

Research Unit, University of W€uerzburg, W€uerzburg, Ger-

many. Briefly, one hemisphere from each brain was

immersion-fixed in 10% formalin for at least 3 months

prior to processing. Subsequently, the hemispheres were

celloidin-embedded and sectioned at either 200, 500, or

600 mms (Table 2) to produce a 1:3 or 1:2 series. The

sectioning protocol has been published previously in

more detail (Heinsen and Heinsen, 1991; Heinsen et al.,

2000; Wegiel et al., 2014).

Stereological design
Prior to sampling, boundaries for BA22/TA were first

determined on serial coronal sections by using a Leica

Wild MZ8 Stereozoom microscope, focusing between a

0.633 and 53 objectives. Stereological sampling was

performed by using a Zeiss Axio Imager.Z2 Vario micro-

scope with an integrated camera connected to a Dell

Precision T3500 Workstation, with an automated stage

attached to a Ludl Mac6000 Stage Controller, and

incorporating a Heidenhan length gage for accurate

TABLE 2.

Demographic Characteristics of Subjects in the Analysis

Case Age Sex Hemi Cut Thickness (mm) PMI (h) Brain weight (g) Cause of death

15-763-95 4 M L 600 3 1,380 Heart attack
426-02 4 F R 200 21 1,222 Lymphocytic myocarditis
M17-06 4 F R 200 17 1,530 Acute bronchopneumonia
15-138-97 7 F L 500 74 1,350 Asthma
M3-04 8 F R 200 20 1,222 Auto accident
M9-03 14 M R 200 20 1,464 Electrocution
M16-06 15 F L 200 9 1,340 Auto accident
444-02 23 M R 200 6 1,520 Ruptured spleen
9-1919-88 25 M R 500 14 1,388 Cardiac tamponade
M12-04 28 M R 200 13 1,514 Multiple injuries
M10-03 48 M L 200 24 1,412 Arteriosclerosis

Abbreviations: PMI, postmortem interval; Hemi, hemisphere.
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measurements in the z-axis. Boundaries were hand

traced by M.F.S. at 2.53 (N.A., 0.075) in the StereoIn-

vestigator software program (MBF Bioscience, Williston,

VT) on a regularly spaced series of 10–14 histological

sections at distances ranging from 2,000 to 6,000 mm

between sections. Detailed descriptions of our cytoarch-

itectonic criteria are presented in the Results section.

The optical fractionator and nucleator modules of

StereoInvestigator were used to estimate neuron num-

bers and pyramidal cell volumes, respectively (Gun-

dersen et al., 1988; West et al., 2006). N.B. performed

stereological sampling by using a 1003 (N.A., 1.4) Apo-

chromat oil lens. Consistent with the fractionator princi-

ple, sampled sections were evenly spaced throughout

the length of the entire structure with a randomly deter-

mined starting position. Postprocessing section thick-

nesses were greater than 100 mm in all cases, providing

sufficient depth for sampling (Table 3). The disector probe

was set at 30 mm with 10-mm top and bottom guard

zones to avoid artifacts that may result from sectioning

(Dorph-Petersen et al., 2001). Prior to sampling, section

thickness was systematically measured within the boun-

daries of BA22/TA at five sites on each section in the

sample for each case using the 403 (NA, 0.74) objec-

tive. The average section thickness for each case was

then used to compute stereological estimates. To achieve

a systematic random sample of neurons, we ran the

nucleator probe simultaneously with the optical fractiona-

tor, sampling every fifth neuron. Four rays were placed

emanating from the nucleolus. The intersections of the

rays with the boundary of the cell nucleus and boundary

of the cell soma were marked for each sampled cell.

Stereological parameters are summarized in Table 3.

A cell was defined as a neuron if it contained a large,

clear, lightly staining nucleus with a single distinct nucle-

olus, surrounded by distinct staining of the perikarya, dif-

ferentiating it from other common cell types in the brain

like glia or endothelial cells (Schumann and Amaral,

2005; Barger et al., 2012; Morgan et al., 2014). Pyrami-

dal neurons were further distinguished by their large

size, triangular shape, large, dark nucleolus, and the

appearance of a clear apical dendrite oriented toward

the pial surface and situated across from two or more

basilar dendrites (Fig. 2). A neuron was counted in the

sample if the nucleus came into focus within the count-

ing frame or intersecting the green lines of inclusion, but

not touching the red lines of exclusion.

For cell counts and volume measurements, we differ-

entiated pyramidal neurons in layers III, V, and VI from

neurons in granular cell layers II and IV. Because the

borders between layers are not always discrete and

may be distorted by gyral convolutions that are variable

across cases, it can be difficult to reliably trace exact

borders for each cortical layer (Jacot-Descombes et al.,

2012). To address this issue, we avoided making a pri-

ori assumptions about the limits of these more ambigu-

ous layer boundaries. First, we traced our boundaries

for BA22/TA across the entire cortical ribbon, without

subdividing the cortical layers, and densely sampled the

entire region at 1003, identifying sampled pyramidal

and nonpyramidal neurons with different markers. To

produce estimates only for pyramidal neurons, we

returned to a lower magnification (2.5–53) and differ-

entiated the cells of the granular layers, post hoc, simi-

lar to Schenker and Annese (2013). Previously marked

pyramidal neurons falling in granular layers II and IV

were re-marked as granule cells and removed from the

analysis of pyramidal neurons. N.B. and M.F.S.

TABLE 3.

Stereological Parameters for Estimates of Pyramidal

Neuron Counts and Volumes1

Parameter Measurement

Sampling grid area (mm2) 4,410,000
Counting frame area (mm2) 2,025
Disector height (mm) 30
Guard zone height (mm) 10
Sections Sampled (avg. no.) 12
Mean measured thickness (mm)

200 mm cut thickness 179
500 mm cut thickness 418
600 mm cut thickness 550

Optical fractionator sample (avg. no.) 324
Optical fractionator CE (Gundersen, m = 1) <0.07
Nucleator sample (avg. no.) 81

Nucleator CE <0.02

1Mean measured thickness is presented for tissue that was originally

sectioned at 200, 500, and 600 mm.

Figure 2. Pyramidal neurons (arrow) were identified by their large

size, triangular shape, and the presence of a pially oriented apical

dendrite opposite one or more basilar dendrites. Scale bar = 10 mm.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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independently evaluated each case, with greater than

98% correspondence in their assessment of the layer

location of all probe sites. With this sampling scheme,

the average number of total neurons sampled was 544,

including an average of 324 pyramidal neurons (Table

3). The coefficient of error was approximately 7% or

less across all cases for the nucleator and the optical

fractionator (Gundersen, m = 1) (Table 3).

Reliability
M.F.S. first performed intrarater reliability by defining

the extent of BA22/TA in two independent trials for

each of two cases. Volumes for the region were

obtained with the Cavalieri estimator and compared

across iterations. There was only a 1% difference in the

total volume of the tracings across the two trials. N.B.

then performed interrater reliability by independently

tracing the region, using these cytoarchitectonic crite-

ria, in 2 of the 11 cases. For both cases, there was

less than a 5% difference in the total volume of regions

defined by M.F.S. and N.B. Volumes were calculated

only to assess the reliability of boundary definitions

within individual cases, because intersubject volumetric

comparisons were outside the scope of this analysis

due to the potential for differential tissue shrinkage

between cases (Kretschmann et al., 1982). N.B. per-

formed intrarater reliability for cell counts, counting one

case over 3 iterations, with less than 5% difference

across trials.

Statistical analysis
SPSS (Chicago, IL) Statistics 22 was used to perform

all analyses. All datasets passed the Kolmogrov–Smir-

nov test for normality. However, observation of Q–Q

normality plots and histograms suggested that only

somal volumes appeared normally distributed. There-

fore, we chose to use nonparametric tests for means

comparisons and correlations. The Mann–Whitney U

test was used to compare mean values of sex and age-

based subgroups. For the age comparison, we divided

the sample into a prepubescent group, containing cases

under 10 years of age, and a postpubescent group, con-

taining cases 14 years and over, based on the known

cognitive and neuromaturational differences between

these two stages (Huttenlocher and Dabholkar, 1997;

Giedd et al., 1999; Gogtay et al., 2004; Shaw et al.,

2008; Tau and Peterson, 2010; Petanjek et al., 2011).

Spearman’s rank correlation was additionally used to

assess whether any of the neuronal parameters shared

a significant relationship with numeric age represented

as a continuous variable. Relationships found to be

significantly correlated were investigated in more

detail by using parametric linear regression analysis.

Figure preparation
Nissl-stained brightfield photomicrograph images of

cortical cytoarchitecture were acquired with a Nikon

Photomacrography Multiphot system. Whole hemisphere

images were taken with the stereological setup using

the Virtual Slice module of StereoInvestigator at the 5x

objective and the high magnification neuron image was

taken on the same system with the 100x objective.

Adobe Photoshop 10 (Adobe Systems, San Jose, CA)

and GIMP 2.6.2 (http://www.gimp.org/) were used to

make adjustments to brightness and contrast.

3D hemisphere reconstructions used for illustration

were created as follows. For case M10-03, the post-

mortem MRI was aligned in the axis that corresponded

closest to the cut orientation of the coronal histological

sections and a surface reconstruction was created

using ITK-SNAP (www.itksnap.org) (Yushkevich et al.,

2008). Boundaries for the region were approximated by

transferring boundary markers from the histological sec-

tion onto the corresponding MR image in the coronal

plane. For the automatic sulcal parcellation, a single

human subject’s MRI was processed through the Free-

Surfer (Fischl, 2012) 5.1 pipeline and visualized using

FreeSurfer’s surface viewing program (tksurfer). The

Destrieux parcellations (Destrieux et al., 2010) were

loaded into tksurfer to be viewed on the subject’s corti-

cal surface model and the resulting image was saved in

TIFF format. To illustrate variability in the posterior

extent of BA22/TA, the same MRI was processed

through the FreeSurfer 5.1 pipeline. Subsequently,

surfaces were exported into CARET format using the

FreeSurfer to fs_LR pipeline. The resulting pial surfaces

were viewed using CARET v5.64 and saved as an

image. The highest dorsal extent of BA22/TA was

measured on the histological sections in each case and

expressed as a percent of the total hemisphere height,

then computed in the space of the example brain. A

transparent layer of the respective relative height was

created for each case in GIMP and all cases were over-

lapped on the example brain to provide a basic illustra-

tion of intersubject variability.

RESULTS

Cytoarchitecture
General features
All six cortical layers are readily distinguishable in

BA22/TA and exhibit a high degree of columnarity,

as expected of homotypical temporal cortex. Within

BA22/TA, each layer displays characteristic features

(Table 1). Layer I contains loosely packed, radially

oriented cells with less distinct columnarity than

lower layers. In granular layer II, small cell clusters

N. Barger et al.
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Figure 3. Cytoarchitecture of BA22/TA and surrounding regions in rostralmost (A) and caudalmost sections (B). Area BA38/TG (C) forms

the rostral boundary of anterior portions of BA22/TA (D). Posterior BA22/TA (E) is replaced by BA40/PF (F) in later sections. Scale bar =

0.5 mm in C (applies to C–F). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Cytoarchitecture of BA22/TA and surrounding dorsomedial and ventromedial borders in a midrostrocaudal section. Midrostrocaudal

BA22/TA (A) can be distinguished from BA41/TB (B), forming its dorsomedial border, and area BA21/TE (C), forming its ventromedial border.

Scale bar = 0.5 mm in C (applies to A–C). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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often protrude into layer I, giving this border a

“frayed” appearance (sensu von Economo, 1929).

Layer III is generally the broadest layer and appears

markedly heterogeneous, exhibiting an increase in

cell density and staining intensity from more cell-

sparse superficial portions to a dense and dark deep

layer. Especially useful for distinguishing BA22/TA,

this deep layer (sublayer IIIc) contains predominantly

medium to large, darkly staining pyramidal cells.

Arranged in columns, these cells extend intermit-

tently into IIIb, making the IIIb–IIIc boundary appear

jagged and crown-like at lower magnifications. Layer

IV is distinct but relatively diffuse, as its columns

often bleed into the very lower margin of layer III

and upper margin of V, slightly blurring these bounda-

ries. Layer V contains especially coarse cell columns

relative to the supragranular layers. Layer VI appears

less columnar than V and transitions subtly into white

matter. It is particularly distinguished by the distinct,

darkly staining band that forms its upper sublayer (VIa),

which is best visualized at low magnifications. Some

variations on this standard pattern were observed ros-

trocaudally (Fig. 3D,E). Granular layers II and IV exhibit

a progressive rostral to caudal increase in staining

intensity, as does layer VI. In sections roughly rostral to

the start of the lateral fissure (Fig. 3D), the larger cells

of layer IIIc do not stain as intensely, and layer V

appears slightly thicker than midrostrocaudal (Fig. 4A)

and caudal (Fig. 3E) sections.

Comparison with surrounding regions
Grossly, the columns of BA22/TA are coarser than in

surrounding regions. Because they are less distinct in

infra- than in supragranular layers, individual columns

rarely appear to span all cortical layers, uninterrupted.

BA22/TA tends to be thinner than surrounding

temporal cortices, although layer III is comparatively

thicker in BA22/TA. In the parietal cortex the supragra-

nular layers are even more expanded and the infragra-

nular layers reduced. Consequently, layer IV appears to

sit relatively lower in the cortical ribbon in the parietal

cortex than in BA22/TA. As a caveat, the relative thick-

ness of layers can also vary as a result of systematic

coronal sectioning. Across gyral convolutions, some

layers can appear artificially thicker or thinner depend-

ing on the angle at which the blade ultimately crosses

the cortical ribbon. Thus, regional delineations are best

confirmed by using multiple cytoarchitectural features

of specific territories. Detailed comparisons of regional

borders are listed in Table 4 and elaborated below. Dif-

ferences in layers III and IV proved particularly useful in

discriminating BA22/TA from adjacent territories.

Rostral border
Area BA38/TG forms the anterior border of BA22/TA,

as well as the ventromedial and dorsomedial border in

the most rostral sections (Figs. 3C, 5A). Dysgranular

BA38/TG exhibits a poorly developed, incipient layer

IV and a thin (approximately four to six pyramidal cells

thick) layer II, unlike granular BA22/TA. Additionally,

layer II appears as a darkly staining band, occasionally

interrupted by cell-sparse regions, that appears to

“cap” the lower cortical layers. In layer III, BA38/TG

shows more of a graded transition in cell size and den-

sity from superficial to deep layers, contrasting with

the more stratified III of BA22/TA. In some cases,

layer VIa was observed to stain more intensely than in

BA22/TA.

Caudal border
The parietal cortex of area BA40/PF forms the caudal

border of BA22/TA (Figs. 3F, 5F). Cortical columns are

TABLE 4.

Summary of Cytoarchitectonic Features That Are Most Useful for Distinguishing BA22/TA From Each Individual Adjacent

Cortical Territory

BA38/TG BA21/TE B40/PF BA41/TB

General In TA, columns are comparatively coarse, overall. Columns through the infragranular layers are
often less distinct and less continuous with supragranular layers than in surrounding regions.

Layer II TA is relatively thicker and
more cell dense.

– Boundary with III is more
distinct in TA.

TA is thinner. Granule cells
are confined to layer II.

Layer III Columns of dark staining cells in IIIc partially overlay one another, creating a jagged appearance
above layer IV. IIIa and IIIb are lighter, overall, with fewer dark cells.

Layer IV TA is relatively thicker and
more cell dense.

Columnar and less distinct
in TA

TA is columnar and more
cell sparse.

TA is thinner. Granule cells
are confined to layer IV.

Borders often blend into layer III and V in TA
Layer V – Often thinner in TA. Tends to be wider in TA. Darker and more cell dense

in TA.
Layer VI TA white matter transition is

gradual and indistinct.
Often thinner in TA. Tends to be wider in TA. –
VIa is a distinct, darkly

staining band in TA.

Stereological study of the human STG
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Figure 5. A–F: Coronal sections demarcating the boundaries of BA22/TA through its rostrocaudal extent in case M10-03. The approxi-

mate location of each section in the hemisphere is indicated by black dotted lines on a surface reconstruction of the same case. White

dashed lines indicate the internal boundaries of BA22/TA. Arrowheads denote the name of the adjacent region sharing a border with

BA22/TA at that level. (Only von Economo’s nomenclature is used for visual clarity). The distance between sections A and B is approxi-

mately 2.9 cm. Scale bar 5 10 mm in D (applies to A–F, and only to the coronal images). TG 5 BA38/TG, TB 5 BA41/TB, TE 5

BA21/TE, PF 5 BA40/PF. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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finer and more discrete in BA40/PF and run uninter-

rupted from layers II–VI. Layer II appears thicker and

the transition into layer III is more gradual than in

BA22/TA. Layer IIIc is also distinct and dark but

appears more as a band or stripe, as pyramidal neurons

are predominantly confined to layer IIIc.

Ventromedial border
In every case, the homotypical cortical area BA21/TE

forms the entire ventromedial border of BA22/TA caudal

to BA38/TG (Figs. 4C, 5B–F). In BA21/TE, the large, darkly

staining cells of layer III are present in IIIc but also can be

found in lower densities in all sublayers, which is unusual

in BA22/TA. In BA21/TE, layer IV appears more discrete,

forming a thin, compact band of tissue. Sublayers of VI are

less clearly differentiated in area BA21/TE.

Dorsomedial border
The more granulous regions BA41/TB (Fig. 4B) and,

much less frequently BA41/TC, form the dorsomedial

border of BA22/TA, intermediate to rostral area BA38/

TG and caudal area BA40/PF (Fig. 5B–E). Overall, these

regions appear more markedly columnar than BA22/TA,

and individual columns could be traced across all corti-

cal layers, the classic “organ-pipe” appearance first

noted by von Economo (1929). The granular layers II

and IV are noticeably broad and clearly intermix with

adjacent cortical layers. In layer III, the large pyramidal

cells are more dispersed and sublayers less easily

visualized. Layer V is less cell dense than in BA22/TA,

appearing as a light band. Layer VI can appear darker

in BA41/TB than in BA22/TA, but this was not visible

in every case.

Gross location
After assessing boundaries for this region across the

11 cases, we found that the six-layered homotypical cor-

tex of the STG is located in a position similar to Brod-

mann’s area 22 and von Economo’s area TA, extending

from the dome of the STG onto its ventral wall toward

the fundus of the STS. Rostrally, the cytoarchitectural

region tends to form within the first 2.5 mm of the start

of the STG. Rarely, BA22/TA may form slightly rostral

the rostral extent of the gyrus, but this was observed in

fewer than 20% of cases. At this level, BA22/TA is com-

monly bordered on all sides by BA38/TG and is rostral

to the middle temporal gyrus, containing BA21/TE. More

caudally, BA21/TE forms the ventromedial border, near

the fundus of the STS, tending in most cases to

encroach slightly onto the ventral wall of the STS. Prior

to the formation of the limen insula, the dorsomedial

limit tends to extend around the crown of the STG. As

TABLE 5.

Summary of Stereological Data (6 standard deviation included for averages)

Case Age (yr) Sex

Pyramidal

Neuron No. (3 106)

Pyramidal Somal

Volume (mm3)

Pyramidal Nucleus

Volume (mm3)

15-763-95 4 M 76.27 1,624.48 481.36
426-02 4 F 102.48 1,827.00 431.25
M17-06 4 F 79.24 1,379.29 374.90
15-138-97 7 F 97.33 1,647.17 534.16
M3-04 8 F 80.11 2,060.21 257.58
Prepubescent average 87.09 6 11.93 1,707.63 6 253.45 415.85 6 106.36
M9-03 14 M 118.89 1,335.06 270.04
M16-06 15 F 108.91 1,576.77 307.39
444-02 23 M 91.04 1,440.88 416.29
9-1919-88 25 M 83.48 1,582.47 307.64
M12-04 28 M 70.72 1,086.55 214.02
M10-03 48 M 92.30 1,071.87 233.14
Postpubescent average 94.22 6 17.36 1,348.94 6 228.35 291.42 6 72.05
Sample average 90.98 6 14.88 1,511.98 6 294.71 347.89 6 106.50

Figure 6. Neuron number shows no association with age. The

dashed line indicates the mean of the total sample. [Color figure

can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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the insular and auditory cortices of the superior temporal

plane develop, BA22/TA appears more laterally, approxi-

mately where the crown of the STG meets the ventral

wall of the lateral fissure (Fig. 5B–E). In the caudalmost

sections, BA22/TA extends past the closure of the lat-

eral fissure and, at that point, commonly continues cau-

dally and transitions into the inferior parietal lobule,

usually ending just prior to the closure of the STS.

Neuron numbers
The average number of pyramidal neurons across

cases was 90.98 6 14.88 million in BA22/TA. Pyramidal

neuron numbers for each case are summarized in Table

5. Neuron number did not show any relationship with

age (rs = 0, P = 1.00) (Fig. 6), nor did mean neuron

number vary between sexes (U = 19, P = 0.54).

Neuron volumes
Across cases, the average volumes of neuronal soma

and nuclei were 1,512 mm3 and 348 mm3, respectively.

Individual volumes for neuronal soma and neuronal

nuclei are presented in Table 5. Significant negative

correlations with age were found for whole pyramidal

somal volume (rs = 20.62, P = 0.04) and nuclear

volume (rs = 20.70, P = 0.02). In regression analyses

(Fig. 7), increased age also appeared to be a significant

predictor of reduced somal volume (y = 1755.04 2

14.85x, R2 = 0.48, P = 0.02) and nuclear volume (y =

425.04 2 4.71x, R2 = 0.37, P = 0.05). The average

somal volume for prepubescent cases (<10 years of

age) was 1,708 mm3 and differed significantly from the

postpubescent average which was 1,349 mm3 (U = 3; P

= 0.03). Prepubescent cases’ average nuclear volume,

415 mm3, was not significantly different from postpu-

bescent volumes, 291 mm3 (U = 5, P = 0.08). Somal

volume was not significantly larger in females than in

males in the sample (U = 5, P = 0.08), nor was nuclear

volume (U = 10, P = 0.43).

DISCUSSION

Using a consistent set of cytoarchitectural definitions

suitable for performing modern stereological analyses on

thick sections, we found that the average number of neu-

rons in the homotypical cortical territory BA22/TA of the

human STG is approximately 91 (6 15) million in cases

ranging from 4 to 48 years of age at death. The average

volume of pyramidal soma is 1,512 mm3, and that of

nuclei is 348 mm3. However, in this sample, the size of

the pyramidal soma and nuclei exhibited a negative rela-

tionship with age. The five younger, prepubescent cases

had a significantly higher average somal volume, 1,708

mm3, than postpubescent cases, 1,349 mm3.

Comparison with previous studies of
cytoarchitecture

As stereological methods increasingly become the

standard in comparative and neuropathological studies,

there is a growing practical need for descriptions of

cytoarchitecture in thick sections. Classical cytoarchitec-

tural mapping derived from thin sections cannot always

readily be applied to thicker, more darkly stained tissue.

This is further complicated by the fact that classical

studies often focused on the optimal visualization of a

portion of a region, rather than delineating the entire

rostrocaudal extent of the region, as is required for sys-

tematic stereological sectioning and sampling. Consist-

ent with the complex systems of nomenclature proposed

for this region, a complex set of cytoarchitectural

descriptions of the homotypical cortex of the STG has

been presented in the literature (Table 1). In thick sec-

tions, we found a certain set of features to be reliably

present across multiple human cases. They are largely

consistent with prior cytoarchitectural assessments

based on more thinly sectioned tissue and are visible in

more thinly sectioned series in our own collection.

A summary of cytoarchitectural features of the STG as

described in previous studies is presented in Table 1.

von Economo’s (1929) observations for parcellating the

STG generally provided the most consistent guide, with a

Figure 7. Regression plot indicating a negative relationship between

age and volume of pyramidal soma and nuclei. Somal volume: y =

1755.04 – 14.85x, R2 = 0.48, P = 0.02; nuclear volume: y = 425.04 –

4.71x, R2 = 0.37, P = 0.05. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

N. Barger et al.

1066 The Journal of Comparative Neurology |Research in Systems Neuroscience

http://wileyonlinelibrary.com


few notable differences. In agreement with von Economo

and others, we found this region to be distinguished as

both clearly homotypical and coarsely columnar. Numer-

ous studies report that granular layers II and IV in this

region are distinct, thicker than in temporal polar cortex

(von Economo, 1929; Morosan et al., 2005; Fullerton

and Pandya, 2007; Ding et al., 2009; Blaizot et al., 2010;

Insausti, 2013), and thinner than in auditory regions

(Smith, 1907; von Economo, 1929; Galaburda and

Sanides, 1980; Morosan et al., 2005; Fullerton and Pan-

dya, 2007). As observed in other analyses, layer IV

appeared particularly columnar in organization (Campbell,

1905; von Economo, 1929; Blaizot et al., 2010) with

poorly defined boundaries that tended to blend into III

and V (Galaburda and Sanides, 1980; Sweet et al.,

2005; Fullerton and Pandya, 2007). Across reports, there

is little disagreement that layer VI is fairly cell dense

(von Economo, 1929; Galaburda and Sanides, 1980;

Ding et al., 2009; Blaizot et al., 2010), exhibiting a grad-

ual transition to the cerebral white matter (von Economo,

1929; Morosan et al., 2005).

Some of our observations were more consistent with

criteria proposed by other authors. von Economo noted

that layer I of TA is relatively thick, but we did not find this

layer to be especially distinct, in agreement with much of

the literature (Campbell, 1905; Galaburda and Sanides,

1980; Morosan et al., 2005; Sweet et al., 2005; Fullerton

and Pandya, 2007; Ding et al., 2009; Blaizot et al., 2010).

Whereas von Economo referred to layer III as generally

uniform, we found the dark, often jagged sublayer IIIc to

be particularly useful in differentiating this region from sur-

rounding areas. Similarly, Galaburda and Sanides (1980)

noted the prominence of IIIc cells in this region, describing

their area PaAe (in a similar location as von Economo’s

rostral TA2) as containing distinct columns of medium-

sized pyramidals three to eight cells deep in the deeper

parts of layer III, and Tpt (in a similar location as caudal

TA1) as exhibiting a distinct layer IIIc with an undulating,

irregular border. Morosan and colleagues (2005) also

noted the prominence of layer IIIc and its dark cell col-

umns in their description of the cytoarchitecture of area

Te3, corresponding to the gyral dome area of our BA22/

TA (Table 1). In the temporal polar region, Blaizot and col-

leagues (2010) as well as Insausti (2013) note that layer

III exhibits a more subtle cellular gradient, with cells pro-

gressively increasing in size from superficial to deep por-

tions of the layer, and reduced columnarity compared with

BA22/TA. Thus, a number of authors have additionally

found the sublayers of III to be useful in differentiating this

region from surrounding territories.

In agreement with others, we observed slight varia-

tions in cytoarchitecture in rostral relative to caudal

regions. Rostrally, we found that layer VI appeared less

distinct, and other reports indicate that the border

between layers V and VI appears more subtle (Ding

et al., 2009) and less apparent (Fullerton and Pandya,

2007) in rostral subdivisions. Cells of IIIc also tended

to be less distinct, anteriorly (Fig. 3). Accordingly, Full-

erton and Pandya (2007) describe IIIc as darkly staining

in more caudal regions but not in their rostral subdivi-

sions. von Economo (1929) noted other variation in the

rostrocaudal dimension, specifically an increase in the

size of layer V, rostrally, as well as an increase in cell

size and morphology. We also noted a small increase in

thickness of layer V, but did not observe any changes

in cell size or morphology nor have other authors noted

this distinction in layer V cells.

Gross topographical extent of the region
In its gross location, we found that our cytoarchitec-

tonically defined region, BA22/TA, corresponded well

Figure 8. Schematic comparing the automated parcellation scheme produced by FreeSurfer (A) with the approximate observed extent of

the cytoarchitectural region in serial Nissl sections (B). The anterior boundary of the region on the superior temporal gyrus corresponds

closely to sulcal maps, whereas the posterior boundary was more variable across cases and often extended beyond the superior temporal

gyrus into the supramarginal gyrus. Variation in the height of the posterior region is summarized in B. The color scale indicates the per-

cent of cases that exhibited a posterior boundary extending to the respective height in the hemisphere. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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with classical descriptions of the caudal extent of the

region but extended slightly further, rostrally. Brodmann

(1909) and Campbell (1905) both locate the rostral

boundary of their regions, area 22 and type II temporal

cortex, respectively, where the ventral aspect of the

central sulcus meets the STG. von Economo (1929)

placed his boundary slightly more anteriorly, but after

the start of the STS (Fig. 1). In contrast, we found that

the region generally began within a few millimeters of

the formation of the STS, or slightly further rostrally,

and was commonly surrounded completely by BA38/

TG. This is in closer agreement with recent analyses

focusing on the temporal polar region (Table 1), ante-

rior to the limen insula, which describe a cytoarchitec-

turally similar region in the portion of the STG originally

defined as temporal polar area TG (Ding et al., 2009;

Blaizot et al., 2010). Indeed, in a later assessment of

14 separate hemispheres, von Economo and Horn

(1930) do illustrate a subparcellation of area TA,

TA2(G), extending into the superior temporal gyral con-

stituents of the temporal polar region in some cases.

Both Brodmann and von Economo’s textual descrip-

tions indicate that areas 22 and TA can extend cau-

dally and dorsally into the parietal lobule, although it

may not be readily apparent on classical maps. Gala-

burda and Sanides (1980) similarly considered the pos-

terior extent of area Tpt to include “variable” amounts of

the suprasylvian cortex and portions of the inferior parie-

tal lobule. In agreement, we found BA22/TA often transi-

tioned into the gross territory of the supramarginal gyrus

and ended just prior to the closure of the STS (Fig. 8).

Our definitions of the ventromedial and dorsomedial

extent of BA22/TA are in general agreement with

classical studies, which group together the cortex of

the dome of the STG and the upper wall of the STS

(Campbell, 1905; Brodmann, 1909; von Economo,

1929). Rostrally, prior to the formation of the limen

insula, the dorsomedial border extends medial to the

crown of the STG (Fig. 5A), but, as the insular and

auditory cortices develop, the dorsomedial border

moves laterally to the junction of the crown of the

STG and the ventral lateral fissure (Fig. 5B–E). Caudal

to the temporal pole (BA21/TE), the fundus of the

STS marks the ventromedial border, but the region

may extend slightly onto the ventral wall of the STS

(Fig. 5C,D). Studies incorporating chemical techniques

have argued for segregating the gyral crown and sul-

cal wall into distinct territories, citing some corre-

sponding variation in cytoarchitecture (Morosan et al.,

2005; Ding et al., 2009). Although we noted subtle

differences in the cytoarchitecture in the gyral and

sulcal territories, we, like von Economo, did not see

substantial differences present in all cases.

Understanding the exact topographic extent of

cytoarchitecturally distinct regions is critical for inter-

preting neuroimaging data, which is more typically reli-

ant on gross sulcal landmarks. From our observations

of the extent of the cytoarchitectural region, it is possi-

ble that MRI parcellation schemes that use sulcal

markers to define territories, e.g., FreeSurfer, may pro-

vide a good approximation of the rostral extent of the

cytoarchitectural region (Fig. 8). However, because the

posterior border frequently transitions into the inferior

parietal lobule, gyral morphology is less likely to reflect

true cytoarchitectural boundaries of posterior BA22/TA

in some cases (Fig. 8). It may be more often included

in the inferior parietal cortex or a transitional zone,

such as the temporoparietal junction.

Comparison with previous stereological
studies

We are unaware of any prior stereological analysis of

the region we have defined, BA22/TA. The total number

of neurons in the entire temporal lobe has been esti-

mated to be approximately 4.3 billion neurons total (aver-

aged across sexes) (Pakkenberg and Gundersen, 1997).

The entorhinal cortex contains approximately 13 million

neurons, with 12 million residing in layers III, V, and VI

(West and Slomianka, 1991). The temporal polar cortex

(BA38) has been reported to contain 103 million neurons

in typical cases (Bothwell et al., 2001). We found the

average number of pyramidal neurons in layers III, V, and

VI of BA22/TA to be slightly less, approximately 91 mil-

lion, despite the larger expanse of BA22/TA. Although

the number of neurons falling in the granular cell layers

did not reach a sufficient coefficient of error (CE) in all

cases and were, consequently, not reported, in the seven

cases with a CE of 0.08 or less, the average number of

granule cell neurons was approximately 54 million, and

the average number of granule and pyramidal neurons

together in these seven cases was approximately 145

million. This number is in line with other findings for the

temporal pole, especially considering that nonpyramidal

neurons, like cortical interneurons and fusiform cells,

would also contribute to the total neuron number. Corti-

cal pyramidal neuron somal volumes are close to those

reported for other regions utilizing the same brain tissue

collection as our study (van Kooten et al., 2010; Jacot-

Descombes et al., 2012; Uppal et al., 2014).

Age-related variation in neuronal parameters
Because it is widely accepted that cortical neurogene-

sis is largely complete or occurring only at low rates in

human and nonhuman primate postnatal development

(Rakic, 2002; Uylings et al., 2005; Bhardwaj et al., 2006;

N. Barger et al.

1068 The Journal of Comparative Neurology |Research in Systems Neuroscience



Gould, 2007; Zhao et al., 2006), we expected to see lit-

tle to no evidence of age-related changes in neuron

number in our developmental sample. However, few

analyses that have directly investigated this theory by

quantifying changes in neuron number through human

cortical development are available for comparison. One

prior analysis has presented evidence in favor of age-

related increase in human cortical neuron numbers in

early postnatal development using data that were

obtained before the use of more modern assumption-

free stereological methods (Shankle et al., 1999),

whereas another has disputed this finding in a stereolog-

ical analysis of Broca’s area (Uylings et al., 2005). Our

findings in the STG are in agreement with the latter ster-

eological analysis, evidencing consistency across stereo-

logical studies. Accordingly, our data further support the

idea that conservative rates of cortical neurogenesis are

occurring postnatally, at least in the STG in the develop-

mental period from early childhood to adulthood.

In contrast, we found a negative relationship between

age and pyramidal neuron volume from childhood to

adulthood. The availability of data on human cellular

development in the transitional period between child-

hood and adolescence is limited (Tau and Peterson,

2010). Even fewer studies have employed unbiased ster-

eological methods to assess developmental changes in

this period. However, two recent stereological analyses

focusing on autistic neuropathology report similar trends

in many brain structures in their control samples (Jacot-

Descombes et al., 2012; Wegiel et al., 1998). Most rele-

vant, in another language-associated region, Brodmann’s

areas 44 and 45, typically developing control cases evi-

denced a significant negative relationship between age

and pyramidal neuron volumes in layers III and VI (Jacot-

Descombes et al., 2012). Additionally, several subcorti-

cal structures, including the thalamus, and all compo-

nents of the striatum, claustrum, and dentate gyrus,

have been reported to exhibit decreased neuron vol-

umes in older cases compared with children in the sam-

ple (Wegiel et al., 1998). It should be noted that each of

these studies also used the Autism Celloidin Library

(ACL), one of the few collections that has a compara-

tively large typically developing pediatric sample. Given

that all three studies used the same collection and that

sample sizes are limited by a number of factors in

human postmortem analyses, it may be the case that

our converging results reflect a sample bias, if the com-

mon developmental sample used is not representative

of the true population distribution. Although possible,

we think that this is unlikely to account solely for similar

results across studies, as each study used a distinct

subsample of the ACL and only three individual cases

were used in all three analyses (M3-04, F 8 years old,

444-02, M 23 years old, and M10-03, M 48 years old).

Added support comes from an independent analysis of

Golgi-stained tissue, which reported a transient increase

in pyramidal somal surface area in early childhood in

the prefrontal association cortex, around 6 years of age,

which was substantially greater than in late childhood

and early adolescence (Petanjek et al., 2008).

Given that analyses using different samples converge

on a common finding, it is tempting to regard the

observed trend toward somal decrease from early child-

hood to adulthood as a novel and potentially critical

contribution to this poorly understood period of cellular

development. We speculate that larger volumes in mid-

dle and late childhood reflect the somal response to a

heightened period of synaptic proliferation in early

development, whereas subsequent somal decrease cor-

relates with synaptic refinement as cortical circuits

mature. In terms of overall brain growth, the period of

late childhood is generally regarded as a “plateau”

period with reduced rates of volumetric expansion com-

pared with infancy (Tau and Peterson, 2010). However,

some late-maturing portions of the cortex, including the

STG, continue to expand well into this period (Gogtay

et al., 2004). Moreover, in childhood, substantial modifi-

cations to dendritic and synaptic morphology (Hutten-

locher and Dabholkar, 1997; Petanjek et al., 2011)

occur in tandem with the increased rates of aerobic gly-

colysis (Goyal et al., 2014) that are theorized to provide

anabolic support for this active period of cellular devel-

opment (Bauernfeind et al., 2014). As neuronal and

nuclear volume are traditionally thought to reflect meta-

bolic activity in the cell (Schmitz et al., 1999), height-

ened neurodevelopmental activity may be associated

with a concomitant increase in cell volume. Accordingly,

in the prefrontal association cortex, childhood increase

in somal volume (Petanjek et al., 2008) roughly paral-

lels an exuberant period of dendritic spine proliferation

(Petanjek et al., 2011).

By late childhood and early adolescence, gross corti-

cal volume begins to decline, especially in portions of

the posterior STG (Mills et al., 2014). The cellular

underpinnings of this trend remain largely unexamined

(Gogtay et al., 2004; Tau and Peterson, 2010), but our

data support the proposition that cell shrinkage may

contribute to this process (Gogtay et al., 2004). Similar

to gross volumetric trends observed in neuroimaging

(Mills et al., 2014), we found that cases under 10 years

of age exhibit significantly greater somal volumes than

older cases, likely due to a pattern of gradual develop-

mental decrease from childhood to adulthood (Fig. 7).

This may also reflect events at the synaptic level as

dendritic spines are pruned in later development (Gog-

tay et al., 2004). Increased sample sizes are needed to
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further substantiate the interesting finding that neuronal

volume in childhood is particularly increased relative to

adult volume and to optimally characterize the develop-

mental trajectory of pyramidal neuron somal volume.

Broader significance
The STG is involved in important higher order social

cognitive and linguistic functions that are particularly

essential to complex human social cognition (Herrmann

et al., 2007; Dunbar, 2009). It is activated in socially

meaningful aspects of speech, such as speaker recogni-

tion (Kriegstein and Giraud, 2004), whereas synchro-

nous activation of this region between listeners and

speakers is associated with variables related to commu-

nicative success (Dikker et al., 2014). Theory of mind

tasks generally evoke activation in this region across

subjects (Hein and Knight, 2008), and interindividual

differences in performance on theory of mind tasks

may be explained by activation levels in the STG more

than other neural territories (Otsuka et al., 2009).

Structurally, cortical density in the STG has been shown

to correlate with social network sizes (Kanai and Bah-

rami, 2012). In comparative neuroimaging experiments,

the temporal lobe and STG evidence significant expan-

sion in humans relative to other primates (Rilling and

Seligman, 2002; Hill et al., 2010), whereas homologous

cytoarchitectonic regions have been reported in nonhu-

man primates (Hackett et al., 2001; Fullerton and Pan-

dya, 2007; Spocter et al., 2010). Thus, stereological

studies using similar parameters as ours to investigate

the neural underpinnings of human volumetric devia-

tions from our closest relatives, the apes, could greatly

contribute to our understanding of the evolution of the

human brain and complex social cognition.

The lateral temporal cortex exhibits one of the most

protracted growth periods in the brain (Giedd et al.,

1999; Gogtay et al., 2004; Mills et al., 2014), and volu-

metric developmental increases in this region are on

par with increases in the dorsolateral prefrontal cortex

from infancy to adulthood (Hill et al., 2010). From a

neuropathological perspective, a long and complex

period of substantial growth may make late-maturing

structures more susceptible to postnatal developmental

insult at multiple developmental stages and more

affected by early disruptions in typical development

(Hill et al., 2010). Indeed, several debilitating cognitive

disorders are linked to STG dysfunction (Garbett

et al., 2008; Redcay, 2008; Palaniyappan et al., 2012;

Achiron et al., 2013). Consistent with the STG’s role

in social behavior, increasing evidence implicates

functional and neural pathology of the STG in autism

spectrum disorder (Zilbovicius et al., 2006; Redcay,

2008). At the molecular level, this region also displays

differential expression of gene transcripts related to

immune function (Garbett et al., 2008) and of small

noncoding RNAs (Ander et al., 2013; Stamova et al.,

2014) in autistic compared with typically developing

cases. Additionally, reduced STG volume has been

associated with the severity of auditory hallucinations

in schizophrenia (Palaniyappan et al., 2012), and it

was the only region of the brain exhibiting a negative

correlation between cortical thickness and cognitive

performance in multiple sclerosis (Achiron et al.,

2013). Stereological investigations of the region

defined as BA22/TA can provide important information

about the effect of variation at the cellular level on

these and other gross pathologies.
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